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Why Don’t We Get More Time?


The light that burns twice as bright burns half as long.

Dr Eldon Tyrellfn1



Having turned 190 in 2022, Jonathan still lives as though his best years are ahead of him. Perhaps his optimism is a reaction to surviving a youth mired in hardship. Despite being born among the beautiful white beaches, coral reefs, and turquoise waters of the Seychelles, his childhood was grim and fraught with danger. Jonathan saw many of his siblings die, abandoned by their parents, and to this day he does not speak of his youth. In 1832, this was just to be expected.

He made a change at the age of 50 by moving to Saint Helena, a tropical island off the western coast of Africa. There he lived a safer and more comfortable life, socializing with the natives and ingratiating himself with the local elite. So successful was he in this regard that he ended up living at the governor’s mansion, and even entertained the future King Edward VIII when the British monarch visited the island in 1925.

But with security comes boredom, and Jonathan’s comfortable lifestyle led him to suffer a midlife crisis in his 130s. He found himself disrupting croquet matches by sitting on the ball, upending benches at the tennis courts, and generally making a nuisance of himself for lack of anything better to do. His frustration seemed interminable, until he found a younger girlfriend named Emma in 1962, herself a recent immigrant to the island. They lived contentedly together for thirty years, but the arrival of the handsome Frederica in 1991 caused complications. Introductory tours around the island soon morphed into an illicit affair. It seemed that, even in his 160s, Jonathan was still capable of getting into scandals.

His age finally catching up with him in his 180s, Jonathan had a bit of a health scare in 2015. He lost weight, had trouble eating, and felt generally lethargic, as though his many years were at last weighing down on him. Yet luckily, after switching to a more varied diet of fruit and vegetables, he’s started feeling much better and even looks younger. Though he’s gone blind from cataracts and lost his sense of smell completely, he’s grateful his hearing is still excellent and his energy has returned.

Today, at the age of 190, Jonathan is still going strong. He leads an active love life, feeling most alive and vocal when in the throes of passion with Emma or Fred. He walks every day, often wandering around the well-groomed gardens of the governor’s mansion. He is no longer frustrated like he was when he was younger, instead appreciating the simple joys of sitting on the lawn and eating a banana. In his old age, all Jonathan wants is to enjoy his time in the sun in the presence of those he loves. Considering the fact that he’s a 200-kilogram Seychelles giant tortoise, he just might do so for decades to come.1

***

While I don’t begrudge him his years, it’s hard not to feel it’s a little unfair that Jonathan may well outlive me, despite him being 161 years my senior. My parents, grandparents, great-grandparents, and great-great-grandparents have all lived and died within the span of Jonathan’s life. Are Seychelles giant tortoises really so much nobler than humans that they deserve to spend more than three of our lifetimes on island paradises?fn2 When on holidays, sitting on the beach, I also feel like I could spend a couple of hundred years that way.

Much greater, though, than any sense of injustice is my feeling of confusion. Why do some tortoises like Jonathan live to 250, while a human is celebrated for reaching just a third of that?2 It’s easier to see why we get the time we do by taking a step back from our usual human-centred perspective and thinking about life more broadly.

OF MICE AND MEN AND WHALES

The purpose of life is to stay alive, at least from an evolutionary perspective. Not because all living things consciously desire to continue living, or because life is inherently valuable to the universe. Rather, it’s due to the straightforward rule that in our hostile environment creatures that do not actively try to keep existing tend to stop existing.

This law is enforced by a statistical process that is very simple, yet profound in its implications. Natural selection mandates that creatures better suited than others to their environment will become more common over time, no exceptions. Beyond this, though, there is no micromanagement of the particular strategy a creature may choose. In a cold environment, dogs grow fur, seals have layers of blubber, bears lower their body temperatures and hibernate, birds migrate to warmer areas, and many insects lay cold-resistant eggs and then freeze to death. If some crazy species wants to try the unusual method of surviving winter by stealing the skins of one species and burning the dead bodies of another, natural selection nods its approval. There is no such thing as cheating; any strategy that works wins gold, and any that falls behind is eliminated.

Considering the seasonal demise of insects gives us our first clue to why lifespans vary between species. Their deaths, come winter, highlight the fact that natural selection operates at the level of traits and genes, not at the level of individual animals. To illustrate the point, imagine two different species with two different strategies for surviving the winter. We’ll call them Woollies and Eggies. Woollies grow a woollen coat each autumn that they use to keep warm throughout the winter. Each year a Woollie becomes a little bit larger and can grow a slightly warmer woollen coat, meaning that if they survive their first winter these animals will typically make it to thirty. In contrast, Eggies have no insulation of any kind and will freeze to death at the first cold snap of the season. No Eggie will ever live to see their first birthday. Despite this, the Eggie species survives because each autumn Eggies lay cold-resistant eggs that hatch come spring. The genes enabling the egg-laying trait survive from year to year, even though the individual Eggies themselves do not.

Genes have no sentimental attachment to the hosts obliged to carry them around. All they care about is their survival through any means necessary. This cruel truth alone goes a long way to explaining the suffering one can see everywhere in the natural world.

The case of the poor mouse provides a telling example of the indifference of genes. The house mouse species is an evolutionary success story, with a global population at least in the billions. Perpetually ravenous and undiscerning in their taste, they are able to survive on any food lying around in pantries, dumpsters, granaries, forests or fields. With a gestation period of three weeks and litters of about seven pups each, they put even rabbits to shame. Since any individual female can give birth to more than five litters a year, mice will increase in numbers rapidly when given the chance. If they happen across a new food source, such as the full granaries of a bumper harvest or the virgin vegetation of a previously undisturbed island, mouse plagues will quickly overrun the area. These traits of the house mouse are very successful, and thus the genes encoding them are extremely common in the world.

In stark contrast to the success of their species, the life of a typical house mouse is rather terrible. In the wild, they rarely survive a year, susceptible as they are to predation, starvation, and disease. They are highly anxious creatures, avoiding light and the scents of cats, rats, and other foreign mice. Male-on-male violence is a common cause of death. Even their infancy is fraught: when mothers become stressed while rearing their pups, cannibalism is a not infrequent result. The life of an individual mouse is nasty, brutish, and short. However, their genes are entirely unfazed by this suffering, as quick reproductive cycles mean any individual mouse is soon replaced. The collective behaviour of mice is sufficient to keep their genes around, and for natural selection that is all that matters.

To observe a very different evolutionary strategy, let’s shift from a mouse’s burrow to the frigid waters of the Arctic circle. Here live bowhead whales, 70-ton leviathans wielding 5-metre triangular skulls that they use to bash through the ice to make breathing holes. When not smashing ice, they spend much of their time slowly cruising the depths at human walking pace while looking for food. They do this with their mouths wide open, filtering the water through sieve-like plates extending from their upper jaws to trap microscopic animals. This simple way of foraging food gives them plenty of time to serenade each other, which they do with great frequency and complexity during their breeding season. A female bowhead needs to be picky in her musical taste, as the breeding process will take about thirteen months and she can only perform it once every three to four years.

One of the negatives of this prolonged breeding cycle was ruthlessly demonstrated by nineteenth- and twentieth-century whaling. During this period the bowhead whale population was decimated, dropping from over 50,000 to around 3,000 individuals.3 While the introduction of an international ban on commercial whaling has had them steadily increasing from that low point, their number today has only recently reached a fifth of their pre-whaling population.

Despite this devastating decline in numbers, an ironic result of whaling is that it provides unexpected insight into the lifespan of the bowhead whale. In May 2007, an Inuit whaling crew in Alaska, exempt from the commercial ban, found a harpoon fragment in the flesh of a fresh kill that had been manufactured in the late nineteenth century. This indicated the whale was probably at least 115 years old when it died, and possibly far older. The archaeological finding supported pre-existing evidence from chemical analyses of the eyes of bowhead whales suggesting that they may live up to about 250 years.fn3 As a result, these whales are recognized as the longest-living mammals, with two or three typical human lifespans passing for each one of theirs. That is to say, in the absence of predators before whaling began, bowheads had no need to rush into settling down and having kids.

Why do mice live fast and die young, while some whales alive today have been singing to each other since the first railways were being built? Why doesn’t natural selection produce hardier mice or faster-breeding whales? The answer is the result of a cost–benefit analysis. As we’ll see next, lifespan is determined by how costly creatures are to make and how long they are expected to last.

WHAT DETERMINES LIFESPAN?

Over time, everything starts to age, accumulate damage, and break down. No piece of machinery lasts forever, no matter how well crafted. Similarly, despite there being a wide range in lifespan between species, no individual creature lives forever. In this hostile world, full of countless dangers, something eventually goes wrong. An animal may break its leg and starve to death, or be hunted by a predator, or be thirsty and unable to find water, or suffer any one of innumerable fates. A whole other set of dangers exists at the microscopic level too. A creature may die from radiation-induced mutations, broken bits of biomolecules clogging up their cells, waste-product accumulation in their arteries causing blockages, or maybe parasites invading their body and stealing needed resources. While different animals can be better or worse at resisting these problems, all succumb to fate in the end.

Given this, the relevant evolutionary question for a species is, ‘How many resources should I put into maintaining my individual members against danger and disease, as opposed to ignoring these problems and just increasing their breeding rate?’ If there were no tradeoffs necessary, then all species would tend towards immortal members with short reproductive cycles, but this is not possible. Food an animal spends growing a larger and more resilient body is food it cannot spend growing new offspring. Cellular mechanisms to safeguard against mutations requisition energy away from other processes and slow down cell growth. There is no free lunch, and there is no free lifespan either.

This obligatory tradeoff results in some species putting more resources into longevity at the cost of reproductive speed, while others do the opposite. Which of these is the better choice depends on the environmental conditions the species lives in, as is clearly shown when what seem like very similar species have dramatically different lifespans.

The American robin is an orange-bellied songbird with an average lifespan of two years in the wild and ten years in captivity. In contrast, the Australian sulphur-crested cockatoo is a white parrot that lives about thirty years in the wild and can achieve upwards of seventy years in captivity. Why is the cockatoo’s lifespan more than ten times that of a robin? Robins are, quite simply, much likelier to be killed at any given time. Only 25 per cent of robins survive their first year, in part due to predation from snakes, squirrels, and even other birds. In contrast, sulphur-crested cockatoos have far fewer predators and thus are less likely to be randomly killed at any moment.4 You can see from their different lifespans in captivity, a circumstance under which the animals are removed from the threat of predation, that the tradeoff is built into the very bodies of the birds themselves.

Thinking about deaths in captivity prompts another question: what causes an animal to progressively sicken and die, even in the absence of external sources of danger? In other words, why do we have inbuilt expiration dates?

Aging is defined as the damage and dysfunction that a creature accumulates over time until it is unable to maintain itself any further.fn4 At the cellular level, whether or not there is a primary underlying cause of aging, or instead many contributors, is still very much in dispute. Regardless, it’s clear aging is not a result of just one or two bodily systems eventually malfunctioning. Instead, most parts of an organism are constantly accumulating damage, with the degradation just becoming more and more apparent over time. Much like our cars, washing machines, and laptops, our very cells are depreciating assets. Young animals seem healthy not because they aren’t damaging themselves, but because the damage hasn’t yet had time to become obvious.

While everything in an animal is breaking down over time, the cycle of cell reproduction provides a particularly direct example of what can go wrong. All organs of an animal are constantly producing new cells while removing old ones, which helps repair damage and maintain optimal function. As an example, your skin cells completely replace themselves every month and a half, while your liver replaces itself about once a year. Unfortunately over time these cells become worse and worse at maintaining and replacing themselves, which is known as cellular senescence.

There are a few known mechanisms contributing to cellular senescence, and possibly others yet unidentified. One cause is the shortening of protective caps at the ends of DNA sequences. DNA inside cells is kept bundled up in coils called chromosomes. Chromosomes have protective caps at their ends called telomeres, much like those on shoelaces, which protect them from degradation or accidentally fusing with other chromosomes. Each time the cells replicate and replace themselves these caps shorten a little bit. If the caps become too short, the DNA itself starts to deteriorate and the cells become unable to do their jobs properly. This can lead them to become dysfunctional or unable to replicate, inducing senescence.

Another cause of cellular aging is the accumulation of mutations in older cells. Mutations are changes in the precise sequences of the genetic code that makes up the DNA carried by each cell. Each time a cell replicates there is a small chance of mutation, but it can also happen during repair processes after DNA has been damaged by exposure to radiation, oxidation, viral infection, or other factors. This mutation accumulation can render cells unable to perform their functions or can cause issues with their replication cycle. Once again, this can lead to the cessation of replication and induces cellular senescence. Worse still, particularly unfortunate mutations can produce inappropriately increased replication, the cause of cancer.

One more cause of cellular aging is the decreasing ability of our cells to control which genes are turned on and off, a separate issue from genetic mutations. Despite almost all cells in an animal containing the same genes, different cell types are able to perform very different roles by having different genes switched on or off. Liver cells have a particular combination of genes only active in liver cells, as do heart cells, as do skin cells. The process of activating and deactivating particular genes is called epigenetics, and (surprise, surprise) it too can go wrong with age. Epigenetic dysfunction is much like an identity crisis: cells stop knowing what kind of cell they are, and thus stop being able to do their jobs properly, leading to senescence or cell death.

Given that different animals live for markedly different lifespans even in the absence of external threats, it’s clearly biologically possible for cellular aging to occur at vastly different rates. We also know our bodily expiration date comes from a tradeoff between earlier reproduction and a longer-lasting body. But why specifically is this exchange demanded at the cellular level?

The main problem is that the forces of biology rarely like keeping things neat and simple. It’s usually not the case that one gene determines one trait, like having a single gene determine eye colour. Instead, individual genes tend to have effects on many traits, like how our gene for making melanin, called OCA2, also affects our eye colour, skin colour, and, bizarrely, our sleep. Unfortunately this means that genes can have beneficial effects on some traits while having detrimental effects on others. A gene may decrease the risk of developing cancer by 50 per cent in middle age while slightly increasing susceptibility to infection as a child. Another gene may decrease how much food a baby needs to eat to survive, but induce earlier menopause in that same child later in life. Essentially, genes affecting multiple traits may present tradeoffs between improving early reproductive success at the cost of accelerated aging and a shorter lifespan. This phenomenon is known as antagonistic pleiotropy, with pleiotropy meaning ‘affecting multiple or unrelated traits’.

Antagonistic pleiotropy is the main factor determining the typical lifespan for a member of a species. In the carefree life of a whale, who had essentially no predators until humans invented boats and harpoons, it makes sense to have genes that slow down reproduction if they also dramatically reduce the rate of aging. The whale is going to be around for centuries, so delaying having kids for a year is more than made up for in the lengthier reproductive life the whale will enjoy. At a cellular level, this choice of slow aging over fast reproduction can be seen in the whale’s risk of developing aging-related diseases such as cancer. A bowhead whale has roughly 1,000 times the number of cells a human has, which you think would increase their risk of mutation, and thus cancer, by 1,000 times. In reality, whales develop cancer at lower rates than humans. The principle also works the other way round. Natural selection may favour a mouse pup possessing a gene that helps them survive infancy better than their siblings, even if that same gene precipitates brain degeneration by their first birthday.

This proposal is not just compelling on theoretical grounds. There are experiments demonstrating how the genetic variation responsible for antagonistic pleiotropy, and consequently lifespan, adapts in relation to changing environmental conditions. One natural experiment started 4,000–5,000 years ago when a population of opossums became isolated on an island off the coast of Virginia, freeing them of their natural predators. Over this period, the newly liberated opossums have appreciated a 20 per cent increase in lifespan compared to their less fortunate mainland cousins, along with a delay in entering their reproductive age.5

This finding has been corroborated in the laboratory, with scientists performing the role of predators. One demonstrative experiment consisted of flies kept in vials with either high or low rates of predation over many generations, where predation consisted of the scientist randomly killing some proportion of the flies. Over successive generations, the heavily predated flies developed faster and became fertile sooner, while the insects free from harassment began to enjoy longer lives.6

Natural and experimental results agree that the equilibrium governing lifespan can and will change in response to the forces driving natural selection. Now, how does all this play out with humans?

SIXTY IS THE NEW FORTY, EIGHTY IS THE NEW SIXTY

Given human life expectancy has gone from about thirty years on average for our hunter-gatherer ancestors to about seventy years for the global average today, you’d be forgiven for assuming natural selection has recently given us a new lease on life. It may seem our emergent position on the top of the food chain has converted us from animals predetermined to die in our mid-thirties, to a species newly endowed with the superpower to push our years to a hundred and beyond. Yet, a sceptical reader might notice that this remarkable improvement seems to be undermined by texts from several thousand years ago, such as the Book of Psalms, declaring ‘The days of our years are threescore years and ten; and if by reason of strength they be fourscore years […]’, meaning seventy to eighty.7 Their scepticism would be made stronger still if they knew of teeth retrieved from ancient graveyards showing a degree of wear only achievable by people who had reached at least their sixties.8 Something here just doesn’t add up.

The average hunter-gatherer lifespan might have been thirty years, but there’s a lot of confusion around what the term average actually means. It can have three related but distinct meanings (Fig. 1a). Mean lifespan is the sum of all the years lived by some population divided by the number of people who lived them. This is what is most commonly meant when people say ‘average’. Median lifespan is the age by which half of the people have died, while modal lifespan is the most common age for people to die. These last two, median or mode, are commonly what people envisage when they think of a ‘typical’ lifespan. For humans, the mean lifespan has increased dramatically in the last few centuries. But this is not because our oldest die later, rather because our youngest die less. The modal lifespan, the one that definitionally most of us enjoy, has improved much more modestly, from around seventy in hunter-gatherer societies, to around eighty years globally today.fn5,9 As long as you make it through childhood, you’re likely to live only about a decade longer than your cave-dwelling ancestors.

To understand why the modal human lifespan doesn’t match that of our friend the Seychelles giant tortoise, it’s helpful to put these numbers in their evolutionary context. Humans diverged from our great ape cousins approximately 7 million years ago. The maximum reported lifespan of wild chimpanzees, gorillas, and orangutans is around forty to sixty years, suggesting this may have been the case for our last common ancestor too.13 During the time that humans descended from the trees, started running, developed sophisticated tools, and learned to speak, our modal lifespans likely expanded to the roughly seventy years of hunter-gatherers. Presumably our increasing intelligence made us savvier at finding food, our weapons helped us fend off predators, and our language enabled us to better take care of each other. All these factors would have decreased external sources of mortality and thus shifted the pressure of natural selection towards lengthening our lifespans.
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Figure 1. a) A stylistic plot of how the mean, median, and modal lifespan of a species can all be different. b) Modern humans have almost completely removed infancy-related mortality compared to hunter-gatherers and chimpanzees, but only somewhat delayed aging-related mortality compared to hunter-gatherers.10,11,12

Despite this, remarkably, the two major killers threatening both us and our hairier great ape cousins remained the same. These are infectious disease and within-species violence. Infections kill around 70 per cent of wild chimpanzees and hunter-gatherers, while violence and accidents account for about another 20 per cent.9,14 In fact, the annual mortality curves for contemporary hunter-gatherer populations and chimpanzees look remarkably similar, with the human curves just being shifted rightwards (Fig. 1b). While evolutionary improvements moved our lifespans beyond the forty-year maximum of our ape ancestors to around seventy, disease and violence likely kept them from being pushed even further. So many hunter-gatherer children died young that they only had a mean life expectancy of thirty at birth, rising to fifty if they made it past fifteen.9 This meant that during their childhood, their remaining expected years to live actually increased as they got older!

The astounding rise in mean human lifespan since the Industrial Revolution has been driven largely by vastly diminished premature death from disease. The disarmament of infectious disease as our most dangerous enemy is one of the crowning achievements of human civilization. The data is very clear that many of us alive today owe our lives to sewers, vaccines, and antibiotics.

That being said, those of us who’ve already made it past our teenage years have less to be thankful for when looking forwards. A hunter-gatherer who survived the culling zone of childhood was probably going to die at around seventy, while the modal American dies at around eighty-five today.9 Fifteen years is certainly nothing to be ungrateful for. But is it not reasonable to expect that, given we have what would appear to be god-like powers to our ancestors’ eyes, like the ability to fly through the heavens and conjure light and music from metal tablets, we could also outlive them by more than a measly decade-and-a-half?

As special as we may feel, antagonistic pleiotropy is not just constrained to birds, opossums, and flies, but determines human lifespans too. Problematically for us, though, significant genetic changes to species can take thousands of years, and we’ve had proper hygiene and medicine for less than two centuries. For the most part, as far as our genes are aware, we might as well still be back on the ancestral African savannah. Public health and modern medicine have done wonders for mean life expectancy, but they’ve relied on the fact that in the absence of external killers human bodies were already designed to last considerably longer than thirty years. In contrast, pushing modal lifespans beyond seventy-ish years is going to require forcing human bodies past their design specifications.fn6,15

Evolution’s ignorance of our altered environment is on display in what are undeniably tragic diseases for the modern world. For example, consider individuals with Huntington’s disease, a progressive neurodegenerative disorder afflicting people with debilitating symptoms at around forty and killing them around sixty. Humans can still have dependent children at the age of symptom onset, so the disease may impact the ability of its sufferers to contribute to child rearing. As such, we would have expected natural selection to remove the disease-causing gene from the human population over time. That is, unless having a gene which causes Huntington’s disease later in life confers some compensatory benefit earlier. It turns out there is evidence that this is the case, with people who develop Huntington’s appearing to have both less cancer earlier in life and more children later.16 This may well be happening with other genetic diseases too, and indeed with aging generally.

Perhaps Huntington’s disease was not quite as tragic in an earlier time, when a typical lifespan was ten years shorter and the chance of dying from disease was ever present. But the modest advances we have made so far in pushing for a longer typical lifespan have made it all the more heartbreaking to witness the suffering of those allocated even less time than the rest of us. The irony is that the very genes which may have helped you be fit and fertile when you were young may kill you as you get old.

Unfortunately, keeping the elderly healthy for longer is likely to be a lot harder than preventing young people from dying prematurely. Vaccines, the great saviour of humanity, merely involve a safe trigger for the immune system to practise responding as it would to a natural infection. Antibiotics are usually simple, single molecules that jam up the cellular processes of bacteria so as to provide aid to the natural immune response. In comparison, geriatric diseases such as cancer and dementia are much harder to deal with than the poxes and plagues of the past. This is because, instead of simply assisting natural cellular processes, curing these diseases involves trying to persuade cells to perform tasks they were not designed for. Evolutionary pressure deals with cost-benefit analyses in the same way as manufacturing. If the design requirements don’t ask for something to be built sturdy enough to last past its expected use date, the easier and cheaper option is not to bother.

Researchers have made some impressive progress with fixing a few of these cellular processes, but not enough to make a huge difference to human lifespans as of yet. Immunological cures for some cancers can involve genetically re-engineering a patient’s immune cells, a technically complex process which makes previously incurable cancer treatable. But even curing cancer entirely would only increase life expectancy by about three years, as many diseases of the aged remain untreatable.17 An elderly patient cured of cancer is likely to soon develop heart disease, or dementia, or kidney failure, or … the list goes on.fn7,18 We still don’t even know what causes most cases of dementia, let alone have viable treatments on the horizon. Most of our medical progress so far has worked with what evolution already left us, but significantly pushing modal lifespans upwards is likely to require going beyond our current genomes. If that’s the case, what’s the plan?

UNLEARNING HELPLESSNESS

Historically we’ve had seventy to eighty years if we were lucky, and that was it. Nothing we could do, nothing we could buy, nothing we could sacrifice would forestall the inevitable. Hunters, gatherers, kings, peasants, priests, alchemists, scholars, and farmers all died within seven to eight decades in almost every case. The same blessing of human intelligence that let us conquer the Earth also cursed us with awareness of our own mortality.

Helpless as we were, it is unsurprising we developed many coping strategies for normalizing and accepting death. We’ve done a remarkable job convincing ourselves that if there’s nothing we can do about it, it must be because things are supposed to be that way. Yet, shockingly to modern sensibilities, this was also the outlook held about pain by some doctors and intellectuals prior to the advent of anaesthesia.19

Before the mid-nineteenth century, measures for reducing pain during traumatic medical procedures were ineffective, dangerous, or both. Mixtures of herbs, opium, and alcohol were used as analgesics if available, but these provided insufficient pain-relief for surgery. Methods of actually rendering patients unconscious were extremely dangerous. One consisted of compressing the arteries supplying blood to the brain – that is, strangulation to the point of unconsciousness. Another was to administer knock-out blows to the head, inevitably leading to at least concussion and possibly brain damage.

The anaesthetic options available to patients should have improved after 1799, when the potential medical use of nitrous oxide, also known as laughing gas, was first published in London by Humphrey Davy. Unfortunately, the clinical use of anaesthetic gases was not publicly trialled for another fifty years. In 1846 the dentist William Morton demonstrated their use through administration to a patient about to receive surgical removal of a neck tumour. Given the procedure was successful, one would have assumed the medical and general community would roll out this new technology as quickly as possible.fn8 Disturbingly, one would be wrong.20

Though proponents and advocates did spring up quickly after the 1846 demonstration, a number of medical and religious authorities also rose up in opposition. In 1847, doctors at a meeting of the South London Medical Society made claims such as ‘pain in surgical operations is in a majority of cases even desirable, and its prevention or annihilation is for the most part hazardous to the patient’.21 The French physiologist François Magendie questioned whether there was any advantage in suppressing pain, arguing ‘it was a trivial matter [for patients] to suffer’. The first president of the American Dental Association, Dr William Atkinson, even went as far as to say ‘I think anesthesia is of the devil […] I do not think men should be prevented from passing through what God intended them to endure.’ Particularly horrific were the claims made that women should be denied anaesthesia during childbirth, as pain during labour was prescribed by God and subverting it would be ‘unscriptural and irreligious […] reprehensible and heretical in its character’.

Thankfully there were sufficient pioneers to continue to develop and promote anaesthesia despite the critics, while the turning point for its normalization likely came when Queen Victoria requested anaesthesia to aid her in the birth of her eighth child in 1853. Although anaesthesia did not cease to be dangerous then, and even today complications from anaesthesia still occasionally happen, no modern medical professional would claim it is a ‘dangerous folly to try to abolish pain’.

When I see a modern philosopher claiming that ‘death gives meaning to life’ or read historical accounts of anaesthesia being against the will of God, I am reminded of the phenomenon of learned helplessness.22 If an animal is placed in a stressful situation from which it cannot escape, it will eventually stop trying. Surprisingly, though, after giving up, they will often not even try to escape later if a route out does become available.

Psychologists in the 1960s first demonstrated the effect using dogs placed in harnesses which delivered mild electric shocks.23 Normally, dogs placed in a harness that zapped them would readily press a button to terminate the shocks. However, something different happened with a separate group of dogs who were initially pre-trained with a harness where the shocks were inescapable. When subsequently placed into a different test harness, with access to a button that would terminate the shocks, these dogs would just whine when the experiment commenced rather than press the button to end their suffering. This second group of dogs had learned escape was impossible, and thus didn’t even try to fix the problem when circumstances changed.

This is the situation I believe we are in today with respect to human lifespans. For all of human history until very recently, there was nothing we could do to forestall aging-related death. In response, we normalized it. Some medical literature even uses the oxymoronic term ‘healthy aging’ without irony, despite the fact that currently 100 per cent of people who age sicken and die. A more accurate term would be ‘slowest possible age-associated disease progression’, which acknowledges that individuals vary in how quickly they develop aging-related disorders without pretending that the minimal decline rate is not still a decline. Still, the phrase ‘healthy aging’ is reflective of our society’s inability to attend to the harms of aging itself, instead misguidedly focusing on individual age-related diseases. Unfortunately, this narrow-sightedness leads us to pursue the wrong solution of playing whack-a-mole with each new aging-related illness while neglecting alternative approaches.

The most egregious examples of these wrong solutions are medical interventions that prolong lifespan without prolonging quality of life. Imagine Betty, an eighty-seven-year-old lady with advanced dementia who contracts pneumonia. She is sent to the hospital for intravenous antibiotic treatment, but the move exacerbates her confusion and she becomes delirious. As a result she is terrified her doctors and nurses are trying to harm her, and tries to escape by painfully pulling out her intravenous lines and rolling out of bed. In her fear and distress, all she achieves is a broken hip. Whether it’s antibiotics, a hip cast, or any other hospital intervention, the treatment is doing nothing to address the aging that is the primary underlying cause of her suffering. Despite its futility, the effort to do ‘everything we can to save Betty’ presumably comes from a tacit understanding that most of us believe death really is something terrible to be fought. In this case, as in many, it is too little, too late. Tellingly, while doctors want to live long and healthy lives as much as anyone, they overwhelmingly decline treatment if faced with Betty’s situation. Knowledgeable as they are about the counterproductiveness of the treatments available at this late stage, they are unwilling to suffer their side effects.24

Not as bad, but still misguided, is an excessive focus on research into individual aging-related diseases at the expense of elucidating the mechanisms of aging itself. In 2021 the National Institute of Health in the US aimed to spend less than 1 per cent of its budget on basic research into aging and senescence, in comparison to about 5 per cent on Alzheimer’s disease alone.fn9,25–27 This is akin to spending more money on designing treatments for burns and smoke inhalation than ensuring buildings are fire safe in the first place. As of 2022, the US Food and Drug Administration does not even classify aging as a disease-process and thus won’t approve licensing for therapeutics seeking to forestall aging directly. This regulation reflects the mindset that because aging is normal it is unworthy of consideration. Much like the dogs, medical research is to a large degree not even trying to escape the root cause of the problem.

That said, I would still be pessimistic about our chances of living past our nineties, even with far greater investment in anti-aging research. In order to avoid death, the improvement in life expectancy for one’s age cohort has to be increasing at more than one year per year.fn10 Yet this level of progress is not currently occurring. If promising therapeutics to reliably delay aging were obviously on the horizon this would be less worrying, but that is not the case. The most effective methods we have currently for slowing aging are the tried-and-true regular exercise and a good diet. These work not by improving upon our genetic potential, but by counteracting the ill effects of our sedentary and obesity-inducing modern lifestyles. Unfortunately, because of the multifactorial nature of aging due to antagonistic pleiotropy, any single new drug or therapy is unlikely to have a large impact on its own.

This isn’t to say the cause is hopeless – far from it. The fact that whales live more than twice as long as we do demonstrates it should be possible, in principle, to change human bodies to live longer. The lack of sufficient research funding here is deplorable, especially considering that, because aging affects everyone, even small achievements can have a big societal impact. Maybe with a combination of therapies which can reverse cellular senescence, lengthen telomeres, repair DNA damage, reverse epigenetic dysregulation, as well as clean up accumulated plaque from arteries and remove accumulations of broken biomolecule aggregates in brain cells, we could improve modal lifespans. A pessimist would retort that even if we dealt with the current concerns, antagonistic pleiotropy implies currently unknown aging processes would likely then rear their heads. Even so, optimists could reply that our technology will continue to improve, and researchers have already identified a number of interventions that cumulatively may make some impact.fn11,28 Either way, we should still be trying, as the research infrastructure exists these days to make attempting escape worthwhile.

But for those of us without many years left, we need another strategy to circumvent the genetically imposed limitations of human lifespans before our time runs out. Current medicine just isn’t up to the task of keeping us as active, dynamic agents while preventing us from accumulating progressive, eventually terminal damage. And, in the end, even the optimists need to acknowledge that if aging itself were cured, we’d still eventually die from virulent infections, traumatic accidents, violent assaults, or other life-limiting events.

As we’ll see later in the book, there is a way around this using technology already existing today. The trick is to realize that, although we can’t halt damage accumulation while remaining biologically active, we can pause aging indefinitely by taking someone out of biological time. How exactly we can achieve this is the subject of Chapter Seven.

But, before we arrive there, we should first think hard about the consequences for a world in which aging is abolished and everyone lives as long as they desire. In the next chapter, we’ll ask whether this would even be a good outcome. Spoiler: I believe this would be a better world for Jonathan, chimpanzees, and humans alike.
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Why Save Everyone?


Whoever saves a life, it is considered as if they saved an entire world.

The Talmud




On 2 November 2054, Professor Ai Tanaka pushed the button to send the mice one week into the future. It had taken a staggering 600 billion yen and five years of labour from her team at the Tokyo Institute for Advanced Physics to reach this pivotal moment. Earlier experiments with the prototype had demonstrated that items placed inside the device’s chamber could be propelled forwards without themselves experiencing the passage of time. However, there was a big difference between observations of precise clocks or measurements of radioactive decay, and determining whether living, breathing animals could endure the journey. Despite having meticulously triple-checked the simulations, her hands still trembled with uncertainty.

—

Even as the mouse enclosure shimmered back into existence precisely one week later, Professor Tanaka’s apprehension remained. The mice were alive and apparently unharmed, but she waited for her technicians to assess them. They confirmed the mice had lost no weight, experienced no changes in their menstrual cycle, and remembered their mazes too well for a week to have passed. Only then did she give in to her excitement. The physics was indisputable, the models impeccable, the experimental results in perfect harmony: they had built a genuine, functioning time machine.

Staff gathered in the institute’s lunchroom, glass in hand, Professor Tanaka proposed a triumphant toast to their diminutive, furry pioneers.

‘To the first ever chrononauts!’

Full of celebratory spirits, it wasn’t long until


































THE FUTURE IS A FOREIGN COUNTRY
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Discarding palliative philosophy
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Figure 2. An 82-year-old woman dying from terminal bowel cancer was admitted for palliative care. Although her will to live weakened when her pain scores increased, she maintained a consistently high will to live even as death approached.48 This is typical of most people in her position.49































Appendices

APPENDIX 1. PERSONAL IDENTITY PROBLEMS

Psyching oneself out

A common attack levelled at the psychological view of personal identity is that it doesn’t seem to deal well with failures in the transitivity of mental properties across a person’s lifespan. To clarify what that actually means, let’s again consider the case of Shruthi from Chapter Four, at different stages of her life. Suppose that, as a young girl, Shruthi enjoyed a magical summer’s day at the beach. Later on, in middle age, Shruthi is working hard as a farmer harvesting rice. While daydreaming on her lunch break, she fondly recalls the one sunny beach day she experienced in her youth. Finally, in her old age, Shruthi remembers her long days in the fields, but can no longer recall that distant summer’s day of hermit crabs and sandcastles. Overall, the beach memory connects the young to the middle-aged Shruthi, while the farming memory links the elderly to the middle-aged, but the young and elderly Shruthi are at least partially disconnected. How could young and elderly Shruthi be the same person if their memories are not consistent?fn1

One possible response is to claim that the persistence of personal identity relies not upon perfect accumulation and maintenance of memory across the lifespan, but instead merely on a chain of overlapping memories and personality that provides a kind of psychological continuity.1 Even though the elderly Shruthi is missing some of her younger self’s memories, a continuous chain of intermediate Shruthis ensures the two remain connected.

This response might appear to do the trick, but there are theoretically circumstances where it produces counterintuitive results. Remember the hypothetical procedure mentioned in Chapter Three, where a person’s neurons are randomly reconnected to each other in a way that erases their original memories and personality, resulting in a person with a new set of psychological characteristics? This time, imagine a scenario where, instead of that happening to someone suddenly, it progresses gradually over an extended period of time. In this case, while the person at the end is completely psychologically different from the person at the start, there is still a continuous chain of similar states to bridge the intermediate steps.

This imaginary case might seem irrelevant in practice, but there are real and tragic medical conditions to which it bears a partial resemblance. In frontotemporal dementia, patients can undergo gradual but profound changes in their personality. For example, one case history records a man who progressively changed from a devoted, sensitive, and supportive husband into a sarcastic, dishevelled, and selfish individual, to the extent that his wife stated ‘it is as if a different person has crawled into [his] skin’.2 Accordingly, it would be better to develop our working theory of personal identity with an argument that does not rely on psychological continuity alone.

APPENDIX 2. MORE ON CONSCIOUSNESS

Once more, with feeling

In Chapter Five, we examined global workspace theory as an explanation of consciousness. While the theory sits well with current neuroscientific experiments, deeper philosophical issues become apparent when trying to generalize the theory to creatures different from ourselves.fn2 What would our response be if we came across an intelligent animal whose brain structure seemed to preclude ignition and broadcast within a global workspace? For example, if the neuroanatomy of an octopus did not allow for information to be shared in ways that would constitute a workspace, should we conclude that the animal is not conscious or that global workspace theory is wrong?fn3,3 Similarly, newer artificial intelligences are capable of increasingly sophisticated behaviours, but their software and hardware does not typically resemble a system capable of containing a global workspace.4 If a future artificial intelligence becomes capable of performing all recognized consciousness-associated behaviours, even while lacking a global workspace, would we still feel confident in denying its claims of consciousness? Or what if the opposite occurred – were we to find a workspace within a system that seemed otherwise unintelligent and alien, would that be grounds enough to deem it conscious?

This questioning of the necessity and sufficiency of a global workspace reveals a problem not just with this particular theory, but with functionalism more broadly. Theorists can choose to be more or less inclusive about which functions they believe are required for consciousness, but both options will attract criticism. If a proposal is restrictive, such as choosing to ascribe consciousness only to creatures that possess at least every function of a healthy adult human, its critics will label it as needlessly anthropocentric and discriminatory. If instead a theory is inclusionary, allowing any number of functions and behavioural traits to count as evidence of a creature’s consciousness, then it risks assigning subjectivity to creatures on insufficiently strong grounds.5 Unfortunately for functionalism, at least at the moment, there seems no obvious way to draw a principled threshold.

But there is perhaps an even larger issue for functionalism still. A dissatisfying deficiency of all functionalist theories, global workspace included, is that they do little to explain the fundamental question of why our experiences feel the particular way they do. Sure, seeing a strawberry might induce ignition of strawberry-conveying information into a global workspace, but why should this be accompanied by an experience of ‘redness’? Why doesn’t this same information feel like ‘blueness’, or ‘coldness’, or ‘hunger’? Functionalism does not have an easy answer to whether my ‘red’ is your ‘green’, or why any qualia should accompany functions at all.6 In failing to provide an explanation here, functionalism seems to sidestep, rather than solve, the hard problem of why subjective experiences should accompany brain functions.

Some philosophers argue this characterization is not entirely fair, and that facts about the nature of our experiences can support an answer to the hard problem within a functionalist framework. Take, for example, the observation that an experience of ‘red’ is never found in isolation, but is always seemingly attached to some object in the world: a red strawberry, a red ball, red lips, and so on. In this sense, qualia appear to represent features of our external environments, in that our sensations bear some trace resemblance to properties of the real world. These representations are also useful once compartmentalized into classes and subclasses, as the features our experiences represent are generally structural regularities in the world that can be exploited to our advantage. Red fruits are likely to be ripe, while green fruits are possibly inedible. Shiny things are likely to be metals, which also means they might conduct electricity. Given that our experiences are understood only in relation to a conceptual dictionary of possible meanings, and those meanings were gleaned originally from representations of the physical world – either as sensations of the world beyond our bodies or as feelings of the goings-on inside ourselves – then perhaps an explanation of why ‘red’ feels the way it does can ultimately be grounded in the ways a subjective experience corresponds to the objective state of the world. To the best of my knowledge, this representationalist idea is yet to be fully fleshed out in a way that can systematically explain why the cognitive functions we have are necessarily accompanied by the kinds of experiences we enjoy, but perhaps this will one day be achieved.7–9

Other philosophers instead embrace the accusation that functionalism cannot answer the hard problem of why physical processes could ever be accompanied by the seemingly immaterial companions of colours, pains, and other subjective experiences. In place of believing there is a mystery of why it feels like anything to be us waiting to be solved, illusionism is a variant of functionalism that claims we are instead mistaken in thinking there is anything to consciousness beyond our cognitive functions.

Take the issue of whether what you see as ‘red’ might be what your friend sees as ‘green’, known formally as the problem of qualia inversion.fn4 Assume for the moment that your friend truly does have inverted qualia compared to you – where you see red, they see green. Further, let’s assume that this happens without changing any of their reactions to the stimuli that they observe, so that you and your friend both still report a strawberry and a cherry as looking similar, and a banana and a blueberry as looking different, even though you have completely different colour experiences when looking at these objects.fn5,10 Assume further that all the links between colour experiences and other aspects of the mind like emotions and evaluative judgements are inverted too, such that not only does a flame elicit a green-blue experience in your friend but that this colour also feels warm and comforting to them. In this case, even though your friend’s colour experience is different from your own, it could never alter their behaviour, nor make a functional impact on the world in any other way.

Illusionism takes this causal irrelevance of qualia as strong evidence against their existence. While a dualist theory of consciousness can accept entities without causal effects on the world, illusionists argue this should sit very uneasily with the widespread physicalist leanings of most modern consciousness researchers. If our intuition is that qualia exist, but that seems incompatible with physics, then illusionists would have us discard the intuition rather than search vainly for an explanation. They would also point to historical precedent for support. Just as nineteenth-century biologists once thought that biochemistry required a ‘vital spark’ to enable life before they were disillusioned, illusionists believe that qualia are an unnecessary supposition that will be proved non-existent in time.

Through this line of argument, illusionists insist that a great deal of what we believe we know about our own experiences, such as our certainty that there is something that it is like to experience the colour red, is in fact wrong when viewed as anything more than our functional ability to categorize the visual similarity of apples and raspberries. They instead argue that the only real mystery to be solved is why we have such muddled beliefs about consciousness in the first place. Though this position of denying our first-person experiences has seen its proponents labelled as ‘crazy, in a distinctively philosophical way’, it has found prominent defenders in the philosophers Keith Frankish and Daniel Dennett, and is intimately related to a neuroscientific theory developed by the scientist Michael Graziano.11–15 Even David Chalmers, the inventor of the hard problem, has said ‘if I were to be a materialist, I would be an illusionist’.16 Perhaps, if its supporters can clarify exactly how and why the rest of us are so confused, illusionism will succeed in showing there is no mystery of consciousness at all.

Measuring integrated information theory

In this section, I’ll go into a little more detail on the experimental methods alluded to in Chapter Five that are relevant to integrated information theory. To test integrated information theory’s applicability to consciousness, it would be ideal to take recordings of activity from across multiple brain regions in humans, then use these recordings to calculate the integrated information present. There’s a notable practical problem with this approach, though: integrated information is too computationally challenging to measure directly from these detailed brain recordings. To compensate for this, researchers in the study from 2013 – who wanted to measure integrated information in humans who were awake, asleep, and anaesthetized – designed a proxy measure that arguably correlates with integrated information. Their approach was to analyse the complexity of collected brain recordings, rather than integrated information directly.

Complexity has a specific meaning in this context, which is how difficult it is to compress the information present in the participants’ EEG recordings. Each recording was obtained by sticking sixty electrodes to the head of a participant and measuring how the voltages at these sites changed over time. If, at a certain time point, the voltage measured at every electrode was the same, instead of recording the value for each electrode individually, one could just write down ‘5 microvolts everywhere’. Such a recording would be highly compressible into a short description, and hence not very complex. Conversely, if the voltage at one electrode was not very informative about the value of any other electrode, one would have to write all the electrodes’ values down individually, making the recording incompressible and thus complex.

There’s another interesting part to this experiment, also. Rather than just passively recording, the researchers actively perturbed the participants’ brains to generate an activity signature that they could assess for compressibility. Near the start of each participant’s EEG recording, they would send a harmless magnetic pulse into a certain location on the surface of their brain. In a healthy, awake patient, this pulse was expected to reverberate to other locations in the brain at complicated intervals, making a highly complex and incompressible pattern detectable by all sixty electrodes. However, if a patient’s brain had low integration at the time, as was expected during anaesthesia, the pulse was not expected to travel far, with the corresponding brain recordings showing low complexity.

Integrated information theory: Strengths and weaknesses

In this section, I’ll go into more detail on the theoretical evidence for and against integrated information theory that I mentioned briefly in Chapter Five.

Integrated information theorists mainly claim support for their position from experiments demonstrating how integrated information is different for individuals experiencing different levels of consciousness, but there is much more to consciousness than just being awake versus asleep. At any given moment of waking life, we are drenched by a torrent of subjective experiences, specific to our activity, psychology, and environment. These qualia can be sorted into categories like visual, auditory, emotional, proprioceptive, or interoceptive, to name but a few, and, if we consider Tononi’s proposition, individual qualia in combination also create new, indivisibly unified experiences. Each of these qualia comprises a particular ‘feeling’, but how does this come about? As a physicalist theory of consciousness, integrated information theory needs to explain why any particular integrated information feels like ‘redness’ instead of ‘the taste of chocolate ice-cream’. We’ve already seen how functionalist approaches like global workspace theory struggle with this issue. Can integrated information theory do any better?

Potentially, yes.17 To explain how, look around wherever you are right now and pay attention to different objects in different locations, their sizes and boundaries, and the distances between them. This is the feeling of three-dimensional space mediated through vision, an often overlooked but ever-present aspect of our subjective experiences. One way of formalizing what it is like to have spatial experiences is to note that the canvas of our visual world appears to be composed of countless spots that can be grouped together in various ways to form edges and regions. Overall, this forms an extended grid-like arrangement, with each distinguishable point in our visual experience corresponding to a location in the grid. Conveniently for integrated information theory, neurons in the visual cortex are known to be connected together in a grid-like fashion. Not only that, but the integrated information that these neurons are expected to create should also have ‘grid-like’ properties.

To explain what this means, we need to move beyond the previous example of integrated information corresponding to an aspect of consciousness that can vary only along one dimension, such as how someone’s level of alertness can range from ‘none’ (dreamless sleep), to ‘some’ (drowsy), to ‘full’ (awake). Instead of integrated information just coming in greater or smaller amounts – and perhaps being related to whether someone is more or less awake – the integrated information present in physical systems can also be analysed structurally. Think of how the left- and right-hand versions of gloves are made of the same amount of material, but, placed in different arrangements, that material produces two distinct gloves that are not interchangeable with one another. Similarly, two physical systems can have the same amount of integrated information, and be made of the same kind of units, but still have their integrated information exist in a different kind of abstract arrangement. By this, I mean that the integrated information present within any particular system, when visualized in a particular mathematical fashion, can form different patterns termed complexes.

The argument made by integrated information theorists is that each unique abstract complex of integrated information is identifiable with a particular subjective experience. The similarities and differences between these complexes correspondingly accounts for the similarities and differences between qualia themselves. By this reasoning, realizing that visuospatial experiences consist of an extended arrangement of lines and spaces created by an interconnected series of points, while also noting the existence of an equivalent abstract complex of integrated information arising from the physical structure of the visual cortex, provides grounds to identify the subjective spatial experience and the abstract complex as fundamentally the same. This logic suggests that TN’s loss of spatial experience is due to the destruction of the physical structures underlying these abstract complexes, while his blindsight is enabled by other brain circuitry that lacks the appropriately structured integrated information required to consciously experience visual information.

Integrated information theorists have not yet described the complexes that should underlie non-spatial qualia, but propose that the same idea will hold for all experiences. An integrated information complex that corresponds to an experience of redness will be very similar to one that corresponds to pinkness, quite different from one of greenness, and extremely different from one corresponding to itchiness. Just as earlier scientists eventually found the DNA sequences that pass traits on from parent to child, these modern neuroscientists suggest we will eventually find abstract integrated information complexes in the brain that correspond to every qualia that we can possess.

Still, while integrated information theory claims to have solved the hard problem of how consciousness relates to the physical through this structural analysis approach, I am aware that your ability to judge its merits would require a much more detailed explanation. Its absence here is partially because integrated information theory is still somewhat light on the required details, and partly because the discussion gets especially technical from here on out. So as to avoid making this material even more confusing than it needs to be, I will leave the mathematical and philosophical minutiae to those readers interested in following up the provided references.

But if you feel you cannot make an informed evaluation of the theory with only the minimal information I have provided, here’s a cheat sheet of the critiques of integrated information theory provided by experts with a detailed understanding of its ideas. Some criticize it on the grounds that its mathematical framework is insufficiently specified.18,19 Others believe its axiomatic formulation is ill defined.20 The most common concern is that there are many things that have integrated information even though it is questionable that they are indeed conscious, as discussed in the main text.

And, at the higher level of characterizing the structure of consciousness, there are still those who take issue with a qualia-structure approach to identifying the physical basis of subjective experiences. The general programme is grounded in the assumption that introspection can reliably reveal the nature of experiences, which is not without its detractors. Citing evidence of numerous examples where humans struggle to assess their own psychology, from failures of insight into the causes of their behaviour to overestimation of their own task performance, illusionists call into question the validity of relying on introspection. At the same time, functionalists worry about how using first-person reports of introspection alone to characterize consciousness could lead one to dismiss any requirement for a necessary relationship between consciousness and functions.21,22 They fear this could entail the opposite of blindsight: a situation where someone claims to have a subjective experience, say of intense bliss or pain, while saying it does not affect their behaviour in any way that would allow for third-person verification. If someone claims to see a new primary colour that is neither red, green, yellow, nor blue, but indescribably different from all normal colours, should we believe them or accuse them of lying?

APPENDIX 3. MORE ON MEMORY

Pattern separation and pattern completion

Back in Chapter Six, we explored how the hippocampus is able to make memories by indexing the brain activity that was present in your cortex during particular episodes from your life. But, after learning about the indexing function of the hippocampus, two further important questions immediately present themselves.fn6 First, how does hippocampal indexing operate without engrams becoming muddled together, so as to keep memories distinct from each other? Second, how do we actually use the index to retrieve episodic memories and bring them back into awareness? While neuroscience is still unable to give a completely comprehensive description of the necessary processes, we know enough to give a preliminary account.

Memories would be of little use if they could not be separated out from one another. Episodic memories are defined by distinct details and contexts, such as where you parked your car today rather than yesterday, that your sister was delighted when you bought her concert tickets for her birthday, or that the bakery with delicious croissants near your office was shuttered when you walked by on a Monday. Without these particularities you would lose your car, disappoint your sister with rock music she does not care for, or find yourself ravenous outside of a closed bakery.

So as to keep our memories separable, a process named pattern separation keeps engrams in the hippocampal index distinct from one another.23,24 It relies on the special properties of neurons located in a subregion of the hippocampus called the dentate gyrus (Fig. 16).fn7 The most important feature of these neurons is that even if they receive two separate inputs from the cortex that are very similar to each other, they still output very different activity patterns. To make this more concrete, imagine three scenarios: you are at the market buying apples, you are at the market buying bananas, and you are cycling in the countryside. Your subjective experience of buying apples at the market is similar to that of buying bananas, while both are quite different from going cycling. Correspondingly, the activity patterns in your cortex will have far greater overlap in the ‘buying apples’ and ‘buying bananas’ scenarios compared to a situation where you went cycling. However, the dentate gyrus will produce very different outputs regardless, the key requirement for pattern separation.fn8

These seemingly-random outputs from the dentate gyrus are received by another part of the hippocampus, known as the CA3.fn9 What makes the CA3 different from other areas is the way its input and output connections are wired up. While CA3 neurons receive some connections from the dentate gyrus, as well as some directly from the cortex, the vast majority of their inputs and outputs are from and onto the CA3 itself. As a result, CA3 neurons are very highly connected to each other, allowing them to perform a function called pattern completion.

To explain how pattern completion occurs in the CA3, it’s once again helpful to consider what happens before, during, and after formation of an episodic memory. To set the scene, imagine you are sitting at home with a hot drink on a cold day, scrolling on your phone, when you suddenly find out you’ve won the lottery. In a flash, the Earl Grey tea you were drinking, the rainy weather outside your window, and the sequence of numbers you chose for that week’s lottery ticket, are all burned into your memory.

Prior to the formation of this momentous memory, each of the roughly 2 million neurons in your CA3 were already connected by synapses to thousands of their neighbours.25 As this particular memory formed, the dentate gyrus randomly selected a small subset of CA3 neurons to activate, out of your full population of CA3 neurons. Some of these CA3 neurons had pre-existing connections to other CA3 neurons that were simultaneously activated by the dentate gyrus. As a result of their coactivation, these specific connections are now strengthened. This enhancement ensures that subsequent activity in even just a small number of the CA3 neurons that were active during your lottery-winning memory formation will be sufficient to reactivate the entire set.

[image: ]
Figure 16. a) The hippocampus is a sea-horse shaped brain region located deep inside the brain, under the bulk of the cortex. b) A cross-section through the hippocampus. Most inputs to the hippocampus from the cortex enter into the dentate gyrus. The dentate gyrus transmits this information to the CA3 after performing pattern separation on the cortical inputs. While the CA3 also receives some inputs directly from the cortex, most of the connections in the CA3 are from CA3 neurons back onto other CA3 neurons. The CA3 uses these recurrent connections to perform pattern completion. Outputs from the CA3 are directed to the CA1, and ultimately back out into the cortex.
A week later, imagine you walk past a café when you smell Earl Grey tea, or see a phone number with some of the same digits that comprised your sequence of lucky numbers. Because this new experience shares some features of the old, your current cortical activity will also bear some resemblance to that which you had previously. As a result, direct connections from the cortex to the CA3, which do not undergo pattern separation, activate some of the same CA3 neurons that were firing during your original experience a week ago. Because the mutual interconnections between these CA3 neurons were reinforced during the experience of your lottery win, stimulating just a subset of this original group is now enough to trigger activity in the rest. This is why the process is called pattern completion – even though your sensory inputs were not quite the same as previously, they are sufficient for your CA3 to fill in the missing details. With the full original set of CA3 neurons now active, the output they send back out to the cortex returns your brain to a similar activity state as during the initial engram formation. In doing so, the presence of only a small part of the original event sends the memory of your recent good fortune flooding back into your mind.

It is these sets of CA3 neurons, with their mutually strengthened connections, that are thought by some neuroscientists to constitute the individual entries in the hippocampal index.fn10,26
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