BRAIN UNLOCKED

Now I have a question for YOU...

Brain Unlocked
Georges M. Halpern, MD, DSc
with Yves P. Huin

1

BRAIN UNLOCKED

Foreword
This essay is not the one I initially planned, wanted to write. My anger was (still is)
fanned by the inanity and inadequacy to our current world of academic studies, and
even more of medical studies. But this inner rage was based on what I observed in
Hong Kong and France (where the arrogance of the medical establishment is
obscene). In parts of other countries – e.g. the US, Canada, China- rote learning, 19th
century-style exams (where computers are banned), gospel belief in textbooks have
been phased out.
This is in large part due to better, and growing, perplexing knowledge of how our
brain connects, learn, questions, rebels, adapts, suffers, heals and makes us longterm students with endless thirst and questions. Trying to make sense, and use this
noria (or sakia) of new perspectives, is the subject of this essay.
I have been obsessed by the functions of the human brain as long as I can remember.
The dogma in high school, then at the Faculty of Medicine of Paris was that we
reached our peak in the number of neurons in adolescence, and then they started to
disintegrate, slowly and more rapidly until you died with a Sahara instead of the
initial rain forest of interconnected vital cells.
I looked into some manuals of Human Physiology for seniors in French high schools
recently, and it is still what 21st century teenagers – ready to conquer the world must still ingurgitate and will believe for decades…
We now know much better! The brain has plasticity, just like most other organs, with
growth, damages, healing (far from always perfect), and mistaken impasses. It is also
very much interdependent from and with other organs, the environment (external
and internal, e.g. our gut microbiome), food, toxicants, and drugs. To a large extent
we modify our brain in its functions, rhythms, commands, either readily or
unwillingly, too often stupidly, or sometimes with great success. One major domain
that demonstrates all-of-the-above is the intricate connection between language and
thought; or more precisely why and how languages – all languages, including the
technical ones or those generated by ‘artificial intelligence’ - create our thoughts;
hence our mind.
This essay is stamped with transience, evanescence and obsolescence. I live on the
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edge of Stanford University campus, a stone-throw from Google, Facebook, Linkedin
and a myriad of science/knowledge-based start-ups that are led by (and will make
us) hybrids of Sapiens and bots. Their –soon our- brain is evolving rapidly, to my
amazement, and to many others’ fear.

Like my hero El ingenioso hidalgo don Quijote de la Mancha, I have fought (too) many
windmills; the windmills always win.
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Opening your Brain

Scott Barry Kaufman has been called “the leading empirical creativity researcher of
his generation.” He is the scientific director of the Positive Psychology Center’s
Science of Imagination Project at the University of Pennsylvania, in Philadelphia. He
is 36-year old, a former break-dancer, an occasional singer and cello player, the son
of a “full time Jewish mother”, suffering of a central auditory processing disorder due
to too numerous ear infections before the age of 3. This ruined his dreams of
succeeding his maternal grandfather as top musician in the world-famous
Philadelphia Symphony Orchestra. But he graduated from Cambridge (UK), then
Yale, and was stellar before he was –by chance- recruited at U Penn to be the
Imagination Man by Martin Seligman in 2014.
To cope with feelings of being left out, he developed a rich inner world. Practicalities
-like mastering how to get to where you were going- suffered as a result. He often got
lost on the way to the bus stop at the bottom of his street. A “public intellectual”, he
4

BRAIN UNLOCKED

maintains a prodigious regimen of posts, podcasts, and presentations. He’s a cofounder of The Creativity Post, an online platform that publishes original content and
aggregates other articles examining the subject, and hosts The Psychology Podcast,
where he interviews thinkers on a wide range of topics.
For him the “openness domain” encompasses at least three major forms of cognitive
engagement: intellectual (searching for truth, love of problem solving), affective
(using gut feeling, emotions, and compassion) and aesthetic (exploring fantasy, art
and beauty). The desire to learn and discover in these ways, he writes in Wired to
Create, “seemed to have significantly more bearing on creative accomplishments than
did cognitive ability … Intellectual engagement was sometimes even found to be a
better predictor of creative achievement than IQ.”
Along with openness to experience, the book cites nine other traits that show up
again and again in creative individuals: imaginative play, passion, daydreaming,
solitary reflection, intuition, mindfulness, sensitivity, turning adversity into
advantage, and thinking differently. Separate chapters examine each trait by looking
at how a familiar writer, artist, or musician exhibited and benefitted from it. (William
S. Burroughs and his fellow Beat Generation writers represent openness to
experience, for example.)
The book also collects behavioral science and neuroscience research that supports
the impact of the given trait on creativity and offers prescriptive tips on fostering
that trait. Still with regard to openness, for example, by “actively choosing to see
things from different perspectives, we can counter the damaging effects of familiarity
and increase our cognitive flexibility,” compensating for the entrenched ways of
thinking that can be the downside of expertise in a field. That and similar advice about tuning in to what’s going on around you and tipping those observations on
their heads to make new connections- shows up elsewhere in the book, but Kaufman
is also keen for people to more attentively and vigorously take advantage of what
some scientists call our brain’s default network. This refers to the subjective realm
of inner experience, the “noise” that cognitively takes a back seat as we complete a
task or reason about a physical object. Kaufman calls it the imagination network. “It’s
really important for turning inward, for [accessing] things that don’t grab our
attention from the outside but grab our attention from the inside.”
Activities like showering, drifting off to sleep, or taking a solitary walk can all help us
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reach inward- we may spend half the day mind wandering. This doesn’t necessarily
mean the “Walter Mitty” variety of escapist fantasy, but rather something that
happens every time we’re not focused on the outside world. We’re just sitting there:
memories are becoming active, or we’re ruminating about the past. We’re probably
not even aware that we’re thinking about these things. Tapping into this part of our
brain directly opposes other, more outer-directed traits like openness to experience
and sensitivity. That’s because creative thought doesn’t emerge solely from the
imagination network as it chugs away in the background. It also requires the
participation of other networks, such as the one governing executive attention,
which helps with evaluation and planning.
Creativity is more than a simple case of right brain vs. left brain. Instead, creatives
have “messy minds” that allow them to listen to logic as easily as they succumb to
emotions -and may find them retreating inward one day and emerging as the life of the
party the next. We’re talking about the contradictions of creative people,” he says. It’s
mindfulness and daydreaming, it’s extroversion and introversion, it’s this and also
that. Spontaneous processes play the largest role during the generative phase of
creative thinking, when we’re coming up with new ideas. Then, during the
exploratory phase of creative cognition, we tap into the conscious, rational mind to
play around with the ideas we’ve created, and to uncover their uses.
We are all “wired to create,” the authors argue, we just must learn to recognize the
myriad opportunities that are presented for us to express that creativity. Why?
Because creativity is “the height” of living a more fulfilling and meaningful life -a
central tenet of the positive psychology movement.
While his work is just getting started at the Imagination Institute, he’s ready to move
beyond creativity. “A major mission of mine is to help vulnerable people flourish,” he
says. “That’s my thing. Kids with learning disabilities, all the kids that are falling
through the cracks in some way. It’s always been about helping the underdogs, [and]
now I have more tools for that mission. A lot of people in positive psychology focus on
helping flourishing people flourish more, as opposed to helping vulnerable people
flourish.”
Scott B. Kaufman illustrates brilliantly and shares with enthusiasm the applications
of the neurosciences as we know and build them.
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How Humans Became Smarter
Suzana Herculano-Houzel spent most of 2003 perfecting a macabre recipe -a formula
for brain soup. Sometimes she froze the jiggly tissue in liquid nitrogen, and then she
liquefied it in a blender. Other times she soaked it in formaldehyde and then mashed
it in detergent, yielding a smooth, pink slurry.
Herculano-Houzel had completed her Ph.D. in neuroscience several years earlier, and
in 2002, she had begun working as an assistant professor at the Federal University
of Rio de Janeiro in Brazil. She had no real funding, no laboratory of her own -just a
few feet of counter space borrowed from a colleague. “I was interested in questions
that could be answered with very little money [and] very little technology,” she recalls.
Even so, she had a bold idea. With some effort -and luck- she hoped to accomplish
something with her kitchen-blender project that had bedeviled scientists for over a
century: to count the number of cells in the brain -not just the human brain, but also
the brains of marmosets, macaque monkeys, shrews, giraffes, elephants, and dozens
of other mammals.
Her method might have seemed carelessly destructive at first. How could
annihilating such a fragile and complex organ provide any useful insights? But 15
years on, the work of Herculano-Houzel and her team has overturned some long-held
ideas about the evolution of the human mind. It is helping to reveal the fundamental
design principles of brains and the biological basis of intelligence: why some large
brains lead to enhanced intelligence while others provide no benefit at all. Her work
has unveiled a subtle tweak in brain organization that happened more than 60
million years ago, not long after primates branched off from their rodent-like
cousins. It might have been a tiny change -but without it, humans never could have
evolved. The questions that Herculano-Houzel sought to answer go back more than
100 years, to a time when scientists were just starting to study the relationship
between brain size and intelligence.
In August 1891, laborers working for the Dutch anatomist Eugène Dubois began
excavating trenches along a steep riverbank on the Indonesian island of Java. Dubois
hoped to find early hominin remains.
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The first Homo erectus fossil ever discovered, found in 1891 in Java, Indonesia, brought new questions
about the relationship between brain size and intelligence in the Homo genus.
Aleš Hrdlička, Wikimedia Commons

Over the course of 15 months, layers of sandstone and hardened volcanic gravel
yielded the petrified bones of elephants and rhinos, and, most importantly, the
skullcap, left femur, and two molars of a human-like creature thought to have died
nearly a million years before. That specimen, named Pithecanthropus erectus, and
later Java man, would eventually come to be known as the first example of Homo
erectus. Dubois made it his mission to infer the intelligence of this early hominin. But
he had only three fragments of seemingly relevant information: its estimated brain
size, stature, and body weight. Would this be enough?
Zoologists had long noticed that when they compared different species of animals,
those with bigger bodies had larger brains. It seemed as if the ratio of brain weight
to body weight was governed by a mathematical law. As a start, Dubois set out to
identify that law. He gathered the brain and body weights of several dozen animal
species (as measured by other scientists), and using these, he calculated the
mathematical rate at which brain size expands relative to body size. This exercise
seemed to reveal that across all vertebrates, the brain does expand at a similar rate
relative to body size. Dubois reasoned that as body size increases, the brain must
8
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expand for reasons of neural housekeeping: bigger animals should require more
neurons just to keep up with the mounting chores of running a larger body. This
increase in brain size would add nothing to intelligence, he believed. After all, a cow
has a brain at least 200 times larger than a rat, but it doesn’t seem any smarter. But
deviations from that mathematical line, Dubois thought, would reflect an animal’s
intelligence. Species with bigger-than-predicted brains would be smarter than
average, while those with smaller-than-predicted brains would be dumber. Dubois’
calculations suggested that his Java man was indeed a smart cookie, with a relative
brain size -and intelligence- that fell somewhere between modern humans and
chimpanzees. Dubois’ formula was later revised by other scientists, but his general
approach, which came to be known as “allometric scaling,” persisted. More modern
estimates have suggested that the mammalian brain mass increases by an exponent
of two-thirds compared to body mass. So, a dachshund, weighing roughly 27 times
more than a squirrel, should have a brain about 9 times bigger -and in fact, it does.
This concept of allometric scaling came to permeate the discussion of how brains
relate to intelligence for the next hundred years.
Seeing this uniform relationship between body and brain mass, scientists developed
a new measure called encephalization quotient (EQ). EQ is the ratio of a species’
actual brain mass to its predicted brain mass. It became a widely-used shorthand for
intelligence. As expected, humans led the pack with an EQ of 7.4 to 7.8, followed by
other high achievers such as dolphins (about 5), chimpanzees (2.2 to 2.5), and
squirrel monkeys (roughly 2.3). Dogs and cats fell in the middle of the pack, with EQs
of around 1.0 to 1.2, while rats, rabbits, and oxen brought up the rear, with values of
0.4 to 0.5. This way of thinking about brains and intelligence has been “very, very
dominant” for decades, says Evan MacLean, an evolutionary anthropologist at the
University of Arizona in Tucson. “It’s sort of a fundamental insight.”
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The encephalization quotient measures the ratio of a species’ actual brain mass to
its predicted brain mass - Cay Leytham-Powell, SAPIENS

This paradigm still held sway when Herculano-Houzel was going through graduate
school in the 1990s. “The intuition behind it made perfect sense,” she says. When she
began trying to count neurons in the early 2000s, she imagined herself simply adding
a layer of nuance to the conversation. She didn’t necessarily expect to undermine it.
By the early 2000s, scientists had already been counting neurons for decades. It was
slow, painstaking work, usually done by cutting brain tissue into ultra-thin
prosciutto-like slices and viewing these under a microscope. Researchers typically
counted hundreds of cells per slice. Tallying enough neurons to estimate the average
number of cells for a single species was time-consuming, and the results were often
uncertain. Each nerve cell is branched like a twisty oak tree; its limbs and twigs
crisscross with those of other cells, making it hard to know where one cell ends and
another begins. This is the problem that Herculano-Houzel set out to solve. By early
2003, she realized that the best way to count nerve cells in brain tissue might be to
eliminate the complexity altogether. It occurred to her that each nerve cell, no matter
how branched and contorted, should contain only one nucleus -the little sphere that
holds the cell’s DNA. All she had to do was find a way to dissolve the brain tissue
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while keeping the nuclei intact. Then she could count the nuclei to figure out how
many cells there were; it would be as simple as counting checkers on a checkerboard.
After 18 months, she settled on a procedure that involved hardening the brain tissue
with formaldehyde and then mashing it gently with detergent -repeatedly pushing a
plunger into the glass tube, turning it as she went, until she had a uniform slurry. She
diluted the liquid, squeezed a drop of it onto a glass slide, and peered at it through a
microscope. A constellation of blue dots lay scattered across her field of view: the cell
nuclei, lit up with a DNA-binding dye. By staining the nuclei with a second dye, which
binds to specialized nerve proteins, she could count how many of them came from
nerve cells- the cells that process information in brains- rather than other types of
cells found in brain tissue.

Neuroscientist Suzana Herculano-Houzel holds up a tube that contains a liquid suspension
of all the cell nuclei that once made up a mouse brain - James Duncan Davidson, Flickr

Herculano-Houzel counted a few hundred nerve cells over the course of 15 minutes;
by multiplying this number up to the entire volume of liquid, she could calculate a
totally new piece of information: An entire rat brain contains about 200 million nerve
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cells. She looked at brains from five other rodents, from the 40-gram mouse to the
48-kilogram capybara (the largest rodent in the world, native to Herculano-Houzel’s
home country of Brazil). Her results revealed that as brains get larger and heavier
from one species of rodent to another, the number of neurons grows more slowly
than the mass of the brain itself: a capybara’s brain is 190 times larger than a
mouse’s, but it has only 22 times as many neurons. Then in 2006, Herculano-Houzel
got her hands on the brains of six primate species during a visit with Jon Kaas, a brain
scientist at Vanderbilt University in Nashville, Tennessee. And this is where things
got even more interesting. What Herculano-Houzel found in these primates was
totally different from rodents. “The primate brains had many more neurons than we
expected,” she says. “It was right there, staring us in the face.” The assumption that
everyone had been making “was very obviously wrong.” Herculano-Houzel saw a clear
mathematical trend among these six species that are alive today: As the primate
brain expands from one species to another, the number of neurons rises quickly
enough to keep pace with the growing brain size. This means that the neurons aren’t
ballooning in size and taking up more space, as they do in rodents. Instead, they stay
compact. An owl monkey, with a brain twice as large as a marmoset, has twice as
many neurons -whereas doubling the size of a rodent brain often yields only 20 to
30 percent more neurons. And a macaque monkey, with a brain 11 times larger than
a marmoset, has 10 times as many nerve cells.
The assumption that everyone had been making, that different mammalian species’
brains scaled up the same way, “was very obviously wrong,” says Herculano-Houzel.
Primate brains were very different from those of rodents. Herculano-Houzel
published these first nonhuman primate results with Kaas and two other co-authors
in 2007. And in 2009, she confirmed that this pattern holds true from small-brained
primates all the way up to humans: At roughly 1,500 grams, the human brain weighs
190 times as much as a marmoset brain and holds 134 times as many nerve cells about 86 billion in total. Her subsequent studies, published between 2009 and 2017,
suggest that other major mammal groups, such as insectivores and cloven-hoofed
artiodactyls (like pigs, antelopes, and giraffes), follow the rodent-like scaling pattern,
with neuron numbers increasing much more slowly than brain mass. “There’s a huge
difference between primates and non-primates,” says Herculano-Houzel, who moved
to Vanderbilt University in 2016. Her results didn’t reveal the exact process of
evolution that led to the modern human brain. After all, she could only count brain
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cells in species that currently exist -and because they’re alive today, they aren’t
human ancestors. But by studying a diversity of brains, from small to big, HerculanoHouzel learned about the design principles of brains. She came to understand that
primate and rodent brains faced very different constraints in the way that they could
evolve.
People in the anthropological community have responded positively to her workthough with a touch of caution. Robert Barton, an anthropologist who studies brain
evolution and behavior at Durham University in the U.K., is convinced that neurons
are packed more densely in the brains of primates than they are in those of other
mammals. But he’s not yet convinced that the mathematical trend line -the rate at
which brains add new neurons as they get bigger from species to species- is any
greater in primates compared to other mammals. “I’d like to see more data before I
completely believe it,” he says. He points out that Herculano-Houzel has so far studied
the brains of about a dozen, out of several hundred known, primate species.
But Herculano-Houzel’s results have already dealt a serious blow to conventional
wisdom. Scientists who calculated EQs had assumed that they were making applesto-apples comparisons -that the relationship between brain size and number of
neurons was uniform across all mammals. Herculano-Houzel showed that this wasn’t
so. “It’s a brilliant insight,” says MacLean, who himself has spent years studying the
intellectual capacities of animals. “It’s pushed the field forward enormously.”
MacLean’s own work has also undermined the universality of EQ. His study,
published with a large consortium of co-authors in 2014, compared the brains and
cognitive abilities of 36 animal species -including 23 primates and a sprinkling of
other mammals, and seven birds. MacLean assessed them on their capacity for
impulse control (measured, for example, by an animal’s ability to calmly reach
around a transparent barrier to obtain some food, rather than smashing against it in
an impulsive grab). Impulse control is an important component of intelligence,
which, unlike algebra skills, can be measured across diverse species. MacLean found
that EQ did a poor job of predicting this quality. Chimpanzees and gorillas have
mediocre EQs of 1.5 to 2.5, but, says MacLean, “they did super well [in impulse control].
They were at the top.” Squirrel monkeys, meanwhile, scored far worse than chimps
and gorillas on self-control, even though this species sports an EQ of 2.3. Despite a
relatively small sampling of animals and a lot of scatter in the data, MacLean found
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that the best predictor for self-control was absolute brain volume, uncorrected for
body size: chimps and gorillas may have EQs no better than squirrel monkeys, but
their brains, in absolute terms, are 15 to 20 times bigger. (Their EQs may be thrown
off because they have unusually big bodies, not small brains.) For primates, a bigger
brain was a better brain, regardless of the animal’s size. (This was also the case for
birds.)
In 2017, Herculano-Houzel published a study in which she looked at the same
measurements of impulse control that MacLean had used, but she compared them to
a new variable: the number of neurons that each species has in its cerebral cortexthe upper layer of brain tissue, often folded, that performs advanced cognitive
functions, such as recognizing objects. Herculano-Houzel found that the number of
cortical neurons predicted self-control about as well as absolute brain size had in
MacLean’s study -and it also smoothed out a major glitch in his results: birds may
have tiny brains, but Herculano-Houzel found that those brains are densely packed.
The Eurasian jay has a brain smaller than a walnut, but it has nearly 530 million
neurons in its pallium (the brain structure in birds that is roughly equivalent to the
mammalian cortex). Her numbers provided a compelling explanation for why these
birds scored better on impulse control than did some primates with brains five times
larger. “The simplest, most important factor that should limit cognitive capacity,”
concludes Herculano-Houzel, “is the number of neurons that an animal has in the
cortex.” If the secret to intelligence is simply having more neurons, then one might
ask why rodents and other mammals didn’t just evolve bigger brains to
accommodate their larger neurons. The reason is that ballooning neuron size
presents a staggering problem. It eventually becomes unsustainable. Just consider a
hypothetical rodent with the same number of neurons as a human -about 86 billion.
That beast would need to drag around a brain weighing 35 kilograms. That’s nearly
25 times bigger than a human brain -about as heavy as nine gallons of water. “It’s
biologically implausible,” says MacLean. It “would be insane -you couldn’t walk.”
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White matter in the brain contains fat-coated axons that make long-distance connections between
neurons in gray matter - Frontiers in Psychiatry

This problem of ballooning neuron size was probably one of the major factors that
limited brain expansion in most species. The burning question is how primates
managed to avoid this problem. The usual curse of an ever-expanding neuron size
may stem from the basic fact that brains function as networks in which individual
neurons send signals to one another. As brains get bigger, each nerve cell must stay
connected with more and more other neurons. And in bigger brains, those other
neurons are located farther and farther away. “Those are problems that have to be
solved when you enlarge brains,” says Kaas, who often collaborates with HerculanoHouzel. He hypothesized that rodents and most other mammals addressed these
problems in a simple way: by growing communication wires, called axons, that are
longer, causing each neuron to take up more space.
In 2013, Herculano-Houzel found evidence for this theory by looking at white matter
in the brains of five rodent and nine primate species. White matter contains much of
the brain’s wiring -the fat-coated axons that cortical neurons use to make longdistance connections. Her work showed that the volume of white matter grows much
more quickly in rodent species with larger brains than it does in primates. A large
rodent called an agouti has eight times as many cortical nerve cells as a mouse, while
its white matter takes up an astonishing 77 times as much space. But a capuchin
15
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monkey, with eight times as many cortical neurons as a small primate called a galago,
has only 11 times as much white matter. So as rodent brains get bigger, more and
more brain volume must be devoted to the wires that simply transmit information.
Those wires don’t just get longer, they also get thicker -which allows signals to travel
at a higher speed, to make up for the longer distances they must cover. Thus, less and
less space is available for the nerve cells that do the important work of processing
information.
The downfall of rodents, in other words, is that their brains don’t adapt well to the
problems of being big. They don’t compensate efficiently for the communication
bottlenecks that emerge as brains increase in size. This constraint has severely
limited their capacity for intelligence. Primates, on the other hand, do adapt to these
challenges. As primate brains become larger from species to species, their blueprints
do gradually change -allowing them to circumvent the problem of long-distance
communication.
Kaas thinks that primates managed to keep most of their neurons the same size by
shifting the burden of long-distance communication onto a small subset of nerve
cells. He points to microscopic studies showing that perhaps 1 percent of neurons do
expand in big-brained primates: These are the neurons that gather information from
huge numbers of nearby cells and send it to other neurons that are far away. Some
of the axons that make these long-distance connections also get thicker; this allows
time-sensitive information, such as a visual image of a rapidly moving predator, or
prey, to reach its destination without delay. But less-urgent information -that is, most
of it- is sent through slower, skinnier axons. So, in primates, the average thickness of
axons doesn’t increase, and less white matter is needed.
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This pattern of keeping most connections local, and having only a few cells transmit
information long-distance, had huge consequences for primate evolution. It didn’t
merely allow primate brains to squeeze in more neurons. Kaas thinks that it also had
a more profound effect: It changed how the brain does its work. Since most cells
communicated only with nearby partners, these groups of neurons became
cloistered into local neighborhoods. Neurons in each neighborhood worked on a
specific task -and only the end result of that work was transmitted to other areas far
away. In other words, the primate brain became more compartmentalized. And as
these local areas increased in number, this organizational change allowed primates
to evolve more and more cognitive abilities.

Primates’ ability to learn written and spoken language arose from the specialized development of
cortical areas in the brain. Here, the gorilla named Koko uses sign language to communicate with her
instructors – Bettmann, Getty Images

All mammal brains are divided into compartments, called “cortical areas,” that each
contain a few million neurons. And each cortical area handles a specialized task: The
visual system, for example, includes different areas for spotting the simple edges of
shapes and for recognizing objects. Rodent brains don’t seem to become more
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compartmentalized as they get larger, says Kaas. Every rodent from the bite-sized
mouse to the Doberman-sized capybara has about the same number of cortical areas
-roughly 40. But primate brains are different. Small primates, such as galagos, have
around 100 areas; marmosets have about 170, macaques about 270 -and humans
around 360. In primates, some of these new areas took on novel social tasks, such as
recognizing faces and the emotions of others, and learning written or spoken
language -the very skills that helped to drive the evolution of hominin culture, and,
arguably, human intelligence. “Primates with large brains have really superior
processing,” says Kaas. “But rodents with larger brains may be processing things
almost the same as rodents with smaller brains. They haven’t gained much.”
Anthropologists have spent decades studying the important changes in brain
structure that happened after the appearance of H. erectus (1.9 million years ago) or
the split between hominins and great apes (8 million years ago). But HerculanoHouzel has now added a new piece to this picture by identifying another key moment
in the evolution of human intelligence. In a sense, she has unearthed a new origin
story for humanity -one that is no less important than the others we already knew.
This story unfolded a little over 60 million years ago, not long after early primates
had split off, in quick succession, from three other major groups of mammals that
include modern-day rodents, tree shrews, and colugos (a.k.a. “flying lemurs”). These
early primates were smaller than rats. They crept quietly along tree branches at
night, grasping twigs with their prehensile fingers and toes as they hunted insects.
They didn’t look like much at all, says Herculano-Houzel. But a subtle tweak had
already occurred deep in their little brains -a change in the genes that guide how
neurons connect to one another during fetal development. This change probably
made little difference at first. But over the long run, it would profoundly separate
primates from the rodents and other groups that they had parted ways with. This
tiny change would keep nerve cells small, even as brains gradually got bigger and
bigger. It would bend the arc of evolution for tens of millions of years to come.
Without it, humans never would have walked the earth.
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Neuroplasticity
Neuroplasticity, also known as brain plasticity, is an umbrella term that describes
lasting change to the brain throughout an individual's life course. The term gained
prominence in the latter half of the 20th century, when new research showed many
aspects of the brain remain changeable (‘plastic’) even into (late) adulthood. This
notion contrasts with the previous consensus that the brain develops during a
critical period in early childhood, then remains relatively unchangeable (‘static’)
afterward. Neuroplastic change can occur at small scales, such as physical changes to
individual neurons, or at whole brain scales, such as cortical remapping in response
to injury. However cortical remapping only occurs during a certain time period
meaning that if a child were injured and it resulted in brain damage then cortical
remapping would most likely occur, but if an adult was injured and it resulted in
brain damage then cortical remapping would not occur, or as well since the brain has
made the majority of its connections. Behavior, environmental stimuli, thought, and
emotions may also cause neuroplastic change, which has significant implications for
healthy development, learning, memory, and recovery from brain damage.
Neuroscientists distinguish synaptic plasticity, which refers to changes in how
neurons connect to each other, from non-synaptic plasticity, which refers to changes
in the neurons themselves.
Dating all the way back to the late 1500s, the study of neurology had utilized the
ideology of localizationism that states that the human brain operates using parts
with each strictly designated to a single function, as a platform from which to base
all research. Famed astronomer Galileo Galilei is credited with the creation of
localizationism. Galileo’s studies of space and its celestial bodies led him to believe
“all nature functioned as a large cosmic clock”, and these bodies “began to explain
individual living things, including our bodily organs, mechanistically”. He saw the
universe as a giant machine rather than a living organism. When applied to the brain,
this means its parts have hardwired functions as a machine has parts designated to
a certain area. According to this theory - because functions are fixed - if one part gets
damaged it cannot be repaired. This led physicians to consider certain diseases or
conditions untreatable.
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Contrary to conventional thought as expressed in this diagram,
functions are not confined to certain fixed locations.

One of the fundamental principles of how neuroplasticity functions is linked to the
concept of synaptic pruning, the idea that individual connections within the brain are
constantly being removed or recreated, largely dependent upon how they are used.
If two nearby neurons often produce an impulse simultaneously, their cortical maps
may become one. This idea also works in the opposite way, i.e. that neurons that do
not regularly produce simultaneous impulses form different maps.
Cortical organization, especially for the sensory systems, is often described in terms
of maps. For example, sensory information from the foot projects to one cortical site,
and the projections from the hand target another site. As the result of this,
somatotopic organization of sensory inputs to the cortex, cortical representation of
the body resembles a map (or homunculus).
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But if the cortical map is deprived of its input it activates at a later time in response
to other, usually adjacent inputs. Only those regions that border a certain area invade
it to alter the cortical map. In the somatic sensory system, in which this phenomenon
has been most thoroughly investigated, the mechanisms underlying this plasticity,
reorganization is not cortically emergent but occurs at every level in the processing
hierarchy. This produces the map changes observed in the cerebral cortex.
When a stimulus is cognitively associated with reinforcement, its cortical
representation is strengthened and enlarged. In some cases, cortical representations
can increase two to threefold in 1–2 day(s) when a new sensory motor behavior is
first acquired, and changes are largely finished within at most a few weeks. Control
studies show that these changes are not caused by sensory experience alone: they
require learning about the sensory experience, are strongest for the stimuli that are
associated with reward and occur with equal ease in operant and classical
conditioning behaviors.
A 2005 study found that the effects of neuroplasticity occur even more rapidly than
previously expected: medical students' brains were imaged during the period when
they were studying for their exams. In a matter of months, the students' gray matter
increased significantly in the posterior and lateral parietal cortex.
The adult brain is not entirely "hardwired" with fixed neuronal circuits. There are
many instances of cortical and subcortical rewiring of neuronal circuits in response
to training as well as in response to injury. There is solid evidence that neurogenesis
(birth of brain cells) occurs in the adult mammalian brain - and such changes can
persist well into old age. The evidence for neurogenesis was mainly restricted to the
hippocampus and olfactory bulb, but current research has revealed that other parts
of the brain, including the cerebellum, may be involved as well. There is now ample
evidence for the active, experience dependent reorganization of the synaptic
networks of the brain involving multiple interrelated structures including the
cerebral cortex. The way experience can influence the synaptic organization of the
brain is also the basis for a number of theories of brain function. The concept of
neuroplasticity is also central to theories of memory and learning (see below) that
are associated with experience driven alteration of synaptic structure.
A surprising consequence of neuroplasticity is that the brain activity associated with
a given function can move to a different location; this can result from normal
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experience and also occurs in the process of recovery from brain injury.
Neuroplasticity is the fundamental issue that supports the scientific basis for
treatment of acquired brain injury with goal directed experiential therapeutic
programs in rehabilitation approaches to the functional consequences of the injury.
Neuroplasticity is gaining popularity as a theory that, at least in part, explains
improvements in functional outcomes with physical therapy post-stroke.
Rehabilitation techniques that have evidence to suggest cortical reorganization as
the mechanism of change include constraint-induced movement therapy, functional
electrical stimulation, treadmill training with bodyweight support, and virtual reality
therapy. Robot-assisted therapy is an emerging technique, which is also
hypothesized to work by way of neuroplasticity.
Three nearly identical genes could help explain how 0.5 liters of gray matter in early
human ancestors became the 1.4-liter organ that has made our species so successful
and distinctive. The newly identified genes could also help explain how brain
development sometimes goes wrong, leading to neurological disorders. The genes,
descendants of an ancient developmental gene that multiplied and changed during
evolution, add to a growing list of DNA implicated in human brain expansion. But
they stand out because so much has been learned about how they work their magic,
says James Noonan, an evolutionary genomicist at Yale University. Researchers have
shown that this trio boosts the number of potential nerve cells in brain tissue, and
one team even pinned down the protein interactions likely responsible. “These are
new proteins that are potentially modifying a very important pathway in brain
development in a very powerful way,” Noonan adds.
Until now, the four genes were thought to be one, NOTCH2NL, itself a spinoff of the
NOTCH gene family, which controls the timing of development in everything from
fruit flies to whales. But two studies in the 31 May issue of Cell trace a series of
genetic accidents in recent evolutionary history that have yielded four very closely
related NOTCH2NL genes in humans (see graphic, below).
David Haussler, a bioinformatician at the University of California, Santa Cruz, and his
colleagues got on the trail of the genes after they discovered that the NOTCH pathway
works differently in human and macaque brain organoids -test tube models of the
developing brain. NOTCH2NL was missing in the macaque organoid and, later
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analyses showed, in other nonhuman apes as well. That suggested NOTCH2NL might
have played a unique role in human evolution.
By comparing NOTCH2NL-related DNA in the genomes of humans and other
primates, Haussler’s team reconstructed the genes’ evolutionary history. They
concluded that during DNA replication perhaps 14 million years ago, part of an
ancestral NOTCH2 gene was copied by mistake.

The new “gene” was incomplete and nonfunctional, but about 11 million years later
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-CH2 got inserted into this copy, making the gene functional. “This event marks the
birth of the NOTCH2NL genes we now have in our brains,” says Frank Jacobs, a co–
senior author on the paper and an evolutionary genomicist at the University of
Amsterdam. Subsequently, that active NOTCH2NL gene was duplicated twice more,
yielding three active NOTCH2NL genes in a row at one end of human chromosome 1
and one inactive copy on the other end. Gene copies can be potent evolutionary
forces because one copy continues its necessary job, leaving the others free to do
something new.
Pierre Vanderhaeghen, a developmental neurobiologist at the Free University of
Brussels, uncovered the same set of genes when he found a way to screen human
fetal brain tissue for duplicated genes. To find out what they do, his team ramped
up NOTCH2NL activity in cultured brain tissue. The tissue made more stem cells, they
report in the second Cell paper.
The finding complements one reported earlier this spring by Wieland Huttner, a
neurobiologist at the Max Planck Institute of Molecular Cell Biology and Genetics in
Dresden, Germany. He and his team had decided to focus on NOTCH2NL (which they
thought was a single gene) after finding it was highly active in fetal brain cells. When
they put a human NOTCH2NL gene into incipient brain tissue from mice embryos,
more stem cells developed. That suggests the human gene delays the specialization
of those cells, so they have a chance to produce many more copies of themselves, the
researchers reported in eLife on 21 March.
Now, in their Cell paper, Vanderhaeghen and his colleagues describe molecular
details of how NOTCH2NL works to boost neuron formation. They found that
a NOTCH2NL protein blocks a key step in a signaling pathway that causes stem cells
to differentiate and stop dividing. Thus, the cells persist and keep producing progeny,
ultimately yielding a larger crop of neurons. “That’s compelling biological data,”
Noonan says. “In other studies of genes involved in human evolution, it’s been very
difficult to draw a line from the genetic difference to the phenotype to a biochemical
mechanism that’s responsible.”
The location of the three active NOTCH2NL genes is also telling, Haussler says. They
are smack in the middle of DNA implicated in autism, schizophrenia, and a
developmental delay syndrome. Such duplicated DNA is prone to getting copied
extra times or losing DNA during replication, and instability is a hallmark of these
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disorders. To Greg Wray, an evolutionary developmental biologist at Duke University
in Durham, North Carolina, this clue to brain diseases is the most compelling new
result. “These genes likely play an important role in cortical development, and
misregulation leads to disease,” he says. Wray is less convinced that the genes had a
unique role in human evolution because the chromosomal region in which they
reside is complex and difficult to sequence, and because the evidence for an
evolutionary difference in gene function between humans and other species is
indirect. But Haussler thinks these genes will prove key players in human brain
expansion. “One change didn’t do it alone, but some will be found to be more
fundamental than others,” he points out. “NOTCH2NL has a shot at this.”
***
It started with some blobs of brain-like tissue, growing in a dish.
Frank Jacobs, then at the University of California at Santa Cruz, had taken stem cells
from humans and monkeys, and coaxed them into forming small balls of neurons.
These “organoids” mirror the early stages of brain development. By studying them,
Jacobs could look for genes that are switched on more strongly in the growing brains
of humans than in those of monkeys. And when he presented his data to his
colleagues at a lab meeting, one gene grabbed everyone’s attention.
“There was a gene called NOTCH2NL that was screaming in humans and off in [the
monkeys],” says Sofie Salama, who co-directs the Santa Cruz team with David
Haussler. “What the hell is NOTCH2NL? None of us had ever heard of it.” The team
ultimately learned that NOTCH2NL appears to be inactive in monkeys because
it doesn’t exist in monkeys. It’s unique to humans, and it likely controls the number
of neurons we make as embryos. It’s one of a growing list of human-only genes that
could help explain why our brains are so much bigger than those of other apes. These
human-only genes are typically created when bits of DNA accidentally get duplicated.
Duplication creates backup copies of existing genes, which are then free to mutate
with impunity and take on new roles. In this way, duplication events provide fresh
fuel for evolution.
They also cause headaches for researchers who are trying to understand our
genome. Scientists sequence genomes by breaking long stretches of DNA into more
manageable fragments. They then decipher each piece separately, before assembling
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the pieces into a whole. But when genes are duplicated, fragments of the copies are
almost indistinguishable from fragments of the originals, which causes confusion. It’s
like trying to assemble several jigsaw puzzles that are only slightly different: When
their pieces are jumbled up, it looks like they all come from a single puzzle. That was
the case for NOTCH2NL. In earlier drafts of the human genome, it looked like one
gene. But when the latest (and 20th) draft was released in December 2013, Jacobs
and his colleagues realized that this mysterious gene was actually three genes.
They’re known as NOTCH2NLA, NOTCH2NLB, and NOTCH2NLC. They’re 99.7
percent identical to each other. And they have a convoluted history. In the common
ancestor of all great apes, there was just one gene: NOTCH2. At some point, it was
duplicated, but only partially. Its doppelganger, the first NOTCH2NL gene, was
missing important sections, and so didn’t work properly. It was useless, an
instruction manual with random chapters torn out. To this date, chimps and gorillas
still have these dead versions of NOTCH2NL. But between 3 and 4 million years ago,
in the ancestors of humans, something special happened. The original NOTCH2 gene
partly overwrote its broken duplicate. This process, known as gene conversion,
revived NOTCH2NL, allowing it to play an active role in its owners’ biology. And
having been resurrected, it duplicated twice more, creating the A, B, and C genes that
we have today.
While Jacobs’s team was learning all of this, Ikuo Suzuki and colleagues from KU
Leuven, a university in Belgium, were homing in on the NOTCH2NL genes through a
different route. They started by identifying genes that have three characteristics:
They arose from duplication events, are strongly active in the developing brain, and
are unique to humans. Suzuki and his team came up with a shortlist of 35 genes and
introduced several of these into the brains of embryonic mice to see what would
happen. One gene -NOTCH2NLB- had a particularly interesting effect on the radial
glia, the cells responsible for building a brain. The radial glia are like factories that
manufacture two products: neurons and more factories. Both Suzuki and Jacobs
found that NOTCH2NL genes nudge the glia toward the latter: They make more of
themselves. As their numbers swell, they collectively churn out more neurons and
build bigger brains. By influencing the radial glia, the NOTCH2NL genes might have
contributed to the evolution of our large brains and vaunted intellects. These
changes could have come at a cost. The NOTCH2NL genes are so similar that even
our cells can get them confused. Thus, the stretch of DNA where these genes reside
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is very unstable. Sometimes, it gets duplicated. Sometimes, it’s deleted. Sometimes,
the A gene might overwrite the B one, or vice versa. These genetic upheavals can lead
to developmental disorders.
In extreme cases, the duplication of the NOTCH2NL genes can lead to macrocephaly,
where people grow up with unusually large brains and heads. Conversely, the
wholesale loss of these genes can lead to microcephaly -a condition of small brains
and heads. Other changes in this region have been linked to autism, schizophrenia,
and intellectual disorders. “It’s fascinating to think that the same mechanism that
helped enable a bigger brain might also make us susceptible to these disorders,” Salama
says. “We’re paying the price for the gain we got in our evolution.” For now, it’s hard
to accurately tell how much NOTCH2NL genes vary between people, and how specific
variations influence either brain size or risk of disease. That will likely change, as
new “long-read” technology allows scientists to sequence large continuous stretches
of DNA without having to first break it into pieces. “As we sequence more human
genomes using long-read methods, we will get a more complete picture of NOTCH2NL’s
role in disease and human traits,” says Megan Dennis, from UC Davis, who wasn’t
involved in either study.
The NOTCH2NL genes are far from the only ones related to brain size. Others like
them have been recently identified, with equally tortuous names like SRGAP2C and
ARHGAP11B. And don’t forget that Suzuki focused on NOTCH2NLB after first
identifying a shortlist of 35. “We hit the jackpot here but there might be many more
jackpots,” says Pierre Vanderhaeghen, who led Suzuki’s study.
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Genes and Behavior

Portrait of the Painter Andries van Bochoven and his Family by Andries van Bochoven (1629), Utrecht.
Photo courtesy Centraal Museum, Wikimedia

Many of our psychological traits are innate in origin. There is overwhelming evidence
from twin, family and general population studies that all manner of personality traits,
as well as things such as intelligence, sexuality and risk of psychiatric disorders, are
highly heritable. Put concretely, this means that a sizeable fraction of the population
spread of values such as IQ scores or personality measures is attributable to genetic
differences between people. The story of our lives most definitively does not start
with a blank page. But exactly how does our genetic heritage influence our
psychological traits? Are there direct links from molecules to minds? Are there
dedicated genetic and neural modules underlying various cognitive functions? What
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does it mean to say we have found ‘genes for intelligence’, or extraversion, or
schizophrenia? This commonly used ‘gene for X’ construction is unfortunate in
suggesting that such genes have a dedicated function: that it is their purpose to cause
X. This is not the case at all. Interestingly, the confusion arises from a conflation of
two very different meanings of the word ‘gene’.
From the perspective of molecular biology, a gene is a stretch of DNA that codes for
a specific protein. So, there is a gene for the protein hemoglobin, which carries
oxygen around in the blood, and a gene for insulin, which regulates our blood sugar,
and genes for metabolic enzymes and neurotransmitter receptors and antibodies,
and so on; we have a total of about 20,000 genes defined in this way. It is right to
think of the purpose of these genes as encoding those proteins with those cellular or
physiological functions. But from the point of view of heredity, a gene is some
physical unit that can be passed from parent to offspring that is associated with some
trait or condition. There is a gene for sickle-cell anemia, for example, that explains
how the disease runs in families. The key idea linking these two different concepts of
the gene is variation: the ‘gene’ for sickle-cell anemia is really just a mutation or
change in sequence in the stretch of DNA that codes for hemoglobin. That mutation
does not have a purpose –it only has an effect. So, when we talk about genes for
intelligence, say, what we really mean is genetic variants that cause differences in
intelligence. These might be having their effects in highly indirect ways. Though we
all share a human genome, with a common plan for making a human body and a
human brain, wired to confer our general human nature, genetic variation in that
plan arises inevitably, as errors creep in each time DNA is copied to make new sperm
and egg cells. The accumulated genetic variation leads to variation in how our brains
develop and function, and ultimately to variation in our individual natures. This is
not metaphorical. We can directly see the effects of genetic variation on our brains.
Neuroimaging technologies reveal extensive individual differences in the size of
various parts of the brain, including functionally defined areas of the cerebral cortex.
They reveal how these areas are laid out and interconnected, and the pathways by
which they are activated and communicate with each other under different
conditions. All these parameters are at least partly heritable –some highly so.
That said, the relationship between these kinds of neural properties and
psychological traits is far from simple. There is a long history of searching for
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correlations between isolated parameters of brain structure –or function– and
specific behavioral traits, and certainly no shortage of apparently positive
associations in the published literature. But for the most part, these have not held up
to further scrutiny. It turns out that the brain is simply not so modular: even quite
specific cognitive functions rely not on isolated areas but on interconnected brain
subsystems. And the high-level properties that we recognize as stable psychological
traits cannot even be linked to the functioning of specific subsystems but emerge
instead from the interplay between them. Intelligence, for example, is not linked to
any localized brain parameter. It correlates instead with overall brain size and with
global parameters of white matter connectivity and the efficiency of brain networks.
There is no one bit of the brain that you do your thinking with. Rather than being tied
to the function of one component, intelligence seems to reflect instead the
interactions between many different components –more like the way we think of the
overall performance of a car than, say, horsepower or braking efficiency.
This lack of discrete modularity is also true at the genetic level. Many genetic variants
that are common in the population have now been associated with intelligence. Each
of these by itself has only a tiny effect, but collectively they account for about 10 per
cent of the variance in intelligence across the studied population. Remarkably, many
of the genes affected by these genetic variants encode proteins with functions in
brain development. This didn’t have to be the case –it might have turned out that
intelligence was linked to some specific neurotransmitter pathway, or to the
metabolic efficiency of neurons or some other direct molecular parameter. Instead,
it appears to reflect much more generally how well the brain is put together. The
effects of genetic variation on other cognitive and behavioral traits are similarly
indirect and emergent. They are also, typically, not very specific. The clear majority
of the genes that direct the processes of neural development are multitaskers: they
are involved in diverse cellular processes in many different brain regions. In
addition, because cellular systems are all highly interdependent, any given cellular
process will also be affected indirectly by genetic variation affecting many other
proteins with diverse functions. The effects of any individual genetic variant are thus
rarely restricted to just one part of the brain or one cognitive function or one
psychological trait.
What all this means is that we should not expect the discovery of genetic variants
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affecting a given psychological trait to directly highlight the hypothetical molecular
underpinnings of the affected cognitive functions. In fact, it is an error to think of
cognitive functions or mental states as having molecular underpinnings –they have
neural underpinnings. The relationship between our genotypes and our
psychological traits, while substantial, is highly indirect and emergent. It involves the
interplay of the effects of thousands of genetic variants, realized through the complex
processes of development, ultimately giving rise to variation in many parameters of
brain structure and function, which, collectively, impinge on the high-level cognitive
and behavioral functions that underpin individual differences in our psychology.
And that’s just the way things are. Nature is under no obligation to make things
simple for us. When we open the lid of the black box, we should not expect to see lots
of neatly separated smaller black boxes inside –it’s a mess in there.

31

BRAIN UNLOCKED

Exercise Will Heal and
Develop Your Brain

Exercise is a powerful tool for enhancing mental performance and cognitive health.
Whether you want to improve your memory, enhance your problem-solving abilities,
reduce your risk of Parkinson’s or Alzheimer’s exercise has an important role to play
in all those activities. In particular richer exercise regimens– regimens consisting of
aerobic and resistance training methods- produce the greatest overall
improvements in cognitive performance. But the favorable cerebral environment
promoted by exercise is only as good as the active learning that accompanies it.
Compared to our understanding of exercise’s impact on cardiovascular health and
general fitness, our understanding of exercise’s impact on cognitive health is still
very much in its infancy. Despite very compelling research up to this point, the cause
and effect relationships which seem so obvious in other areas still seem almost
farcical in relation to the mind.
Many of the central functions of memory depend on the region of the brain known
as the hippocampus (Latin for ‘seahorse’ referring to the shape of this brain stem
organ), and on processes of plasticity, the brain’s ability to dynamically alter neurons
and the connections between them.
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Without a functioning hippocampus, the process of memory encoding ceases to
work, typically producing a state of amnesia (primarily anterograde amnesia, not
retrograde amnesia). At the same time, improving the functioning of the
hippocampus seems to be a reliable method of improving memory. To see how
exercise can impact memory and the hippocampus, it’s useful to distinguish between
two broad types of benefits: general cellular and environmental impacts, and specific
plasticity impacts. In the same way that exercise has been shown to improve a wide
range of general health conditions, so too does it have wide and fundamental healthpromoting impacts across the brain. Its effects extend across vascular, metabolic,
inflammatory and stress-regulating pathways. Exercise has been shown to enhance
neuronal metabolic and mitochondrial functioning, decrease oxidative stress in the
hippocampus, and increase the levels of mitochondrial machinery.
On the other end, stress- and chronic stress in particular- has been linked to impaired
functioning of, and indeed damage to, the hippocampus. Exercise has shown
favorable benefits in the regulation of stress (and in particular the management of
corticosteroid processes – e.g. cortisol) and may also favorably affect hippocampal
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memory systems through this process. Indirectly, by managing stress, exercise may
also help enhance memory through a brain region: the amygdala. The amygdala is
heavily involved in emotion. Increased activation in the amygdala has been shown to
modulate the hippocampus and enhance the process of memory formation.
Essentially, more emotionally salient events or information are stored more
efficiently.

Regulating stress will help promote the healthy and beneficial functions of the
amygdala, and the hippocampus in turn. In the short term, you may even attempt
memorization or learning activities after a bout of exercise, as the signals that
modulate the amygdala tend to be elevated after a good workout.
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More specific to the process of memory formation and the underlying neuronal
structure, exercise has been shown to increase levels of hippocampal neurotrophins.
Neurotrophins are a class of growth factors centrally important in the development
and health of neurons. In particular, increases in a neurotrophin called brain derived
neurotrophic factor (BDNF) have been linked to neurogenesis (the creation of new
neurons) and improved synaptic plasticity, producing substantial improvements in
memory. In turn, exercise has been shown to upregulate levels of hippocampal
BDNF- and much of its favorable impact on memory appears to stem from this
process.
Similar to BDNF, insulin like growth factor-1 (IGF-1) is another compound that has
been shown to enhance neurogenesis and plasticity processes, and it is similarly
upregulated through exercise. Not only does exercise lead to favorable increases in
these compounds, but it can also help regulate hormones that indirectly support
them. That is, exercise has been shown to help maintain levels of testosterone and
estrogen, which have also been shown to help favorably regulate levels of
neurotrophins and neurogenesis. Taken together, the neuronal and synaptic
plasticity promoted by these compounds ultimately work to facilitate some of the
basic processes of memory and learning. One of the critical mechanisms of memory
formation and learning is a process called Long Term Potentiation, or ‘LTP.’ In LTP,
connections between neurons are enhanced by their firing in relation to one another.
LTP is particularly important in the functioning of the hippocampus, and it appears
that exercise has favorable effects on LTP- most likely mediated by its positive effects
on synaptic plasticity generally (or ‘terminal remodeling and expansion’).
The impacts of exercise on brain plasticity extend beyond neurons and their
connections to also favorably regulate the brain’s supporting glial cells. Exercise has
been shown to upregulate two types of glial cells: astrocytes and oligodendrocytes.
Astrocytes help give structure to the brain, provide vascular support and play a
critical role in the management and flow of cerebral spinal fluid. These are
foundational activities for the brain, and undoubtedly necessary for managing
neurogenesis and other cerebral changes.
Oligodendrocytes, on the other hand, are a glial cell type critically important in the
regulation of neuronal myelin – that is, for the sheath that covers the axons, the
neuronal projections. As enhanced myelination has been shown to improve
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transmission, exercise’s ability to enhance the production of oligodendrocytes is
significant.
There are indications that exercise can improve processing speed, problem solving
and attention processes. Many of the same mechanisms of neurotrophins,
neurogenesis, synaptic plasticity, neurovascular and metabolic processes are likely
involved in these improvements.

Research/scan - Compliments of Dr. Chuck Hillman, University of Illinois

Interestingly, most forms of exercise have been shown to benefit cognition; i.e.
resistance exercise, aerobic exercise, and indeed simple flexibility and coordination
exercises have all been shown to produce some improvement on cognitive function.
Of course, not all exercise is equivalent, and resistance and aerobic exercise have
tended to show the greatest impacts on the brain. Critically, however, while
resistance and aerobic exercise have been shown to produce comparable effects,
they appear to work through somewhat divergent pathways. Aerobic exercise
appears to yield a greater effect on vascular processes and BDNF, while resistance
exercise appears to produce larger impacts on IGF1 pathways and supporting
hormones like estrogen in women and testosterone in men.
The greatest improvements in cognition tend to be observed with mixed type
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exercise regimens. That is, the combination of aerobic exercise with resistance
exercise produces a greater overall improvement than either one individually. While
clinical studies on extremely rich exercise regimens are limited, there is reason to
believe that flexibility and coordination exercise on top of aerobic and resistance
training could produce additional benefits. Almost as interesting, the act of
exercising itself appears to correlate more strongly with cognitive improvements
than accumulated fitness capacity. That is, at least in the short and medium term,
exercise appears to be the necessary signal for upregulating neurotrophins and other
signals for brain plasticity processes. There are indications that, at least on some
cognitive measures, increasing exercise leads to diminishing returns and, beyond an
extreme threshold, potentially impairment.
There is compelling evidence that exercise can reduce the risk of Alzheimer’s,
Parkinson’s and depression, and assist in recovery from traumatic brain injury (TBI
for short – e.g. concussions). At least two primary events have been implicated in
Alzheimer’s. The first is the formation and clumping of Beta-amyloid (Aβ), a protein
that is formed by cleaving amyloid precursor protein (APP). APP by itself is harmless,
and, indeed is important for proper neuronal functioning. However, in Alzheimer’s,
once beta-amyloid has been cleaved from APP, groups of beta-amyloid proteins will
tend to clump together, and these clumps may then interfere with proper functioning
of nearby neurons.
The second mechanism behind Alzheimer’s is characterized as ‘taupathy’ – or
dysfunction of the tau protein – a fundamental protein of the neuronal cytoskeleton.
Dysfunction of the tau protein is very bad indeed for neuronal structure and
transport and can lead to neurofibrillary tangles. While the exact chain of causation
is unclear, it appears that beta amyloid plaques and clumps, and the neurofibrillary
tangles lead to (or at a bare minimum are strongly correlated with)
neurodegenerative conditions that will tend to progressively worsen. That said, the
precise mechanisms by which these pathologies develop and worsen are not fully
understood. Beta-amyloid itself appears to have non-pathogenic functions, and it’s
not clear whether the excessive aggregation of beta-amyloid is caused by increased
production, lack of clearance by cerebrospinal fluid (CSF), or other mechanisms.
While the root cause of Alzheimer’s is not yet well enough understood to propose a
cure, methods of slowing its onset and mitigating its effects center around:
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1.

preventing the formation of, or removing the Aβ and tau clumps from the
brain, and

2.

preventing or mitigating the actual damage the clumps cause.

In the first case, the removal of Aβ and tau errors, exercise appears to have a role to
play. In an Alzheimer’s model, exercise has been shown to increase the health of
astrocytes, glial cells critically important in the flow of CSF. In turn, CSF has been
shown to play a key role in ‘cleaning’ neuronal structures, and scavenging Aβ in
particular.
Indeed, studies have shown high intensity exercise is associated with lower levels of
both tau and Aβ proteins in CSF. In addition to CSF functioning, glucagon-likepeptide-1 (GLP1) – a metabolic peptide produced in the intestines- has also been
shown to help clear Aβ, and is similarly favorably regulated by exercise. Even once
clumps and tangles have formed, exercise appears to mitigate the effects of
Alzheimer’s. GLP1 itself exerts neuroprotective effects, and exercise has also been
shown to help prevent histone de-acetylation, thereby maintaining more gene
expression, thereby maintaining better neuronal and synaptic plasticity and health.
As well, the hippocampus is disproportionately affected in early Alzheimer’s, and
therefore many of the systems discussed in memory will also act to mitigate some of
the effects of Alzheimer’s.
In terms of maintaining general cerebral health, it’s worth noting that many
epidemiological risks for Alzheimer’s disease – such as cardiovascular disease,
diabetes, obesity and hypertension – are quite malleable, and have been shown to be
positively influenced by exercise. Indeed, in patients with early onset Alzheimer’s,
cardiovascular fitness was positively correlated with larger parietal and temporal
lobe volume. Finally, exercise has been shown to favorably impact the outcomes in
AD patients directly.
Parkinson’s disease is another debilitating disorder of the central nervous system.
Parkinson’s is associated with a loss of dopamine (a key neurotransmitter)producing cells in a region of the brain called the substantia nigra. One of the central
effects of Parkinson’s- also being one of the most debilitating- is bradykinesia, or
slowness of movement. Resistance exercise has been shown to combat some of the
effects of Parkinson’s, and bradykinesia in particular. Indeed, bradykinesia is a risk
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factor in and of itself (e.g. for falls and injuries), and many of the fundamental neural
mechanisms that are involved in and improved by progressive strength training, like
motor unit recruitment, synchronization, rate coding, etc. may be useful in
maintaining movement patterns. Exercise has also been shown to mitigate the
overall depletion of dopamine, as well as attenuate the loss of dopaminergic neurons.
Critically, in actual human studies of Parkinson’s patients, exercise has been shown
to ameliorate many of the physical declines typically seen in Parkinson’s.
It’s worth discussing the actual causes of Parkinson’s, and whether or not exercise
may impact them. Of course, the current state of the research is far from conclusive,
but it appears that Parkinson’s disease is at least partly associated with a protein
called alpha-synuclein (a-syn). This protein has been shown to aggregate -in a
process involving calcium channels and mis-regulated dopamine- in Parkinson’s
disease. In turn, it appears that these aggregations displace and interfere with
normal cell bodies. This should sound somewhat familiar to the disorder seen in
Alzheimer’s – where aggregations of beta amyloid may start to interfere with the
health of the neural network.
To take things further, but to enter the realm of speculation: just as cerebrospinal
fluid appears to play a role in cleaning beta amyloid, so too might it serve that
purpose with alpha-synuclein. Diminished levels of alpha-synuclein have been seen
in the CSF of Parkinson’s patients, and it’s quite possible that this is at least partially
a function of the diminished functioning of the CSF ‘glymphatic’ system (analogous
to the lymph system in the rest of the body– here promoted by ‘glial’ cells). I.e. either
diminished CSF volume, or more likely diminished CSF rate or efficiency of flow could
result in deficiency of the CSF’s ‘cleaning’ mechanism. This in turn could lead or
contribute to the observed protein aggregations and impairments. To the extent that
exercise can favorably impact the CSF system – and the general neurovascular and
metabolic systems that are likely to form its bedrock – exercise may have an
important role to play in delaying the onset and rate of progression of Parkinson’s.
A word on traumatic brain injury (TBI): with a growing awareness of concussions
(the most common form of TBI) and the risks they pose both to the long-term health
of the brain and nervous system, a review of exercise’s impact on cognition would
not be complete without some treatment of TBIs. TBIs are no trifling matter; they
can impair cognitive performance, and the effects can last for years. While the
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location and effect of TBIs can be extraordinarily diverse, certain patterns of
impairment and recovery have been demonstrated. Exercise’s impact on these
processes is contingent on the stage of recovery. Too soon after the injury, in the
initial- roughly 2-week period immediately following a TBI- exercise has been shown
to negatively impact outcomes. However, once the early window of recovery is
through, exercise has been shown to have a range of positive effects on the recovery
process. These include improving the brain’s natural adaptive processes in response
to injury, reducing cerebral inflammation, and general neuroprotective and plasticity
effects. Similarly, concussions have been shown to disrupt hippocampal function,
and exercise has been shown to have favorable effects on the hippocampus.
Depression is a complex phenomenon. As well, depression itself can have
deleterious effects on other aspects of cognitive health and performance. Exercise
has been shown to favorably impact key neurotransmitter systems implicated in
depression, including the dopaminergic, noradrenergic and serotonergic systems.
Exercise has also been shown to help regulate glucocorticoids and stress - which
have themselves been correlated with depression. Moreover, our plasticity
promoting heroes IGF1 and BDNF have also been linked to favorable outcomes in
depression and have been hypothesized as treatments. Critically of course, in real
world human studies, exercise has also been shown to improve and help alleviate
depression– especially in the elderly.
Finally, because its impacts on Alzheimer’s, Parkinson’s, TBIs and depression clearly
aren’t enough, exercise has also been shown to ameliorate general cognitive
decline. That said, there are overwhelming indications that it is a beneficial tool for
managing the risk and rate of progression of all of the conditions mentioned, and
general aging in particular. Of course, if exercise’s effects on the cardiovascular
system, metabolic system, inflammatory processes, had no additional impact on
cognitive processes (even though those macro-level processes DO impact the
healthful functioning of the brain), it would still be worth doing. The value of exercise
needs no further belaboring.
It’s clear that the brain is highly complex and its health and function, particularly in
the long term, depend upon many tightly intertwined systems. It should come as no
surprise then that the methods of exercise to maintain and promote cognitive
performance and health are themselves also diverse; their benefits extending across
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a myriad of cellular and chemical processes in the brain. From specific plasticity
processes to general metabolic functioning, exercise helps to create a favorable
environment for learning as well as a robust environment to help fight
neurodegeneration. Whether starting from a high degree of fitness or a low one,
exercise in and of itself– including resistance, aerobic and flexibility/coordination
activities- has been shown to favorably impact the neurochemical environment.
Exercising has been shown time and again to create a favorable neural environment,
one that will facilitate the learning you choose to work at. While we’re not all after
maximal mental performance, quality and length of life are nearly universal
concerns.
Besides exercise, research has also shown that participants with no previous
experience in Buddhist-inspired mindfulness meditation can improve their
memory recall in just eight weeks. Meditation, with its power to help us concentrate,
has also been shown to improve standardized test scores and working memory
abilities after just two weeks. Why does meditation benefit memory? It’s somewhat
counterintuitive. During meditation, our brains stop processing information as
actively as they normally would.
In the image below, you can see how the beta waves (shown in bright colors on the
left), which indicate that our brains are processing information, are dramatically
reduced during meditation (on the right).
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Sleep has to be one of the most important elements in having a good memory. Since
sleep is when most of our memory consolidation process occurs, it makes sense that
without enough sleep we’re going to struggle to remember the things we’ve learned.
Even a short nap can improve our memory recall.
In one study, participants memorized illustrated cards to test their memory strength.
After memorizing a set of cards, they had a 40-minute break wherein one group
napped, and the other stayed awake. After the break, both groups were tested on
their memory of the cards – the group who had napped performed better: much to
the surprise of the researchers, the sleep group performed significantly better,
retaining on average 85 percent of the patterns, compared to 60 percent for those
who had remained awake.

Consciousness Redux and Follow Up
I attempted in some of my previous essays (e.g. The Wandering Explorer) to discuss
current concepts about consciousness –some outlandish! The flow of information
and publications is irresistible, and this might be just another futile shot in the dark.
On the 4th of July 2016 (the US National Day), George Johnson reported in The New
York Times on an article in The British Medical Journal that, in December 2015,
reported that cognitive behavioral therapy - a means of coaxing people into changing
the way they think – is as effective as Prozac or Zoloft in treating major depression. In
ways no one understands, talk therapy reaches down into the biological plumbing
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and affects the flow of neurotransmitters in the brain. Other studies have found
similar results for “mindfulness”- Buddhist-inspired meditation in which one’s
thoughts are allowed to drift gently through the head like clouds reflected in still
mountain water (see previous paragraph). Findings like these have become so
commonplace that it’s easy to forget their strange implications.
Depression can be treated in two radically different ways: by altering the brain with
chemicals, or by altering the mind by talking to a therapist. But we still can’t explain
how mind arises from matter or how, in turn, mind acts on the brain. This
longstanding conundrum- the mind-body problem- was succinctly described by the
philosopher David Chalmers at a recent symposium at The New York Academy of
Sciences. “The scientific and philosophical consensus is that there is no nonphysical soul
or ego, or at least no evidence for that”, he said. Descartes’s notion of dualism - mind
and body as separate things- has long receded from science. The challenge now is to
explain how the inner world of consciousness arises from the flesh of the brain.
Michael Graziano, a neuroscientist at Princeton University, suggested to the audience
that consciousness is a kind of con game the brain plays with itself. The brain is a
computer that evolved to simulate the outside world. Among its internal models is a
simulation of itself - a crude approximation of its own neurological processes. The
result is an illusion. Instead of neurons and synapses, we sense a ghostly presence a self - inside the head. But it’s all just data processing. “The machine mistakenly
thinks it has magic inside it,” Dr. Graziano said. And it calls the magic consciousness.
It’s not the existence of this inner voice he finds mysterious. “The phenomenon to
explain,” he said, “is why the brain, as a machine, insists it has this property that is
nonphysical.”
The discussion, broadcast online, reminded George Johnson of Tom Stoppard’s newest
play, “The Hard Problem,” in which a troubled young psychology researcher named
Hilary suffers a severe case of the very affliction Dr. Graziano described. Surely there
is more to the brain than biology, she insists to her boyfriend, a hard-core materialist
named Spike. There must be “mind stuff that doesn’t show up in a scan.” (Mr. Stoppard
borrowed his title from a paper by Dr. Chalmers.) The “easy problem” is explaining,
at least in principle, how thinking, memory, attention and so forth are just
neurological computing. But for the hard problem -why all of these processes feel
like something- “there is nothing like a consensus theory or even a consensus guess,”
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Dr. Chalmers said at the symposium. Or, as Hilary puts it in the play, “Every theory
proposed for the problem of consciousness has the same degree of demonstrability as
divine intervention.” There is a gap in the explanation where suddenly a miracle
seems to occur. She rejects the idea of emergence: that if you hook together enough
insensate components (neurons, microchips), consciousness will appear. “When you
come right down to it,” she says, “the body is made of things, and things don’t have
thoughts.”
Proponents of emergence, who have become predominant among scientists studying
the mind, try to make their case with metaphors. The qualities of water - wetness,
clarity, its shimmering reflectivity - emerge from the interaction of hydrogen and
oxygen atoms. Life, in a similar way, arises from molecules. We no longer believe in
a numinous life force, an élan vital. So, what’s the big deal about consciousness? For
lack of a precise mechanism describing how minds are generated by brains, some
philosophers and scientists have been driven back to the centuries-old doctrine of
panpsychism - the idea that consciousness is universal, existing as some kind of mind
stuff inside molecules and atoms. Consciousness doesn’t have to emerge. It’s built
into matter, perhaps as some kind of quantum mechanical effect. One of the
surprising developments in the last decade is how this idea has moved beyond the
fringe. There were three sessions on panpsychism at the Science of Consciousness
conference earlier this year in Tucson. This wouldn’t be the first-time science has
found itself backed into a cul-de-sac where the only way out was proposing some
new fundamental ingredient. Dark matter, dark energy both were conjured forth to
solve what seemed like intractable problems.
Max Tegmark, a physicist at the Massachusetts Institute of Physics (he also spoke at
the New York event), has proposed that there is a state of matter -like solid, liquid
and gas- that he calls perceptronium: atoms arranged so they can process
information and give rise to subjectivity. Perceptronium does not have to be biological.
Dr. Tegmark’s hypothesis was inspired in part by the neuroscientist Giulio Tononi,
whose integrated information theory has become a major force in the science of
consciousness. It predicts, with dense mathematics, that devices as simple as a
thermostat or a photoelectric diode might have glimmers of consciousness, a
subjective self. Not everything is conscious in this view, just stuff like perceptronium
that can process information in certain complex ways. Dr. Tononi has even invented
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a unit called phi that is supposed to measure how conscious an entity is. The theory
has its critics. Using the phi yardstick, Scott Aaronson, a computer scientist known
for razorlike skepticism, has calculated that a relatively simple grid of electronic logic
gates - something like the error-correcting circuitry in a DVD player - can be many
times more conscious than a human brain. Dr. Tononi doesn’t dismiss that
possibility. What would it be like to be this device? We just don’t know.
Understanding consciousness may require an upheaval in how science parses reality.
Neurologist Melanie Boly, a resident at University of Wisconsin’s School of Medicine
and Public Health, who has worked with Tononi, explains that for anything to exist,
it must be able to have an effect; it must be able to make some small difference to
something else.
“Consciousness exists for itself and by itself,” says Boly. “Thus, it should have cause and
effect on itself.” Boly is currently working with other researchers to develop a
mathematical framework to test the predictions of integrated information theory.
But she points out that, long before the explanation of consciousness was put
forward in such a scientifically rigorous form, the philosopher Plato expressed the
idea that for something to exist, it must capable of having an effect. And so,
consciousness (or “being,” as Plato described it) is “simply power.”

In the dialog Sophist (360 BCE) Plato wrote: “My notion would be, that anything which
possesses any sort of power to affect another, or to be affected by another, if only for a
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single moment, however trifling the cause and however slight the effect, has real
existence; and I hold that the definition of being is simply power.”
Just as it’s impossible to definitively know what caused the world, we’ll never be able
to completely prove a theory of consciousness. But Boly believes the current
evidence suggests that the integrated information theory is correct-and would then
scientifically validate Plato’s views from more than three millennia ago.
Or maybe not. As computers become ever more complex, one might surprise us
someday with intelligent, spontaneous conversation, like the artificial neural net in
Richard Powers’ novel “Galatea 2.2.” We might not understand how this is happening
any more than we understand our inner voices. Philosophers will argue over
whether the computer is really conscious or just simulating consciousness — and
whether there is any difference. If the computer gets depressed, what is the
computational equivalent of Prozac? Or how would a therapist, human or artificial,
initiate a talking cure? Maybe the machine could compile the counselor’s advice into
instructions for reprogramming itself or for recruiting tiny robots to repair its
electronic circuitry. Maybe it would find itself flummoxed by its own mind-body
problem. We humans may not be of much help.
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The Ethics of Consciousness Hunting
How fMRI has become an ethical obligation.
Mackenzie Graham, a research fellow in practical ethics at the University of Oxford has
a novel source of potential solutions to these dilemmas. He offers these in an essay
published on September 6th, 2018, in Nautil.us.
When Adrian Owen, a neuroscientist at the University of Western Ontario, asked
Scott Routley to imagine playing a game of tennis, any acknowledgement would have
been surprising. After all, Routley had been completely unresponsive for the 12 years
since his severe traumatic brain injury. He was thought to be in a vegetative state:
complete unawareness of self or environment. But, as Owen watched Routley’s brain
inside a functional magnetic resonance imaging (fMRI) scanner, he saw a region of
the motor cortex called the supplementary motor area -thought to play a role in
movement- light up with activity. When he told Routley to relax, the activity ceased.
And when he asked Routley to imagine walking around his house, he saw clear
activity in the parahippocampal gyrus -a region of the brain that plays an important
role in the encoding and recognition of spatial environment.
After dozens of repetitions of these mental imagery tasks, Owen was sure that
Routley was conscious. Then Owen went a step further: he asked Routley to answer
yes-or-no questions by directing his imagination. Imagining playing tennis stood for
“yes,” and walking around his house for “no.” Routley was able to correctly identify
himself (“Is your name Scott”—“yes”; “Is your name Mike”—“no”), his location (“Are
you in a hospital?”—“yes”; “Are you in a supermarket?”—“no”), the current year (“Is it
1999?”—“no”; “Is it 2012?”—“yes”), and the name of his personal care worker, whom
he had only met after his accident. He also answered that he was not in pain, and that
he enjoyed watching hockey on TV. Routley, it turned out, was not in a vegetative
state. In fact, he and patients like him required a new classification, which later
researchers would call cognitive motor dissociation.
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A series of fMRI images from a single patient. - Courtesy of the Personal Genome Project

One question that Owen didn’t ask Routley was if he wanted to die. It’s easy to
imagine how Routley’s life might not be worth living. It might be painful, for example,
or mean he could no longer do the things that he wanted to do in life, or involve the
loss of his relationships. On the other hand, people who sustain debilitating injuries
often report a level of well-being that approximates that of healthy people. Even
patients in a locked-in state -total paralysis except for eye-movement- have reported
that they are happy with their lives. As it stands, our appraisal of the subjective states
of nonresponsive patients is almost entirely guesswork -and our guesses are often
lethal. Thirty-two percent of patients with severe brain injury die in hospitals, and
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70 percent of these do so because of life-sustaining treatment being withdrawn,
often within a few days of their injury, and long before their prognosis is certain. In
many cases, the decision is made by families and physicians trying to avoid the
worst-case scenario, in which the patient remains permanently unconscious. But this
means giving up any chance of a good recovery. And some of these patients are
actually conscious. For truly vegetative patients, it does seem clear that life is not
worth living. They no longer have the capacity to experience any aspect of life,
positive or negative. They are not benefitted by continued treatment, and would not
be harmed by having it withdrawn. These patients should be allowed to die. But CMD
patients can, in principle, have positive experiences, including pleasure. They can
still do things they enjoy, like watching hockey on TV, or even going to the movies.
Another patient, Jeff Tremblay, was incorrectly diagnosed as being in a vegetative
state for over a decade before researchers realized, again using fMRI, that he was
conscious. Instead of asking him to imagine performing certain tasks, neuroscientist
Lorina Naci showed him a short Alfred Hitchcock film. We might not realize it while
lying on the couch or sitting in a theater but following the twists and turns of a film’s
plot is a cognitively demanding experience. It requires us to integrate visual and
auditory information with our existing knowledge of the world. We need to focus our
attention and ignore distractors. We need to interpret behavior and language to
know what the characters are thinking. It also turns out that different people will
exhibit similar brain activity in response to engaging stimuli like movies, suggesting
a similar conscious experience. Owen and Naci had previously detected a
characteristic pattern of brain activity in healthy participants that was closely
synchronized to the plot of the Hitchcock film. When Naci and her team showed
Tremblay the film inside an fMRI scanner, they saw this same pattern of complex
mental response.
The ability to distinguish CMD from vegetative patients could save lives worth living.
A little less than a fifth of patients who are behaviorally non-responsive at the
bedside are CMD rather than vegetative. Many are removed from life support on the
mistaken assumption that they are vegetative. If we had a reliable method to
distinguish CMD from vegetative patients, along the lines of the functional
neuroimaging performed by Owen and Naci, this would represent a great advance in
the care of this class of patient. But it would also only mark the beginning of the story.
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Suppose Routley was asked whether he wanted to die and answered “yes.” What
would be the appropriate response? It isn’t clear if a CMD patient retains the kind of
sophisticated cognitive capacities necessary to make an important medical decision.
How can we tell if they truly understand what the question means? What would be
their reasons for answering yes, or no? Would they really mean it? Decision-making
capacity must be judged relative to the decision at hand: A patient might have the
capacity to choose what clothes to wear, but not whether or not to take their
medication. Generally speaking, the more serious the potential consequences, the
greater the capacity required to make the decision. To ensure that a CMD patient had
the capacity to decide about ending their life, they would need to consistently exhibit
full decision-making capacity.
Assessing decision-making capacity requires an evaluation of a patient’s ability to
understand, appreciate, reason about, and communicate a decision (“Why did you
choose option X, and not option Y?”). This is not currently possible using fMRI. CMD
patients who have used mental imagery to communicate required approximately 60
minutes to answer 5 yes-or-no questions, after which time they became exhausted.
Moreover, the range of responses available to CMD patients is too narrow to respond
to open-ended questions. Perhaps the decision-making capacity of CMD patients
could be assessed, if the means of communicating with them improved. For example,
patients could be instructed to attend to a number between one and five while
ignoring the others, to choose from a range of responses. This could add a level of
detail to communication and contribute to capacity assessment for some kinds of
decisions. Selective attention tasks like this have been performed with CMD patients
using fMRI but have not been used for communication. But that would probably not
be enough to determine if a CMD patient had the capacity to make a life-or-death
decision. And, we would still need to be concerned about potential mental disorders,
or how emotional factors could be influencing decision-making. For these reasons,
asking CMD patients if they want to die is a non-starter for the foreseeable future.
The value of functional neuroimaging applied to CMD patients lies in what it can tell
us about their well-being. Improvements in communication could greatly enhance
their lives and provide insight into their experience. It could help others to care for
them better and make their lives worth living by “unlocking their voice.”
The possibility of distinguishing CMD from vegetative patients is another exciting
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application of new technology, and it raises a second set of ethical questions, to do
with cost. According to the Centre for Health Economics at the University of York, 95
percent of vegetative patients are cared for in long-term care facilities (with the
other 5 percent cared for at home), at a cost of £90,000 (approximately $119,000)
per patient, per year. The life expectancy for a young adult vegetative patient one
year after injury is roughly 10.5 years, meaning their lifetime cost of care would be
roughly $1,250,000. If functional neuroimaging develops to the point where it can be
used to reliably distinguish patients who retain consciousness (including CMD
patients) from those who will remain in a vegetative state permanently, it could
spare us the enormous expense of keeping alive patients who have no hope of
benefiting from extra years of life. These funds could then be used to greater effect
elsewhere in the medical system. If early detection of consciousness can be linked to
recovery, functional neuroimaging could also help doctors and families in making the
difficult decision to treat a severely brain injured patient or allow them to die.
Currently, fMRI is not a part of standard care for patients with severe brain injury.
fMRI is mostly used in a research context, and the $2 million price tag for a new MRI
scanner is prohibitive for many smaller hospitals. However, once a machine is in
place, the cost for an fMRI scan is only around $500. If life-sustaining treatment were
withheld or withdrawn from two permanently vegetative patients, the cost savings
would pay for the purchase of an MRI scanner. Electroencephalography (EEG) offers
an even more cost-effective and portable option and has also been used to detect
consciousness in behaviorally non-responsive patients.
Given these options, it is hard to argue that we do not have an ethical obligation to
apply some kind of functional neuroimaging -either fMRI or EEG- to every patient
before they are diagnosed as being in a vegetative state. We have built a tool to reach
patients who we thought had been lost forever. We’ve given them a voice; now we
must listen.
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Bee-brained
Are insects ‘philosophical zombies’ with no inner life? Close attention to their
behaviors and moods suggests otherwise.

Honeybees (Apis mellifera) in the hive, Würzburg, Germany
Photo by Mark Moffatt, Minden, National Geographic

René Descartes’s dog, Monsieur Gratte (‘Mister Scratch’), used to accompany the
17th-century French philosopher on his ruminative walks, and was the object of his
fond attention. Yet, for the most part, Descartes did not think very highly of the inner
life of nonhuman animals. ‘[T]he reason why animals do not speak as we do is not that
they lack the organs but that they have no thoughts,’ Descartes wrote in a letter in
1646. Followers of Descartes have argued that consciousness is a uniquely human
attribute, perhaps facilitated by language, that allows us to communicate and
coordinate our memories, sensations and plans over time. On this view, versions of
which persist in some quarters today, nonhuman animals are little more than clever
automata with a toolkit of preprogrammed behaviors that respond to specific

52

BRAIN UNLOCKED

triggers.
Insects such as bees and ants are often held up as the epitome of the robotically
mechanistic approach to animal nature. Scientists have long known that these
creatures must possess a large behavioral repertoire to construct their elaborate
homes, defend against intruders, and provision their young with food. Yet many still
find it plausible to look at bees and ants as little more than ‘reflex machines’, lacking
an internal representation of the world, or an ability to foresee even the immediate
future. In the absence of external stimuli or internal triggers such as hunger, it’s
believed that the insect’s mind is dark, and its brain is switched off. Insects are close
to ‘philosophical zombies’: hypothetical beings that rely entirely on routines and
reflexes, without any awareness. But perhaps the problem is not that insects lack an
inner life, but that they don’t have a way to communicate it in terms we can
understand. It is hard for us to prise open a window into their minds. So maybe we
misdiagnose animal brains as having machine-like properties simply because we
understand how machines work –whereas, to date, we have only a fragmentary and
imperfect insight into how even the simplest brains process, store and retrieve
information. However, there are now many signs that consciousness-like
phenomena might exist not just among humans or even great apes –but that insects
might have them, too. Not these lines of evidence are from experiments specifically
designed to explore consciousness; in fact, some have lain buried in the literature for
decades, even centuries, without anyone recognizing their hidden significance.
Based on such evidence, several biologists (notably Eva Jablonka in Tel Aviv and
Andrew Barron in Sydney), and philosophers (Peter Godfrey-Smith in Sydney and
Colin Klein in Canberra) now suggest that consciousness-like phenomena might not
have evolved late in our history, as we previously thought. Rather, they could be
evolutionarily ancient and have arisen in the Cambrian era, around 500 million years
ago.
At its evolutionary roots, we think that consciousness is an adaptation that helped to
solve the problem of how moving organisms can extract meaningful information
from their sense organs. In an ever-changing and only semi-predictable
environment, consciousness can solve this problem more efficiently than
unconscious mechanisms possibly could. It involves manifold features, but some
include: a grasp of time and space; the capacity for self-recognition; foresight;
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emotions; and top-down processing. As the American zoologist Donald Griffin wrote
in Animal Minds (1992): ‘Environmental conditions vary so much that for an animal’s
brain to have programmed specifications for optimal behaviour in all situations would
require an impossibly lengthy instruction book.’
Take honeybees, who have a symbolic ‘language’ by which they can communicate
about the precise coordinates of food sources in flowers. In this ‘dance language’, a
successful scout bee returning from a good flower patch performs a repetitive
sequence of movements in the dark hive on the vertical comb. These movements are
keenly attended by other bees. The successful forager moves forward in a straight
line for a few centimeters. Then she moves in a half circle to the left, back to her
starting point, performs another straight run along the path of her first, and then
circles to the right. The duration of the straight run tells other bees the distance to
the food source (roughly one second of walking distance in the dance corresponds to
a one-kilometer flight to the target). The direction of this run relative to gravity
encodes the direction relative to the Sun –for example, if the run in the hive is straight
up, this tells other bees to fly in the direction of the Sun (whereas ‘down’ means ‘fly
in the opposite direction of the Sun’).
This discovery in 1945 earned the Austrian ethologist Karl von Frisch the Nobel Prize
in Physiology or Medicine; in itself, such communication neither indicates nor
requires consciousness. A decade later, however, one of von Frisch’s students, Martin
Lindauer, peered into a beehive during the night and discovered that some bees
advertised the locations of various foraging bonanzas they’d discovered the previous
day. Before midnight, they ‘talked about’ locations visited the previous evening –and
in the hours before sunrise, they discussed the locations they’d visited on the
morning prior. These bees retrieved their spatial memories entirely out of context,
at a time when there was no possibility of foraging and so no immediate need for
communication. The function is unclear. They might have ‘just thought’ about these
locations spontaneously during the night. Or perhaps the communication is a
strategy for consolidating their spatial memory. Scientists have since found that a
bee’s memories of the previous day are strengthened when they are exposed to
elements of these memories while in deep sleep. Perhaps bees not only think and
‘talk’, but dream? The key implication of Lindauer’s discovery is that bees are capable
of ‘offline thinking’ about spatial locations, and of linking these locations to a time of
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day, in the absence of an external trigger. That’s not what should happen if bees’
memories are merely prompted by environmental stimuli, combined with internal
triggers such as hunger. Bees, then, appear to have at least one of the principal
hallmarks of consciousness: representations of time and space.
Deprived of its ability to anticipate what it should see as a result of its own intentions,
the fly behaved erratically.
Another elementary feature of biological consciousness is self-recognition. The
ability to recognize oneself is the origin of being able to distinguish one’s self from
another entity, as well as to plan, pay attention, recall memories of specific events,
and take the perspective of another creature. Many animals, such as apes and
corvids, display these abilities.
Without an elementary form of self-recognition, animals would not be capable of
disentangling the sensory input arising from the external world from the one arising
as a result of voluntary actions. If the image on your retina suddenly tilts by 45
degrees, you know that this is fine, as long as it’s the result of you deliberately
inclining your head. But if you didn’t move your head, you might be in the middle of
an earthquake, and had better run. Animals are thought to tell the difference between
these scenarios via what’s known as an ‘efference copy’: an internal signal that
communicates the consequences of the animal’s own actions, so that they can
distinguish sensory changes caused by their movements from changes caused by
external forces.
Under normal conditions, animals expect the environment to move in a predictable
manner when they turn their heads voluntarily. This allows them to anticipate what
will happen next, as a result of their own actions or intentions. Early versions of
efference copies were proposed in the 19th century, although the term was first
coined by the German biologists Erich von Holst and Horst Mittelstaedt, who began
studying flies. In one of their experiments in 1950, they inverted the input to the fly’s
brain from the left and right eyes using a rather crude (and cruel) technique: the thin
neck of the fly was twisted by 180 degrees, and its head then glued in place upside
down. The result was that, when the animal turned left or right, the sensory signals
were the opposite of those it expected. (They were not upside down since the
experimental environment consisted of vertical stripes –so nothing changed in this
regard.) Deprived of its ability to anticipate what it should see because of its own
55

BRAIN UNLOCKED

intentions, the fly behaved completely erratically. The authors concluded: ‘The result
is clearly a central catastrophe!’ Insects, with their head in the normal position,
appear to have another of the key ingredients of consciousness: the ability to predict
what will happen in the future because of self-generated movements, which allows
them to move and act effectively.
There is also evidence that insects have more than just a simple, internalized
‘instruction book’. Experimenters have tested this hypothesis by confronting insects
with tasks that none of their evolutionary ancestors could have possibly
encountered. More than 200 years ago, the blind Swiss naturalist François Huber
(working with his wife Marie-Aimée Lullin and servant François Burnens) suggested
that honeybees might display foresight in the construction of their honeycomb.
While honeybees were busy building the (normally two-dimensional) honeycomb,
Huber’s team placed glass panes into the path of the construction. (Glass is a poor
surface on which to attach wax.) The honeybees took corrective action long before
they had reached the glass: they rotated the entire composition by 90 degrees so as
to attach the comb to the nearest wooden surface. Apparently, the bees had
extrapolated from their current location to the target zone and tried to avoid a
suboptimal result. On one occasion, Huber’s team observed that one of several combs
broke off the ceiling of the hive in winter. In the cold months, bees are usually in a
quiescent state; comb construction stops, and the insects will reduce their activity to
ensure that their food storage can last until spring. However, on this occasion, not
only did bees become active to fortify the dislodged comb with several pillars and
crossbeams made from wax, they also reinforced the attachment zones of all the
other combs on the glass ceiling –apparently to ensure that a similar disaster
wouldn’t happen again. Such foresight, should it be confirmed experimentally with
modern methods and sample sizes, is one of the hallmarks of consciousness. Notably,
in this case, it appears to extend well beyond just the immediate future.
In a recent study of tool use among bumblebees, the insects were required to
transport a small ball to a defined location to receive a sugar reward. The bees used
social learning to solve the task by watching skilled demonstrator bees: they
observed that they could move one of three possible balls (the furthest one from the
centre) into the central reward area to obtain the reward. When later tested on their
own, the observer bees did not choose the furthest ball from the centre, but its closest
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one. They did this even when the closest ball was colored black instead of the yellow
they’d been trained on. Importantly, observers had no prior experience with rolling
the balls themselves (that is, no opportunity for trial-and-error learning). These
results indicated that instead of simply ‘aping’ a learned technique, bumblebees
spontaneously improved on the strategy used by their instructor –suggesting that
they had an appreciation of the outcome of their actions (‘ball in goal’).
Can bees not only plan, but imagine things? They can certainly learn to associate
visual patterns (such as those presented on flowers) with nectar rewards; but this
doesn’t necessarily imply that they have a little image of flowers floating around in
their head. A 2017 study looked at artificial neural networks, modelled on bees’
brains, which deployed two simple feature detectors –that is, two kinds of neurons,
each of which is especially sensitive to lines or edges that run in a particular
direction. These algorithms were capable of recognizing complex visual patterns, like
a circle carved into four, with stripes running at different angles in each quadrant.
So, a bee could store these complex visual patterns just by memorizing the signals
from these neurons –without actually storing full images in its memory. However, a
recent experiment indicates that bees might indeed be able to summon up the
features of a pattern without the pattern being present. In this experiment, bees were
first trained to distinguish two types of artificial flowers that were visually identical,
but which had ‘invisible patterns’ made up of small scented holes that were either
arranged in a circle or in a cross. The bees could figure out these patterns by using
their feelers. The most exciting finding was that, if these patterns were suddenly
made visible by the experimenter (so that the flowers now displayed visual circles or
crosses), bees instantly recognized the image that was formerly just an ephemeral
smell-pattern in the air. This indicates that the bees might indeed have a mental
representation of the shape, rather than recognizing patterns based on simple
feature-detectors in their visual system. Bees also display optimistic and pessimistic
emotional states. In such tests, bees first learned that one stimulus (such as the color
blue) is linked to a sugar reward, while another (such as green) is not. They were
then faced with an intermediate stimulus (in this case, turquoise). Intriguingly, they
responded to this ambiguous stimulus in a ‘glass half full’, optimistic manner, if they
had encountered a surprise reward (a tiny droplet of sucrose solution) on the way to
the experiment. But if they had to suffer through an unexpected, adverse stimulus,
they responded in a ‘glass half empty’ (pessimistic) manner. Perhaps, then, insects
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don’t just have minds, but also moods. Psychotropic drugs are not just the province
of humans; insects can be subject to their effects as well. Volatile anesthetics,
appetite-suppressing stimulants, depressants and hallucinogens are naturally
produced by various plants and fungi. These are not only accidental byproducts of
their biomolecular machinery, but for their own defense in deterring herbivores. Yet
they don’t always deter: it transpires that bees prefer flowers whose nectar is laced
with low levels of nicotine.
The molecular biologist Galit Shohat-Ophir at Bar Ilan University in Israel and her
colleagues discovered that fruit flies stressed by being deprived of mating
opportunities reportedly seek out alcohol, which is widely present in nature in the
form of fermented fruits. This suggests that intentional ‘sensation adjustment’, or
even ‘mood adjustment’, is widespread across the animal kingdom –which strongly
suggests that animals have inner experiences. It will be important to rule out
alternative explanations, in which behavior is modified via direct effects on
neurotransmission or the digestive system. But insect psychotropics should
nonetheless be a promising avenue for future research. After all, why would an
organism seek out mind-altering substances when there isn’t a mind to alter?
One objection to the hypothesis of insect consciousness is that their brains are simply
too small. But at the time of writing, the biological watermark of consciousness –the
so-called ‘neural correlate of consciousness’ (NCC)– has not been identified in
humans. So, humans can’t make arguments on the basis that insects don’t have
human-type NCC. What we can say is that insect nervous systems are anything but
simple. While a bee brain has only about 1 million nerve cells, compared with around
85 billion in a human brain, some individual neurons have a complexity of branching
that rivals a fully grown oak tree. A bee brain could have a billion synapses (the
connections between neurons that can be shaped by experience). In terms of the
diversity of building blocks of the nervous system, even the humble fruit fly has more
than 150 neuron types just in its visual system; by comparison, the human retina has
fewer than 100. ‘It is indubitable that the zoologists, anatomists, and psychologists
have slighted the insects,’ wrote the Nobel prizewinning neuroscientist Santiago
Ramón y Cajal in his early 20th-century memoir. ‘Compared with the retina of these
apparently humble representatives of life, the retina of the bird or the higher mammal
appears as something coarse, rude, and deplorably elementary.’
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In addition to their intricacy, insect brains also have other physiological properties
required for consciousness. In a reflex machine, the flow of information would be
expected to go from the sense organs to the mechanisms responsible for motor
control. But in insects, there are many top-down processes at work, in which neural
cables send messages from the central brain to the sensory periphery. Such topdown processes are involved in attention-like phenomena. Attention allows animals
to focus specifically on important stimuli (such as a familiar flower, if you’re a bee)
and disregard others (such as unfamiliar flowers). The neuroscientist Bruno van
Swinderen at the University of Queensland tested this by placing bees in a virtual
reality environment that they could manipulate, and then measured their brain
activity. His team found neural activity patterns that corresponded to paying
attention to one or another object, and also found certain brain states that preceded
the bees’ selection of one or another stimulus. Any activity generated from ‘within
the brain’ –that is, in the absence of or distinct from external stimulation– is of
particular interest in the context of consciousness. Significantly, van Swinderen’s
team also discovered that flies have several types of brain waves, including when
they are asleep. Like humans, where different neural oscillations accompany deep
sleep and REM sleep, flies also have different patterns in different sleep phases. The
insect brain is never ‘switched off’ –as in bees, it seems that flies also have dream-like
states.
The biologist Lewis Held at Texas Tech University believes that there could be a ‘deep
homology’ in apparently diverse structures across species that served common
functions, such as the eye. Rather than seeing these as instances of ‘convergent
evolution’, where features pop up separately, Held and others have found evidence
of certain shared underlying genetic scaffolds that produce these features in their
various forms. For example, we did not inherit our legs and eyes from insects, or by
different modifications from a common ancestor. The common ancestor of humans
and flies was an unknown legless worm of the Cambrian period. Yet both humans
and flies possess a head, a thorax, an abdomen, legs, and sensory organs. A better
explanation is that we inherited the genetic modules and developmental programs
that account for these features, at least in part, from a common ancestor. This
observation applies to the brain as well. The anatomical and functional parallels
between the ‘central complex’ of the insect brain and the ‘basal ganglia’ of vertebrates
are striking, and point to a common origin. Defects in both these systems produce
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motor problems, impaired memory, attention deficits, emotional disorders and sleep
disturbance. According to Barron and Klein, the central complex could be a likely
contender for mediating subjective experience in insects.
What about the possibility of consciousness in even simpler animals –indeed, beyond
animals? In the mid-19th century, Charles Darwin wrote about not only the moral
and emotional feelings of nonhuman creatures, but of their appreciation for beauty
and the recruitment of that susceptibility in sexual selection. Planaria (flatworms),
which do have a central nervous system, must have some form of consciousness,
Darwin speculated. In The Power of Movement in Plants (1880), he went on to
compare the animal brain and the plant’s ‘root radicle’ or taproot. This taproot must
find its way, by some form of sampling and evaluation, to the best sources of
anchorage and nourishment. Although this proposal has been taken up recently by
the biologist František Baluška at the University of Bonn, the case for plant
consciousness is significantly weaker than the one for insect consciousness. While
parts of plants might move, and stems can twine or lean, plants do not move their
bodies as a whole. They can accomplish most of their tasks without needing to
navigate in space, which we think is critical for the first stages of development of a
distinction between self and world. Another objection needs to be addressed before
we credit too many animals, and only animals, with consciousness. This is the fact
that much human behavior depends on subconscious processing, of which we are
often unaware. Our actions in the world rely to a surprising extent on stimuli we
haven’t consciously noticed. Moreover, the experience of ‘volition’ has been found to
follow our actions after a time-lag, rather than preceding them or being simultaneous
with them. Some have interpreted this to mean that consciousness has no effect on
behavior and is purely ‘epiphenomenal’. Instead, maybe the brain collects and weighs
current environmental stimuli and data from memory, computes the best behavioral
option, and makes the choice for us by initiating an action. If consciousness is
causally ineffective, the argument that animals need it for living is unavailable. Or
perhaps what we need consciousness for is fully automated in them.
However, these arguments do not diminish the case for consciousness being
widespread in the animal kingdom. Despite the wonders of unconscious processing,
it’s obvious that no human being can nourish herself, escape predation, reproduce,
engage in a social life or find the way to a new destination when she is not conscious
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of a world outside her own body. Although there are impressive examples of
‘blindsight’ –where subjects with a damaged visual cortex can make visual
discriminations better than a mere ‘guess’– the blindsighted are not totally
unconscious. Of course, sleeping and damaged brains are not doing their usual job of
collecting, weighing and computing. But there is no reason to think that
consciousness could be ‘subtracted’ from a brain that’s doing its usual job
successfully. It is the organism with a working brain and consciousness that normally
faces the challenges of the world.
Consciousness is an evolutionary invention like wings or lungs. It is useful to us; it’s
therefore most likely to be useful to other organisms with traits deeply homologous
to ours. They share with us the difficulties of moving, probing the environment,
remembering, predicting the future and coping with unforeseen challenges. If the
same behavioral and cognitive criteria are applied as to much larger-brained
vertebrates, then some insects are likely to qualify as conscious agents –with no less
certainty than cats or Descartes’ dog.
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Research in Neurosciences
New techniques are producing great excitement among neuroscientists. One such is
the product of the Allen Institute for Brain Science, a Seattle-based research
laboratory funded by the late Microsoft billionaire Paul Allen, which has put together
an “atlas” of the developing human brain based on the activity of different genes as
they are switched on and off in the womb – a so-called “transcriptome”. Meanwhile,
advances in computer science, mathematical analysis, and the images that come with
modern visualization of data, are also transforming the way we can study the living
brain. For the first time we can listen to the whole symphony, rather than just
individual instruments of the brain’s orchestra.
The task ahead is immense, though. We each have something approaching 100 billion
nerve cells – neurons – in the human brain (more than the number of stars in the
Milky Way). Each of them can be connected directly with maybe 10,000 others,
totaling some 100 trillion nerve connections. If each neuron of a single human brain
were laid end to end they could be wrapped around the Earth twice over.
Deciphering the biological conundrum of this most complex of organs makes
unraveling the genome, for example, look like child’s play.

Although the ultimate aim of neuroscientific enquiry is to gain an understanding of
the brain and how its workings relate to the mind, the majority of current efforts are
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largely focused on small questions using increasingly detailed data. However, it
might be possible to successfully address the larger question of mind–brain
mechanisms if the cumulative findings from these neuroscientific studies are
coupled with complementary approaches from physics and philosophy. The brain
can be understood as a complex system or network, in which mental states emerge
from the interaction between multiple physical and functional levels. Achieving
further conceptual progress will crucially depend on broad scale discussions
regarding the properties of cognition and the tools that are currently available or
must be developed in order to study mind–brain mechanisms.
The human mind is a complex phenomenon built on the physical scaffolding of the
brain, which neuroscientific investigation continues to examine in great detail.
However, the nature of the relationship between the mind and the brain is far from
understood.
A first step in understanding mind–brain mechanisms is to characterize what is
known about the structure of the brain and its organizing principles. The brain is a
complex temporally and spatially multiscale structure that gives rise to elaborate
molecular, cellular, and neuronal phenomena that together form the physical and
biological basis of cognition. Furthermore, the structure within any given scale is
organized into modules – for example anatomically or functionally defined cortical
regions – that form the basis of cognitive functions that are optimally adaptable to
perturbations in the external environment.
In the spatial domain alone, the brain displays similar organization at multiple
resolutions. In addition to the spatial distributions of molecules inside neuronal and
nonneuronal cells, the cells themselves are heterogeneously distributed throughout
the brain. Mini vertical columns through the cortical layers of the brain contain on
average 100 neurons, are roughly 30 microns in diameter, and form the anatomical
basis of columns, subareas (e.g. V1), areas (e.g. visual cortex), lobes (e.g. the occipital
lobe), and thereby the complete cerebral cortex. Not only is the structural
distribution of components heterogeneous within the cortex, but recent evidence
also suggests that so, in fact, is the connectivity between those components.
A broad range of temporal scales also characterizes human cognitive functions. For
example, the pattern of neuronal connections in the brain changes with learning and
memory through the process of synaptic plasticity on both short (seconds to
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minutes) and long (hours to days to months) timescales. In addition to synapses
between neurons, connections between large swaths of cortex can also be altered by
learning and memory processes (e.g. after long-term training in a motor skill such as
juggling) as indicated by white matter fiber structure measured by diffusion imaging.
Furthermore, functional, structural and connectivity signatures of short-term
development and longer-term aging are evident, supporting the view that brain
organization dynamically changes over multiple temporal and spatial scales.
Multiscale organization is one hallmark of complex systems and provides the
structural basis for another defining phenomenon; this is the concept of emergence
in which the behavior, function and/or other properties of the system (e.g.
consciousness or the subjective features of consciousness – qualia) are more than
the sum of the system’s parts at any particular level or across levels. In fact, such
system properties can emerge from complex patterns of underlying subsystems.
The study of altered minds is perhaps one of the greatest tools currently available to
assess the mind–brain interface and the characteristics of emergence. Indeed, some
of the strongest lines of evidence for non-fundamental causality in the human brain
come from psychiatry, for example in the treatment of clinical depression. The most
effective therapy for depression combines the administration of Selective Serotonin
Reuptake Inhibitors (SSRIs) (pharmacotherapy, i.e. molecular intervention) and
cognitive behavioral therapy (psychotherapeutic, i.e. mental intervention).
Interestingly, evidence suggests that neither intervention alone is as effective as the
two interventions together. These results support the view that intervention at the
phenomenological level of thought processes and beliefs is an appropriate cosolution of an inherently neurophysiological abnormality.
Empirical measurement of the mind–brain continuum might be beneficial in
characterizing mind–brain emergence. Neuroimaging tools such as fMRI provide
coarse-grained statistical evidence for relationships between (indirect)
measurements of physical and mental states. However, in most cases, these studies
provide information about correlations between mental and physical states but do
not necessarily provide insight into the underlying emergent phenomena.
Emergence is characterized by a higher-level phenomenon stemming from a lower
system level; i.e. emergence is upward. However, an important property of the brain,
as opposed to some other complex systems, is that emergent phenomena can
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feedback to lower levels, causing lower level changes through what is called
downward causation. The combination of upward emergence and downward
causation suggests a simple bi-directionality or more nuanced mutual
complementarity that adds to the complexity of the system and underscores the fact
that the emergence of mental properties cannot be understood using fundamental
reductionism.
Although it is important to philosophically define emergence, the question of how
the mind and the brain relate to one another is one for which there are few
quantitative tools and researchers often turn to simple intuitive metaphors. To date,
efforts have touched on the theoretical application of physics and complexity theory,
the construction of physical models, and the development of both technical and
social metaphors. However, relatively neglected areas of inquiry that might prove
highly fruitful include the analysis of evolutionary pressures on brain development
and the construction of detailed multiscale multidisciplinary theories and models
that coalesce current distributed patterns of knowledge.
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To understand mind–brain mechanisms it is necessary to characterize relations
between multiple levels of the multiscale human brain system, including the
interactions between temporal scales and the relationship between the anatomical
organization and cognitive function. Complex network theory provides one
important context in which to address this question: connectivity at the anatomical
level can be directly and mathematically compared to connectivity at the functional
level, and consistent organizational principles can be identified. Although extensive
detailed neurophysiological models will be important for further understanding of
the brain, perhaps an even more pressing issue is the lack of computational
theoretical neuroscience. The majority of work being performed in the field falls
largely within the confines of data analysis. However, until consistent insightful
theories are posited for the many larger scale questions of mind–brain mechanisms,
progress will be limited.
Neuroscience desperately needs a stronger theoretical framework to solve the
problems that it has taken on for itself. Complexity science has been posited as a
potentially powerful explanation for a broad range of emergent phenomena in
human neuroscience. However, it is still unclear whether or not a program could be
articulated that would develop new tools for understanding the nervous system by
considering its inherent complexities. Are current tools the right ones? What
theories need to be developed to guide further research? While many questions
remain unanswered, the next few years will likely see a revolution in the study of the
mind-brain interface as tools from mathematics and complex systems, which have as
yet only brushed the surface, take hold of the field of neuroscience.
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Brains Can Talk to Each Other
On October 2, 2018, ScienceAlert published an article: Scientists have connected the
brains of 3 people, enabling them to share thoughts. Are you thinking what I am
thinking?
Neuroscientists have successfully hooked up a three-way brain connection to allow
three people share their thoughts –and in this case, play a Tetris-style game. The
team thinks this wild experiment could be scaled up to connect whole networks of
people, and yes, it's as weird as it sounds. It works through a combination of
electroencephalograms (EEGs), for recording the electrical impulses that indicate
brain activity, and transcranial magnetic stimulation (TMS), where neurons are
stimulated using magnetic fields. The researchers behind the new system have
dubbed it BrainNet, and say it could eventually be used to connect many different
minds together, even across the web. But apart from opening strange new methods
of communication, BrainNet could teach us more about how the human brain
functions on a deeper level.
"We present BrainNet which, to our knowledge, is the first multi-person non-invasive
direct brain-to-brain interface for collaborative problem solving," write the
researchers. "The interface allows three human subjects to collaborate and solve a
task using direct brain-to-brain communication." In the experiment set up by the
scientists, two 'senders' were connected to EEG electrodes and asked to play a Tetrisstyle game involving falling blocks. They had to decide whether each block needed
rotating or not. To do this, they were asked to stare at one of two flashing LEDs at
either side of the screen –one flashing at 15 Hz and the other at 17 Hz– which
produced different signals in the brain that the EEG could pick up on. These choices
were then relayed to a single 'receiver' through a TMS cap that could generate
phantom flashes of light in the receiver's mind, known as phosphenes. The receiver
couldn't see the whole game area but had to rotate the falling block if a light flash
signal was sent. Across five different groups of three people, the researchers hit an
average accuracy level of 81.25 percent, which is decent for a first try. To add an extra
layer of complexity to the game, the senders could add a second round of feedback
indicating whether the receiver had made the right call.
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Receivers could detect which of the senders was most reliable based on brain
communications alone, which the researchers say shows promise for developing
systems that deal with more real-world scenarios where human unreliability would
be a factor. And while the current system can only transmit one 'bit' (or flash) of data
at a time, the team from the University of Washington and Carnegie Mellon
University thinks the setup can be expanded in the future.
The same group of researchers has previously could link up two brains successfully,
getting participants to play a game of 20 questions against each other. Again,
phantom phosphene flashes were used to transmit information, in this case "yes" or
"no". For now, it's very slow and not fully reliable, and this work has yet to be peerreviewed by the neuroscience community, but it's a glimpse at some fanciful ways
we could be getting our thoughts across to each other in the future – maybe even
pooling mental resources to try and tackle major problems. "Our results raise the
possibility of future brain-to-brain interfaces that enable cooperative problem solving
by humans using a 'social network' of connected brains," writes the team.
(Currently, the research available online on ScienceAlert is on the arXiv pre-print
server.)
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What is this Feeling We Call ‘Sublime’

Among the Sierra Nevada, California (1868), Albert Bierstadt - Courtesy Smithsonian, Wikipedia.

Have you ever felt awe and exhilaration while contemplating a vista of jagged, snowcapped mountains? Or been fascinated but also a bit unsettled while beholding a
thunderous waterfall such as Niagara? Or felt existentially insignificant but strangely
exalted while gazing up at the clear, starry night sky? If so, then you’ve had an
experience of what philosophers from the mid-18th century to the present call the
sublime. It is an aesthetic experience that modern, Western philosophers often
theorize about, as well as, more recently, experimental psychologists and
neuroscientists in the field of neuroesthetics.
Responses to the sublime are puzzling. While the 18th century saw ‘the beautiful’ as
a wholly pleasurable experience of typically delicate, harmonious, balanced, smooth
and polished objects, the sublime was understood largely as its opposite: a mix of
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pain and pleasure, experienced in the presence of typically vast, formless,
threatening, overwhelming natural environments or phenomena. Thus, the
philosopher Edmund Burke in 1756 describes sublime pleasure in oxymoronic terms
as a ‘delightful horror’ and a ‘sort of tranquility tinged with terror’. Immanuel Kant in
1790 describes it as a ‘negative’ rather than a ‘positive pleasure’, in which ‘the mind is
not merely attracted by the object but is also always reciprocally repelled by it’. It
became a problem to explain why the sublime should be experienced overall with
positive affect and valued so highly, given that it was seen to also involve an element
of pain. Deepening the sense of paradox is the view that the experience of the sublime
is actually more profound and satisfying than that of the beautiful. Some believe such
sublime aesthetic experiences constitute religious or spiritual experiences of God or
a ‘numinous’ reality.
There are two kinds of response to the sublime: what I call the ‘thin’ and the ‘thick’
sublime. Burke’s physiological account understands the sublime as an immediate
affective arousal, which is not a highly intellectual aesthetic response. This is the ‘thin
sublime’. Kant and Arthur Schopenhauer meanwhile offer transcendental accounts –
that is, accounts that involve putatively universal cognitive faculties– and
understand the sublime as an emotional response in which intellectual reflection on
ideas, especially ideas about humankind’s place in nature, play a significant role. This
is the ‘thick sublime’.Thin sublime, then, is akin to an immediate reaction of awe, and
this bare cognitive appraisal that kind of stuns and overwhelms the appreciator
might very well be the first moment in all sublime aesthetic responses. But when one
lingers in that experience of awe, and the mind starts to reflect on the features of the
awe-inspiring landscape or phenomenon, and the way it makes one feel, then this
cognitive-affective engagement constitutes thick sublime experience.
Why do these sorts of sublime experiences matter? For Burke, the experience
matters insofar as it is the ‘strongest emotion which the mind is capable of feeling’.
But for Kant and Schopenhauer, the experience is profounder still. This is how Kant
describes the experience and significance of what he terms the dynamically sublime
(that is, an aesthetic experience of overwhelming power): Bold, overhanging, as it
were threatening cliffs, thunder clouds towering up into the heavens … make our
capacity to resist into an insignificant trifle in comparison with their power. But the
sight of them only becomes all the more attractive the more fearful it is, as long as
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we find ourselves in safety, and we gladly call these objects sublime because they
elevate the strength of our soul above its usual level, and allow us to discover within
ourselves a capacity for resistance of quite another kind, which gives us the courage to
measure ourselves against the apparent all-powerfulness of nature. (Emphasis
added.)
For Kant, this experience of the irresistibility of nature’s power prompts us to realize
that we are weak and existentially insignificant in the grand scheme of nature. And
yet, it also reveals that we transcend nature as moral agents and systematic knowers.
Insofar as we are morally free beings capable of comprehending nature in a
systematic way, we are in a sense independent of and superior to nature.
For Schopenhauer, too, the objects of aesthetic contemplation in the feeling of the
sublime bear ‘a hostile relation to the human will in general (as it presents itself in
its objecthood, the human body) and oppose it, threatening it with a superior power
that suppresses all resistance, or reducing it to nothing with its immense size’. But
sublime pleasure results when a person is able to achieve calm contemplation of an
object or environment despite the fact that it appears threatening to the person’s
bodily or psychological wellbeing.
In an example of a high degree of the mathematically sublime (an experience of
nature as vast), for example, Schopenhauer writes:
“When we lose ourselves in the contemplation of the infinite extent of the world in space
and time … then we feel ourselves reduced to nothing, feel ourselves as individuals, as
living bodies, a transient appearance of the will, like drops in the ocean, fading away,
melting away into nothing. But at the same time … our immediate consciousness [is]
that all these worlds really exist only in our representation … The magnitude of the
world, which we used to find unsettling, is now settled securely within ourselves … it
appears only as the felt consciousness that we are, in some sense (that only philosophy
makes clear), one with the world, and thus not brought down, but rather elevated, by
its immensity.”
Here we have an account of sublime experience that oscillates between feeling
reduced to nothing in comparison with the great spatial and temporal expanse of
nature, and then feeling elevated by two thoughts ‘that only philosophy makes clear’.
First is the thought that as cognizing, thinking subjects we in a sense create (support,
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construct) our own world – a second nature, as it were – a world of our own
subjective experience. And the second exalting thought is that we are in some sense
‘one with the world’, and in being unified with nature in all its temporal and spatial
vastness, we are therefore ‘not oppressed but exalted by its immensity.’
The source of the pleasure in sublime experiences derives, according to Kant, from
an appreciation of our capacity for moral and theoretical transcendence of mere
nature, and, in Schopenhauer, from a reflection on the two-fold nature of our selves.
On the one hand, we have power as cognizing subjects –we are creators of a world, a
world of subjective experience; and on the other hand, the experience reveals in an
intuitive fashion that we are at bottom really unified with all of nature. Nature’s
immensity is our immensity; its seeming infinity is our infinity too.
Are such accounts as those offered by Kant and Schopenhauer relics of a more
metaphysical age? No. Our best science does not demystify our awe at the starry
night sky or a wide expanse of ocean. Nor does science render environments such as
volcanic mountains, storms at sea, powerful cascades or expanses of desert
nonthreatening. Scientific understanding deepens our sense of awe and wonder at
these environments and phenomena, and our human nature within and relative to
them. As we attend to these awe-inspiring and/or physically threatening kinds of
places aesthetically – that is, if we pay attention to these environments for their own
sake and with a kind of appreciative distance – they are liable to spark a play of ideas
about the human place within, and powers relative to, nature.
Such thoughts are both natural to human beings and scientifically respectable. They
constitute for some a paradoxical feeling of being at once unified with and not at
home in the world; of feeling both ridiculously small and insignificant in the grand
scheme and nonetheless a powerful centre of knowledge, freedom and value in the
world.
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Language and Thought
Samuel'Johnson'
Samuel Johnson

Humans communicate with one another using a dazzling array of languages, each
differing from the next in innumerable ways. Do the languages we speak shape the
way we see the world, the way we think, and the way we live our lives? Do people
who speak different languages think differently simply because they speak different
languages? Does learning new languages change the way you think? Do polyglots
think differently when speaking different languages?
Various aspects of multilingualism have been studied in the field of neurology. These
include the representation of different language systems in the brain, the effects of
multilingualism on the brain's structural plasticity, aphasia in multilingual
individuals, and bimodal bilinguals (people who can speak one sign language and one
oral language). Neurological studies of multilingualism are carried out with
functional neuroimaging, electrophysiology, and through observation of people who
have suffered brain damage.
The brain contains areas that are specialized to deal with language, located in the
perisylvian cortex of the left hemisphere. These areas are crucial for performing
language tasks, but they are not the only areas that are used; disparate parts of both
right and left-brain hemispheres are active during language production. In
multilingual individuals, there is a great deal of similarity in the brain areas used for
each of their languages. Insights into the neurology of multilingualism have been
gained by the study of multilingual individuals with aphasia, or the loss of one or
more languages as a result of brain damage. Bilingual aphasics can show several
different patterns of recovery; they may recover one language but not another, they
may recover both languages simultaneously, or they may involuntarily mix different
languages during language production during the recovery period. These patterns
are explained by the dynamic view of bilingual aphasia, which holds that the
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language system of representation and control is compromised as a result of brain
damage.
Research has also been carried out into the neurology of bimodal bilinguals, or
people who can speak one oral language and one sign language. Studies with bimodal
bilinguals have also provided insight into the tip of the tongue phenomenon, working
memory, and patterns of neural activity when recognizing facial expressions, signing,
and speaking.
"We think in words. The more words you know, the more thoughts you can have."
This compound notion that language allows us to have ideas otherwise un-haveable,
and that by extension people who own different words live in different conceptual
worlds - called "Whorfianism" after its academic evangelist, Benjamin Lee Whorf - is
so pervasive in modern thought as to be unremarkable.
Eskimos, as is commonly reported, have myriads of words for snow, affecting how
they perceive frozen precipitation.
A popular book on English notes that, unlike English, "French and German can
distinguish between knowledge that results from recognition ... and knowledge that
results from understanding." Politicians try to win the rhetorical battle ("pro-life" vs.
"anti-abortion"; "estate tax" vs. "death tax") in order to gain the political advantage.
For all its social success, Whorfianism has fared less well scientifically. Careful
consideration of the examples above shows why. Try calling dry snow "dax" and wet
snow "blicket," and see if you notice a change in how you think about snow. The
English book's statement assumes that if you don't have a word for something, you
can't talk about it ... a claim that the sentence proves false. Finally, calling the law of
October 26, 2001 the "USA Patriot Act" may have done as much to stain the word
"patriot" as increase enthusiasm for the law.
And Eskimos don't have all that many words for snow. In fact, scientists have had so
much difficulty demonstrating that language affects thought that in 1994 renowned
psychologist Steven Pinker called Whorfianism dead. Since then, Whorfianism has
undergone a small resurgence: “the more words you know, the more thoughts you can
have”.
Although number words and counting are a fixture of life in most cultures from the
time we are old enough to play hide-and-go-seek, some languages have only a
74

BRAIN UNLOCKED

handful of number words. In a paper published in 2008, Michael Frank demonstrated
that Pirahã, a language spoken by a small Amazonian community, has no number
words at all. The research team simply asked Pirahã speakers to count different
numbers of batteries, nuts and other common objects. Rather than having a word
consistently used to describe "one X" a different word for "two Xs" and yet another
word for "three Xs," the Pirahã used hói to describe a small number of objects, hoí to
describe a slightly larger number, and baágiso for an even larger number. Basically,
these words mean "around one," "some" and "many."
The lack of number words had a profound and surprising effect on what the Pirahã
could do. Could it be that the Pirahã not understand the concept of "same amount"?
That's unlikely: when allowed to match balloons to spools one-by-one, they
succeeded in the task. Instead, it seems that they failed to give the same number of
balloons (or spools) only when they had to rely on memory.
This actually makes a lot of sense. Try to imagine exactly seventeen balloons in your
head, but without counting them. It's impossible. Decades of research have shown
that people can tell the difference between one object and two, or between three
objects and four without counting, but such fine distinctions with larger numbers like seventeen versus eighteen - requires counting. You wouldn't match seventeen
balloons to seventeen spools by sight alone; you would count the spools and then
count out the same number of balloons.
But the Pirahã can't count. They don't have number words. This suggests a different
way of thinking about the influence of language on thought: words are very handy
mnemonics. We may not be able to remember what seventeen spools looks like, but
we can remember the word seventeen. In “The Language of Thought,” Jerry Fodor
argued that many words work like acronyms. French students use the acronym
“bangs” to remember which adjectives go before nouns ("Beauty, Age, Number,
Goodness, and Size").
Similarly, sometimes it’s easier to remember a word (calculus, Estonia) than what
the word stands for. We use the word, knowing that should it become necessary, we
can search through our minds - or an encyclopedia - and pull up the relevant
information (how to calculate an integral; Estonia's population, capital and location
on a map). Numbers, it seems, work the same way. Do more words mean more
thoughts? But more words do make it easier to remember those thoughts -and
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sometimes that's just as important.

People's ideas of time differ across languages in other ways. For example, English
speakers tend to talk about time using horizontal spatial metaphors (e.g., "The best
is ahead of us," "The worst is behind us"), whereas Mandarin speakers have a vertical
metaphor for time (e.g., the next month is the "down month" and the last month is
the "up month"). Mandarin speakers talk about time vertically more often than
English speakers do, so do Mandarin speakers think about time vertically more often
than English speakers do? Imagine this simple experiment: I stand next to you, point
to a spot in space directly in front of you, and tell you, "This spot, here, is today. Where
would you put yesterday? And where would you put tomorrow?" When English
speakers are asked to do this, they nearly always point horizontally. But Mandarin
speakers often point vertically, about seven or eight times more often than do English
speakers.
Even basic aspects of time perception can be affected by language. For example,
English speakers prefer to talk about duration in terms of length (e.g., "That was a
short talk," "The meeting didn't take long"), while Spanish and Greek speakers prefer
to talk about time in terms of amount, relying more on words like "much" "big", and
"little" rather than "short" and "long". For example, when asked to estimate duration,
English speakers are more likely to be confused by distance information, estimating
that a line of greater length remains on the test screen for a longer period of time,
whereas Greek speakers are more likely to be confused by amount, estimating that a
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container that is fuller remains longer on the screen.
Are these differences caused by language per se or by some other aspect of culture?
Of course, the lives of English, Mandarin, Greek, Spanish, and Kuuk Thaayorre
speakers differ in a myriad of ways. How do we know that it is language itself that
creates these differences in thought and not some other aspect of their respective
cultures? One way to answer this question is to teach people new ways of talking and
see if that changes the way they think. In a study conducted by Lera Boroditsky (now
at UCSD), English speakers were taught to use size metaphors (as in Greek) to
describe duration (e.g. a movie is larger than a sneeze), or vertical metaphors (as in
Mandarin) to describe event order. Once the English speakers had learned to talk
about time in these new ways, their cognitive performance began to resemble that of
Greek or Mandarin speakers. This suggests that patterns in a language can indeed
play a causal role in constructing how we think. In practical terms, it means that
when you're learning a new language, you're not simply learning a new way of
talking, you are also inadvertently learning a new way of thinking. Beyond abstract
or complex domains of thought like space and time, languages also meddle in basic
aspects of visual perception - our ability to distinguish colors, for example. Different
languages divide up the color continuum differently: some make many more
distinctions between colors than others, and the boundaries often don't line up
across languages.
Even what might be deemed frivolous aspects of language can have far-reaching
subconscious effects on how we see the world. Take grammatical gender. In Spanish
and other Romance languages, nouns are either masculine or feminine. In many
other languages, nouns are divided into many more genders ("gender" in this context
meaning class or kind). For example, some Australian Aboriginal languages have up
to sixteen genders, including classes of hunting weapons, canines, things that are
shiny, or, in the phrase made famous by cognitive linguist George Lakoff, "women,
fire, and dangerous things."
What it means for a language to have grammatical gender is that words belonging to
different genders get treated differently grammatically and words belonging to the
same grammatical gender get treated the same grammatically. Languages can
require speakers to change pronouns, adjective and verb endings, possessives,
numerals, and so on, depending on the noun's gender. For example, to say something
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like "my chair was old" in Russian, you'd need to make every word in the sentence
agree in gender with "chair", which is masculine in Russian. So, you'd use the
masculine form of "my," "was," and "old." These are the same forms you'd use in
speaking of a biological male, as in "my grandfather was old." If, instead of speaking
of a chair, you were speaking of a bed, which is feminine in Russian, or about your
grandmother, you would use the feminine form of "my," "was," and "old." Does
treating chairs as masculine and beds as feminine in the grammar make Russian
speakers think of chairs as being more like men and beds as more like women in
some way? It turns out that it does. In another study, German and Spanish speakers
had to describe objects having opposite gender assignment in those two languages.
The descriptions they gave differed in a way predicted by grammatical gender. For
example, when asked to describe a "key" - a word that is masculine in German and
feminine in Spanish - the German speakers were more likely to use words like "hard,"
"heavy," "jagged," "metal," "serrated," and "useful," whereas Spanish speakers were
more likely to say "golden," "intricate," "little," "lovely," "shiny," and "tiny." To describe
a "bridge," which is feminine in German and masculine in Spanish, the German
speakers said "beautiful," "elegant," "fragile," "peaceful," "pretty," and "slender," and
the Spanish speakers said "big," "dangerous," "long," "strong," "sturdy," and
"towering."
In fact, you don't need to go into the lab to see these effects of language; you can see
them with your own eyes in an art gallery. Look at some famous examples of
personification in art, the ways in which abstract entities such as death, sin, victory,
or time are given human form. How does an artist decide whether death or time
should be painted as a man or a woman? It turns out that in 85 percent of such
personifications, whether a male or female figure is chosen is predicted by the
grammatical gender of the word in the artist's native language. For example, German
painters are more likely to paint death as a man, whereas Russian painters are more
likely to paint death as a woman.
The fact that even quirks of grammar, such as grammatical gender, can affect our
thinking is profound. Such quirks are pervasive in language; gender, for example,
applies to all nouns, which means that it is affecting how people think about anything
that can be designated by a noun.
Other studies have found effects of language on how people construe events, reason
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about causality, keep track of number, understand material substance, perceive and
experience emotion, reason about other people's minds, choose to take risks, and
even in the way they choose professions and spouses. Taken together, these results
show that linguistic processes are pervasive in most fundamental domains of
thought, unconsciously shaping us from the nuts and bolts of cognition and
perception to our loftiest abstract notions and major life decisions. Language is
central to our experience of being human, and the languages we speak profoundly
shape the way we think, the way we see the world, the way we live our lives.
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The Age of Acquisition of Language Makes
a Difference
An MRI experiment shows that the language you hear as a baby makes a permanent
imprint on your brain. The first language you learn "locks in" certain patterns in your
brain and affects how you will learn other languages in future. Even if you forget that
first language, it will continue to influence how you hear the sounds from other
languages you may learn.
Researchers from McGill University and the Montreal Neurological Institute found in
2015 that different parts of the brain light up when hearing your own original
mother tongue, compared with words from a subsequently learned language. They
studied three groups of adolescents and tested them using nonsense French words.
One group was French and only spoke French. The second group comprised adopted
Chinese babies who had stopped speaking Chinese and now only spoke French. The
third group was bilingual in French and Chinese. The youngsters listened to the
nonsense French words while inside a functional magnetic resonance imaging
(fMRI) scanner. All the kids’ brains lit up in the same expected spot when they
listened to the words - the left inferior frontal gyrus and anterior insula. These areas
are known to produce language sounds.

The bilingual adolescents had an additional area of activity that lit up - the right
middle frontal gyrus, left medial frontal cortex, and bilateral superior temporal
gyrus. The surprise result was that those adopted into monolingual French families
- the Chinese kids that no longer spoke Chinese - had these same extra areas light up.
They were processing French the same way a bilingual child processes French, even
though they were now themselves monolingual.
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What causes this difference? When we’re young, our brains are searching out any
and all information. We’re also good at filtering out sounds that aren’t useful to
language learning. That is, we quickly learn to know what a word is, and what isn’t.
This process seems to hardwire our brains to the sounds of our first language, so that
we hear all other languages through that filter, even when we no longer speak or
even remember the language itself. "During the first year of life, as a first step in
language development, infants' brains are highly tuned to collect and store information
about the sounds that are relevant and important to the language they hear around
them," says the study’s lead author Lara Pierce. "These results suggest that children
exposed to Chinese as infants process French in a different manner to monolingual
French children.”
"These results suggest that children exposed to Chinese as infants process French in a
different manner to monolingual French children. And this explains why speakers of
one language always make the same mistakes when pronouncing foreign languages:
when we hear a word that does not sound reasonable, we often mishear or repeat it in
a way that makes it sound more acceptable," says David Gow, of the Massachusetts
General Hospital Department of Neurology.

t-map showing overlay of activation for bilinguals (red), international adoptees (blue), and monolinguals
(green) during the 2-back condition. Slices are shown in the axial plane and demonstrate the similarity
between the bilingual and internationally adopted groups. The left hemisphere is on the left side.
Monolinguals n=10; bilinguals n=12; international adoptees n=21.
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"For example, the English language does not permit words that begin with the sounds
‘sr-,’ but that combination is allowed in several languages including Russian. As a result,
most English speakers pronounce the Sanskrit word 'sri’—as in the name of the island
nation Sri Lanka—as 'shri,' a combination of sounds found in English words like shriek
and shred."
The McGill University study suggests that the way we learn a language when we’re
young is different to how we learn when we’re older. Our innate ear for words may
be what makes language learning seem so effortless as babies. The study also raises
some questions. For instance, when children are brought up in bilingual or even
trilingual families (that is, both parents speak a different mother tongue to a child,
while all of them live in a country with another language), are they hard-wired with
the sounds of all these languages?

This other study suggests that early-acquired information is not only maintained in the brain, but
unconsciously influences brain processing for years, perhaps for life – potentially indicating a special
status for information acquired during optimal periods of development.

A study by Jubin Abutalebi et al. (2012) suggests that the role of the left putamen is
crucial in supporting the major articulatory load and motor planning of speech in
multilingual speakers. This subcortical brain structure is thus susceptible to
structural brain changes induced by bi- and multilingualism. Its GM densities are
increased as compared to monolinguals as reported in the present study, underlining
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the fact that a multilingual speaker has an increased phonological and articulatory
repertoire. Dealing with an increased articulatory repertoire is a prerequisite for
successfully speaking of a non-native language.

The 2nd level T-maps are overlaid and rendered on the mean structural image of the study sample (28
subjects) with MRIcron [http://www.sph.sc.edu/comd/rorden/mricron/]. In (A) brain activity patterns
for picture naming in multilinguals are reported and superimposed on the brain template. The blue
color indicates naming in L1, green indicates naming in L2 and red indicates naming in L3 (color mixtures
indicate that brain regions were engaged by more than one language. In (B), the neural network
associated to picture naming for monolinguals. Finally, in (C), the VBM analysis showing increased GM
values found in the left putamen for multilinguals as compared to monolinguals.
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Learning another language is touted as a cure-all for all manner of things: dementia,
distraction, over-parenting, to name a few.
Now, thanks to a recent study, there is evidence that language learning actually
sharpens your brain by changing its mechanics. The study, published in the Journal
of Neurolinguistics, observed strengthening neural connections between different
parts of the brain in people who underwent language training. Researchers at
Pennsylvania State University and the Guangdong University of Foreign Studies
taught 23 people the meaning and tone of 48 Chinese language words over a period
of six weeks and used functional magnetic resonance imaging (fMRI) to measure how
the subjects’ brains changed. In subjects who identified the correct tone or
illustration for a word, experimenters observed that parts of the brain that hadn’t
previously connected much were creating stronger paths. The building of stronger
connections over time between regions of the brain implies that bilingual brains are
“more resistant to damage,” said Li, a professor of psychology, linguistics and
information sciences and technology at Penn State. The findings support the notion
that language-learning can fend off dementia.

The deeper the understanding of the language, the stronger the brain’s regional
connectivity: in subjects who had been exposed to the lessons but hadn’t learned as
successfully, the connections were often no better than the monolingual subjects.
Research in the junction of bilingualism, memory, and cognitive and brain reserve
can provide significant insights into current debates on bilingual cognitive
advantages. Based on the current neuroimaging evidence concerning the bilingual
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advantage in older adults and on models of aging and memory, the team at Penn State
U has also examined brain reserve in not just the frontal cortex, but also its
connectivity with the temporal, parietal, and subcortical areas, and how these neural
correlates underlie the cognitive reserve in older bilinguals to protect against agerelated cognitive declines.

An illustration of the monolingual vs. bilingual aging brain.
In monolinguals, aging is associated with an increased reliance on the frontal regions, according to the
PASA hypothesis. In bilinguals, the aging brain shows preservation of the posterior regions (including
temporal and parietal cortex), as well as increased connectivity between frontal and posterior areas,
leading to cognitive reserve.

In another study at Penn State (Jing Yang & Ping Li) and the University of Hong Kong
(Li Hai Tan), fMRIs examined the neural representations of nouns and verbs in late
Chinese–English bilinguals. Results indicate that the late bilinguals, not surprisingly,
showed no significant differences in brain activation for nouns versus verbs in
Chinese. Surprisingly, they also showed little neural differentiation of nouns and
verbs in English, suggesting the use of native language mechanisms for the
processing of second language stimuli.
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The cognitive and neurological benefits of bilingualism extend from early childhood
to old age as the brain more efficiently processes information and staves off cognitive
decline. What’s more, the attention and aging benefits discussed above aren’t
exclusive to people who were raised bilingual; they are also seen in people who learn
a second language later in life. The enriched cognitive control that comes along with
bilingual experience represents just one of the advantages that bilingual people
enjoy. Despite certain linguistic limitations that have been observed in bilinguals
(e.g., increased naming difficulty), bilingualism has been associated with improved
metalinguistic awareness (the ability to recognize language as a system that can be
manipulated and explored), as well as with better memory, visual-spatial skills, and
even creativity.
Furthermore, beyond these cognitive and neurological advantages, there are also
valuable social benefits that come from being bilingual, among them the ability to
explore a culture through its native tongue or talk to someone with whom you might
otherwise never be able to communicate.
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The cognitive, neural, and social advantages observed in bilingual people highlight
the need to consider how bilingualism shapes the activity and the architecture of the
brain, and ultimately how language is represented in the human mind, especially
since the majority of speakers in the world experience life through more than one
language.
A greater density of grey matter in the inferior parietal cortex is present in
multilingual individuals. It has been found that multilingualism affects the structure,
and essentially, the cytoarchitecture of the brain. Learning multiple languages
restructures the brain and some researchers argue that it increases the brain's
capacity for plasticity. Consensus is still muddled; it may be a mixture of both experiential (acquiring languages during life) and genetic (predisposition to brain
plasticity. But there is growing evidence that the human brain changes structurally
due to environmental demands. For instance, it has been established that structure
is altered as a consequence of learning in domains independent of language.
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Tonal vs. Non-Tonal Languages
Chinese vs. English
Chinese and English are perhaps the two extreme cases of tone vs. non-tone
languages: Chinese is a typical tone language, whereas English is a typical non-tone
language. This means that in Mandarin Chinese the same sounds, pronounced with
different tones, can refer to different things. Mandarin’s tones give it a very
distinctive quality, but tones can also be a source of miscommunication if not given
due attention. Mandarin has four tones and one neutral tone. On the other hand, in a
non-tonal language such as English, tone might convey emotional information about
the speaker, but indicates nothing about the meaning of the word that is pronounced.
Hence the results of studies according to which native Mandarin speakers and native
English speakers use their brain’s left hemisphere differently in their activity of
speaking, as shown by Nanyang Technological University (Singapore) and many
other university teams. With Mandarin speakers, the region for processing music via
pitch and tone, from the right hemisphere, plays an important role. Moreover,
Chinese and English speakers use three regions in the left hemisphere: the inferior
frontal gyrus, the anterior superior temporal gyrus, and the posterior middle gyrus.
However, Chinese speakers exhibit activity in an extra area in addition to these three:
the superior temporal gyrus.
The reason for having these tones may be that the Chinese language has very few
possible syllables – approximately 400 – while English has about 12,000. For this
reason, there may be more homophonic words, words with the same sound
expressing different meanings, in Chinese than in most other languages. It appears
that tones help the relatively small number of syllables to multiply and thereby
alleviate, but not completely solve the problem; therefore, learning Chinese in
context is very important. For example, the Chinese use only one syllable da and they
can tell the difference between ‘to hang over something’ ( da1), ‘to answer’ (
da2), ‘to hit’ (
da3), and ‘big’ (
da4), where the number after each syllable
indicates the tone. Therefore, for Chinese speakers, the secret is tones.
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Traditionally, tone is defined as the pitch contour on a word that can distinguish
lexical meaning. For example, in Mandarin Chinese, with a falling tone the
syllable ma means ‘to scold’ and with a rising tone it means ‘hemp’ - the difference
must be attributed to tone. In this regard, Chinese is a tone language. In English, a
word can be pronounced with different pitch contours, but it still has the same lexical
meaning. For example, the word cat has a falling tone in neutral intonation and a
rising tone in question intonation, but its lexical meaning remains the same.
Of course, there is no single Chinese language, but many different versions or dialects
including Wu, Cantonese and Taiwanese. Northern Chinese, also known as Mandarin,
is the mother tongue of about 70% of Chinese speakers and is the accepted written
language for all Chinese. Belonging to two different language families, English and
Chinese have many significant differences, which make learning English a serious
challenge for Chinese native speakers. First of all, Chinese does not have an alphabet,
but uses a logographic system for its written language. In logographic systems,
symbols represent the words themselves - words are not made up of various letters
as in alphabetic systems. Because of this fundamental difference, Chinese learners
may have great difficulty reading English texts and spelling words correctly.
What is more, most aspects of the English phonological system cause difficulties for
Chinese learners because some English phonemes do not exist in Chinese, and stress
and intonation patterns are different. For instance, Chinese learners find it difficult
to hear the difference between l and r, and thus may mispronounce rake and rice as
lake and lice. Southern Chinese speakers have a similar difficulty in distinguishing l
and n. Also, a major problem is with the common final consonant in English. This
feature is much less frequent in Chinese and results in learners either failing to
produce the consonant or adding an extra vowel at the end of the word. For example,
hill may be pronounced as if without the double ll, but with a drawn out i, or as
rhyming with killer. Such difficulties in pronouncing individual English words,
compounded by problems with intonation, result in the heavily accented English of
many Chinese learners. In some cases, even learners with perfect grammar may be
very hard to understand. Other differences between the two languages include the
fact that English emphasizes structure, while Chinese focuses on meaning. In English,
several meanings can be expressed clearly with complicated structure in just one
sentence. In Chinese, a sentence is usually short with few modifiers, otherwise it will
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cause confusion in meaning. Furthermore, when expressing meaning, a long
sentence is regularly used in English and a short sentence is used in Chinese. There
are many clauses in English sentences that are often separated into small sentences
in the Chinese way of expression. In an English sentence, except some modifiers,
there are many clauses that make a sentence much more complicated. In Chinese,
one meaning is usually expressed in separate sentences connected by a comma.
Another difference is that in English people use pronouns extensively, but in Chinese
speakers often use nouns. English speakers not only use we, you or she, but also that
and which to keep a sentence well-structured and clear and avoid repeated meaning.
Due to the short sentence structure, a pronoun is commonly replaced by a noun in
Chinese expression. Finally, the passive voice is often used in English expression,
whereas in Chinese one generally uses the active voice. For example, "It is (always)
stressed that..." in English is usually expressed as "People (always) stress that..." in
Chinese.
But Chinese is not the only tonal language. There are others such as Thai, Vietnamese,
etc. In a tonal language, the way the voice goes up and down during the pronunciation
of a vowel is enclosed in the word. In such languages, an "upward a" and a
"downward a" (different because of the tones) are just as distinct as p and b
(different because of voicing). If one changes the tone, the meaning also changes,
even if all the other sounds are exactly the same. For example, in Thai, mai can mean
‘middle’, ‘low’, ‘high’, ‘falling’ or ‘rising’ – the only distinction is given by tone. In
contrast, the English word change can be pronounced with a downward or upward
pitch and this would not affect the meaning of the word, or point to a different word,
as English belongs to a different category of languages. Instead, it assigns stress to
one syllable of every word. Changing the stress can point to a different word (pérfect,
perfèct), although usually this also leads to changes in the vowels.
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Chinese Language(s)

Chinese (漢語/漢語; Hànyǔ or 中文; Zhōngwén) is a group of related but in many
cases mutually unintelligible language varieties, forming a branch of the SinoTibetan language family. The Han majority and many other ethnic groups in China
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speak Chinese. Nearly 1.5 billion people (around 16% of the world's population)
speak some form of Chinese as their first language. Native speakers as dialects of a
single Chinese language usually describe the varieties of Chinese, but linguists note
that they are as diverse as a language family. The internal diversity of Chinese has
been likened to that of the Romance languages - but is even more varied. There are
between 7 and 13 main regional groups of Chinese (depending on classification
scheme), of which the most spoken by far is Mandarin (about 960 million), followed
by Wu (>80 million), Yue (>60 million) and Min (70 million). Most of these groups
are mutually unintelligible, although some - like Xiang and certain Southwest
Mandarin dialects - may share common terms and some degree of intelligibility. All
varieties of Chinese are tonal and analytic.
Standard Chinese (Putonghua/Guoyu/Huayu) is a standardized form of spoken
Chinese based on the Beijing dialect of Mandarin. It is the official language of China
and Taiwan, as well as one of four official languages of Singapore. It is one of the six
official languages of the United Nations. The written form of the standard language (
中文; Zhōngwén), based on the logograms known as Chinese characters (漢字;
Hànzì) is shared by literate speakers of otherwise unintelligible dialects. Of the other
varieties of Chinese, Cantonese (the prestige variety of Yue) is influential in
Guangdong province and is official in neighboring Hong Kong and Macau, and widely
spoken among overseas communities. Southern Min, part of the Min group, is widely
spoken in southern Fujian, in neighboring Taiwan (Taiwanese/Hoklo) and in
Southeast Asia (Hokkien). Hakka also has a sizeable diaspora in Taiwan and
Southeast Asia. Shanghainese and other Wu varieties are prominent in the lower
Yangtze region of eastern China.
Jerry Norman, in Chinese (Cambridge University Press, 1988), estimated that there
are hundreds of mutually unintelligible varieties of Chinese. These varieties form a
dialect continuum, in which differences in speech generally become more
pronounced as distances increase, though the rate of change varies immensely.
Generally, mountainous South China exhibits more linguistic diversity than the
North China Plain. In parts of South China, a major city's dialect may only be
marginally intelligible to close neighbors. For instance, Wuzhou is about 190 km
upstream from Guangzhou, but the Yue variety spoken there is more like that of
Guangzhou than is that of Taishan, 95 km southwest of Guangzhou and separated
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from it by several rivers. In parts of Fujian the speech of neighboring counties or even
villages may be mutually unintelligible.
Until the late 20th century, Chinese emigrants to Southeast Asia and North America
came from southeast coastal areas, where Min, Hakka, and Yue dialects are spoken.
The vast majority of Chinese immigrants to North America spoke the Taishan dialect,
from a small coastal area southwest of Guangzhou.
Most Chinese people consider the spoken varieties as one single language because
speakers share a common culture and history, as well a shared national identity and
a common written form. Han native speakers of Wu, Min, Hakka, and Cantonese, for
instance, may consider their own linguistic varieties as distinct spoken varieties, but
the Han Chinese as one - albeit internally very diverse - ethnicity. To Chinese
nationalists, the idea of Chinese as a language family may suggest that the Chinese
identity is much more fragmented and disunified than it actually is, and as such is
often looked upon as culturally and politically provocative. Additionally, in Taiwan it
is closely associated with Taiwanese independence, some of whose supporters
promote the local Taiwanese Hokkien variety.
The relationship between the Chinese spoken and written language is rather
complex. Its spoken varieties evolved at different rates, while written Chinese itself
has changed much less. Classical Chinese literature began in the Spring and Autumn
period, although written records have been discovered as far back as the 14th to 11th
centuries BCE: Shang dynasty oracle bones using the oracle bone scripts. The Chinese
orthography centers on Chinese characters, Hànzì (漢 字), which are written within
imaginary rectangular blocks, traditionally arranged in vertical columns, read from
top to bottom down a column, and right to left across columns. Chinese characters
are morphemes independent of phonetic change. Thus, the character 一 ("one") is
uttered yī in Standard Chinese, jat1 in Cantonese and it in Hokkien (form of Min).
Vocabularies from different major Chinese variants have diverged, and colloquial
nonstandard written Chinese often makes use of unique "dialectal characters", such
as 係 for Cantonese and Hakka, which are considered archaic or unused in standard
written Chinese. Written colloquial Cantonese has become quite popular in online
chat rooms and instant messaging amongst Hong Kongers and Cantonese speakers
elsewhere. Use of it is considered highly informal and does not extend to many
formal occasions. In Hunan, women in certain areas write their local language in Nü
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Shu, a syllabary derived from Chinese characters. The Dungan language, considered
by many a dialect of Mandarin, is nowadays written in Cyrillic, and was previously
written in the Arabic script; the Dungan people are primarily Muslim and live mainly
in Kazakhstan, Kyrgyzstan, and Russia. Some of the related Hui people also speak the
language and live mainly in China.
Each Chinese character represents a monosyllabic Chinese word or morpheme. In
100 CE, the famed Han dynasty scholar Xu Shen classified characters into six
categories, namely pictographs, simple ideographs, compound ideographs, phonetic
loans, phonetic compounds and derivative characters. Of these, only 4% were
categorized as pictographs, including many of the simplest characters, such as rén 人
(human), rì 日 (sun), shān 山 (mountain; hill), shuǐ 水 (water). Between 80% and
90% were classified as phonetic compounds such as chōng 沖 (pour), combining a
phonetic component zhōng 中 (middle) with a semantic radical 氵 (water). Almost
all characters created since have been of this type. The 18th century Kangxi
Dictionary recognized 214 radicals.
Modern characters are styled after the regular script. Various other written styles
are also used in Chinese calligraphy, including seal script, cursive script and clerical
script. Calligraphy artists can write in traditional and simplified characters, but they
tend to use traditional characters for traditional art.
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There are currently two systems for Chinese characters. The traditional system, still
used in Hong Kong, Taiwan, Macau and Chinese speaking communities (except
Singapore and Malaysia) outside Mainland China, takes its form from standardized
character forms dating back to the late Han dynasty.
The Simplified Chinese character system, introduced by the People's Republic of
China in 1954 to promote mass literacy simplifies most complex traditional glyphs
to fewer strokes, many to common cursive shorthand variants. Singapore, which has
a large Chinese community, was the second nation to officially adopt simplified
characters, although it has also become the de facto standard for younger ethnic
Chinese in Malaysia. The Internet provides the platform to practice reading the
alternative system, be it traditional or simplified. A well-educated Chinese reader
today recognizes approximately 4,000 to 6,000 characters; approximately 3,000
characters are required to read a Mainland newspaper. The PRC government defines
literacy amongst workers as knowledge of 2,000 characters, though this would be
only functional literacy. A large unabridged dictionary, like the Kangxi Dictionary,
contains over 40,000 characters, including obscure, variant, rare, and archaic
characters. Fewer than a quarter of these characters are now commonly used.
Standard Chinese has fewer than 1,700 distinct syllables but 4,000 common written
characters, so there are many homophones. For example, the following characters
(not necessarily words) are all pronounced jī: 雞 chicken, 机／機 machine, 基 basic,
擊 to hit, 饑 hunger, and 積 accumulate. In speech, the meaning of a syllable is
determined by context (for example, in English, "some" as the opposite of "none" as
opposed to "sum" in arithmetic) or by the word it is found in ("some" or "sum" vs.
"summer"). Speakers may clarify which written character they mean by giving a word
or phrase it is found in: 名字叫嘉英，嘉陵江的嘉，英國的英 Míngzi jiào Jiāyīng,
Jiālíng Jiāng de jiā, Yīngguó de tying – "My name is Jiāyīng, 'Jia' as in 'Jialing River' and
'ying' as in 'England'."
All varieties of spoken Chinese use tones to distinguish words. A few dialects of north
China may have as few as three tones, while some dialects in south China have up to
6 or 12 tones, depending on how one counts. One exception from this is Shanghainese
that has reduced the set of tones to a two-toned pitch accent system much like
modern Japanese.
Chinese is often described as a "monosyllabic" language. However, this is only
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partially correct. It is largely accurate when describing Classical Chinese and Middle
Chinese; in Classical Chinese, for example, perhaps 90% of words correspond to a
single syllable and a single character. In the modern varieties, it is still usually the
case that a morpheme (unit of meaning) is a single syllable; contrast English, with
plenty of multisyllable morphemes, both bound and free, such as "seven", "elephant",
"para" and "able".
Some of the conservative southern varieties of modern Chinese still have largely
monosyllabic words, especially among the more basic vocabulary. In modern
Mandarin, however, most nouns, adjectives and verbs are largely disyllabic. A
significant cause of this is phonological attrition. Sound change over time has steadily
reduced the number of possible syllables. In modern Mandarin, there are now only
about 1,200 possible syllables, including tonal distinctions, compared with about
5,000 in Vietnamese (still largely monosyllabic) and over 8,000 in English.
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English Language
English is a West Germanic language that was first spoken in early medieval England
and is now a global lingua franca. English is either the official language or an official
language in almost 60 sovereign states. It is the most commonly spoken language in
the United Kingdom, the United States, Canada, Australia, Ireland, and New Zealand,
and is widely spoken in some areas of the Caribbean, Africa, and South Asia. It is the
third most common native language in the world, after Mandarin and Spanish. It is
the most widely learned second language and an official language of the United
Nations, of the European Union, and of many other world and regional international
organizations.
English has developed over the course of more than 1,400 years. The earliest forms
of English, a set of Anglo-Frisian dialects brought to Great Britain by Anglo-Saxon
settlers in the fifth century, are called Old English. Middle English began in the late
11th century with the Norman conquest of England. Early Modern English began in
the late 15th century with the introduction of the printing press to London and the
King James Bible, and the start of the Great Vowel Shift.
Through the worldwide influence of the British Empire, modern English spread
around the world from the 17th to mid-20th centuries. Through all types of printed
and electronic media, as well as the emergence of the United States as a global
superpower, English has become the leading language of international discourse and
the lingua franca in many regions and in professional contexts such as science,
navigation, and law.Modern English has little inflection compared with many other
languages and relies more on auxiliary verbs and word order for the expression of
complex tenses, aspect and mood, as well as passive constructions, interrogatives
and some negation. Despite noticeable variation among the accents and dialects of
English used in different countries and regions – in terms of phonetics and
phonology, and sometimes also vocabulary, grammar and spelling – English speakers
from around the world are able to communicate with one another with surprising
ease.
Modern English grammar is the result of a gradual change from a typical IndoEuropean dependent marking pattern with a rich inflectional morphology and
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relatively free word order, to a mostly analytic pattern with little inflection, a fairly
fixed SVO word order and a complex syntax. Some traits typical of Germanic
languages persist in English, such as the distinction between irregularly inflected
strong stems inflected through ablaut (i.e. changing the vowel of the stem, as in the
pairs speak/spoke and foot/feet) and weak stems inflected through affixation (such
as love/loved, hand/hands). Vestiges of the case and gender system are found in the
pronoun system (he/him, who/whom) and in the inflection of the copula verb to be.
Typically for an Indo-European language, English follows accusative
morphosyntactic alignment. English distinguishes at least seven major word classes:
verbs, nouns, adjectives, adverbs, determiners (i.e. articles), prepositions, and
conjunctions. Some analyses add pronouns as a class separate from nouns, and
subdivide conjunctions into subordinators and coordinators, and add the class of
interjections. English also has a rich set of auxiliary verbs, such as have and do,
expressing the categories of mood and aspect. Questions are marked by do-support,
wh-movement (fronting of question words beginning with wh) and word order
inversion with some verbs.
The vocabulary of English is vast, and counting exactly how many words English (or
any language) has is impossible. The Oxford Dictionaries suggest that there are at
least a quarter of a million distinct English words. Early studies of English vocabulary
by lexicographers - the scholars who formally study vocabulary compile dictionaries,
or both - were impeded by a lack of comprehensive data on actual vocabulary in use
from good quality linguistic corpora, collections of actual written texts and spoken
passages. Many statements published before the end of the 20th century about the
growth of English vocabulary over time, the dates of first use of various words in
English, and the sources of English vocabulary will have to be corrected as new
computerized analysis of linguistic corpus data becomes available.
Since the ninth century, English has been written in a Latin alphabet (also called
Roman alphabet). Earlier Old English texts in Anglo-Saxon runes are only short
inscriptions. The great majority of literary works in Old English that survive to today
are written in the Roman alphabet. The modern English alphabet contains 26 letters
of the Latin script: a, b, c, d, e, f, g, h, i, j, k, l, m, n, o, p, q, r, s, t, u, v, w, x, y, z (which
also have capital forms: A, B, C, D, E, F, G, H, I, J, K, L, M, N, O, P, Q, R, S, T, U, V, W, X, Y,
Z). The spelling system, or orthography, of English is multilayered, with elements of
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French, Latin, and Greek spelling on top of the native Germanic system. Further
complications have arisen through sound changes with which the orthography has
not kept pace. Compared to European languages for which official organizations have
promoted spelling reforms, English has spelling that is a less consistent indicator of
pronunciation and standard spellings of words that are more difficult to guess from
knowing how a word is pronounced. There are also systematic spelling differences
between British and American English. These situations have prompted proposals
for spelling reform in English. Although letters and speech sounds do not have a oneto-one correspondence in standard English spelling, spelling rules that consider
syllable structure, phonetic changes in derived words, and word accent are reliable
for most English words. Moreover, standard English spelling shows etymological
relationship between related words that would be obscured by a closer
correspondence between pronunciation and spelling, e.g. the words photograph,
photography, and photographic, or the words electricity and electrical.
While few scholars agree with Chomsky and Halle (1968) that conventional English
orthography is "near-optimal", there is a rationale for current English spelling
patterns. The standard orthography of English is the most widely used writing
system in the world. Standard English spelling is based on a graphomorphemic
segmentation of words into written clues of what meaningful units make up each
word.

千里之行，始於足下
This journey, exploring some limited aspects of rediscovered areas of human
neuroscience, was parceled. The areas touched were arbitrarily selected because of
my own past or current interest. This essay –as my previous ones- is a collage, a
patchwork of texts collected during recent months. Mind is a Wandering Explorer.
True, there are definitions and entries in encyclopedias, e.g. Wikipedia, as a set of
cognitive faculties including consciousness, perception, thinking, judgment and
memory. This may ring a bell if you consider my Foggy Beacon collection of disparate
essays.
Yes, the mind is the faculty of human beings’ reasoning and thoughts. It holds the
power of imagination, recognition, and appreciation, and is responsible for
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processing feelings and emotions, resulting in attitudes and actions. But there is still
no universally agreed definition of what a/the mind is and what its distinguishing
properties are –despite a lengthy tradition of inquiries in philosophy, religion(s),
psychology, and cognitive science. The main open question regarding the nature of
the mind is the mind–body problem, which investigates the relation of the mind to
the physical brain and nervous system. And whatever its nature, the mind enables to
have subjective awareness and intentions towards our (and the general)
environment, to respond to stimuli with some kind of agency, and to have
consciousness -including thinking and feeling. There are many –too many! uncharted seas to sail on. We’ll board again soon…
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