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NO ORDINARY ORGAN

The human brain is like nothing else. As organs go, it is not especially
prepossessing—31b (1.4kg) or so of rounded, corrugated flesh with
a consistency somewhere between jelly and cold butter. It doesn’t
expand and shrink like the lungs, pump like the heart, or secrete
visible material like the bladder. If you sliced off the top of someone’s
head and peered inside, you wouldn’t see much happening at all.

SEAT OF CONSCIOUSNESS

Given this, it is perhaps not surprising that for centuries the contents
of our skulls were regarded as relatively unimportant. When they
mummified their dead, the ancient Egyptians scooped out the brains
and threw them away, yet carefully preserved the heart. The Ancient
Greek philospher, Aristotle, thought the brain was a radiator for
cooling the blood. René Descartes, the French scientist, gave it a
little more respect, concluding that it was a sort of antenna by which
the spirit might commune with the body. It is only now that the full
wonder of the brain is being realized.

The most basic function of the brain is to keep the rest of the
body alive. Among your brain’s 100 billion neurons, some regulate
your breathing, heartbeat, and blood pressure and others control
hunger, thirst, sex drive, and sleep cycle. In addition to this, the brain
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generates the emotions, perceptions, and thoughts that guide your
behavior. Then it directs and executes your actions. Finally, it is
responsible for the conscious awareness of the mind itself.

THE DYNAMIC BRAIN

Until about 100 years ago, the only evidence that brain and mind
were connected was obtained from “natural experiments”—accidents
in which head injuries created aberrations in their victims’ behavior.
Dedicated physicians mapped out areas of the cerebral landscape by
observing the subjects of such experiments while they were alive—
then matching their deficits to the damaged areas of their brains. It
was slow work because the scientists had to wait for their subjects to
die before they could look at the physiological evidence. As a result,
until the early 20th century, all that was known about the physical
basis of the mind could have been contained in a single volume.
Since then, scientific and technological advances have fueled a
neuroscientific revolution. Powerful microscopes made it possible
to look in detail at the brain’s intricate anatomy. A growing
understanding of electricity allowed the dynamics of the brain to
be recognized and then, with the advent of electroencephalography
(EEG), to be observed and measured. Finally, the arrival of




functional brain imaging machines allowed scientists to look inside
the living brain and see its mechanisms at work. In the last 20 years,
positron emission tomography (PET), functional magnetic resonance
imaging (FMRI), and, most recently, magnetic encephalography
(MEG) have among them produced an ever more detailed map of
the brain’s functions.

LIMITLESS LANDSCAPE

Today we can point to the circuitry that keeps our vital processes
going, the cells that produce our neurotransmitters, the synapses
where signals leap from cell to cell, and the nerve fibers that convey
pain or move our limbs. We know how our sense organs turn light
rays and sounds waves into electrical signals, and we can trace the
routes they follow to the specialized areas of cortex that respond to
them. We know that such stimuli are weighed, valued, and turned
into emotions by the amygdala—a tiny nugget of tissue that punches
well above its weight. We can see the hippocampus retrieve a memory,
or watch the prefrontal cortex make a moral judgment. We can
recognize the nerve patterns associated with amusement, empathy—
even the thrill of schadenfreude at the sight of an adversary suffering
defeat. More than just a map, the picture emerging from imaging

Lr Frohse fec.

studies reveals the brain to be an astonishingly complex, sensitive
system in which each part affects almost every other. “High level”
cognition performed by the frontal lobes, for instance, feeds back to
affect sensory experience—so what we see when we look at an object
is shaped by expectation as well as by the effect of light hitting the
retina. Conversely, the brain’s most sophisticated products can
depend on its lowliest mechanisms. Intellectual judgments, for
example, are driven by the body reactions that we feel as emotions,
and consciousness can be snuffed out by damage to the humble
brainstem. To confuse things further, the system doesn't stop at the
neck but extends to the tips of your toes. Some would argue it even
goes beyond—to encompass other minds with which it interacts.
Neuroscientific investigation of the brain is very much a work
in progress and no one knows what the finished picture will look
like. It may be that the brain is so complicated that it can never
understand itself entirely. So this book cannot be taken as a full
description of the brain. It is a single view, from bottom to top,
of the human brain as we know it today—in all its beauty and
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complexity. Be amazed.




INVESTIGATING THE BRAIN

INVESTIGATING THE BRAIN

THE BRAIN IS THE LAST OF THE HUMAN ORGANS TO GIVE UP ITS SECRETS. FOR A LONG TIME, PEOPLE
WERE NOT EVEN ABLE TO UNDERSTAND WHAT THE BRAIN IS FOR. THE DISCOVERY OF ITS ANATOMY,
FUNCTIONS, AND PROCESSES HAS BEEN A LONG AND SLOW JOURNEY ACROSS THE MILLENNIA, AS
HUMAN KNOWLEDGE ABOUT THIS MYSTERIOUS ORGAN HAS DEVELOPED AND ACCUMULATED.

EXPLORING THE BRAIN

The brain is particularly difficult to investigate because its structures
are minute and its processes cannot be seen with the naked eye. The
problem is compounded by the fact that its most interesting product,
consciousness, does not feel like a physical process, so there was no
obvious reason for our distant ancestors to associate it with the brain.
Nevertheless, over the centuries, philosophers and physicians built
up an understanding of the brain and, in the last 25 years with the
advent of brain-imaging techniques, neuroscientists have created

a detailed map of what was once an entirely mysterious territory.

387 BCE

The Greek
philosopher Plato
teaches at Athens;
he believes the
brain is the seat of
mental processes.

1700 BCE
Egyptian papyrus
gives a careful
description of the
brain, but Egyptians do
not rate this organ highly;
unlike other organs, it is
removed and discarded
before mummification,

PLATO

450 BCE

Early Greeks begin
to recognize the
brain as the seat of
human sensation.

4000 BCE

Early Sumerian
writing notes the  suggesting that it was not

euphoric effect
of poppy seeds.

considered to be of any
use in future incarnations.

335 BCE

Greek philosopher
Avristotle restates the
ancient belief that
the heart is the
superior organ; the
brain, a radiator to
stop the body from
overheating.

2500 BCE

Trepanation (boring
holes into the skull) is a
common surgical
procedure across many
cultures, possibly used
for relieving brain
disorders such as
epilepsy, or for ritual
or spiritual reasons.

RENE DESCARTES

170 BCE

that human moods and

Roman physician Galen theorizes
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DRAWING THE BRAIN

1543

Andreas Vesalius,

a European physician,
publishes the first
“"modern” anatomy,
with detailed drawings
of the human brain.

1649

French philosopher René
Descartes describes the
brain as a hydraulic system
that controls behavior.
“Higher” mental functions
are generated by a
spiritual entity, however,
which interacts with the
body via the pineal gland.

USING RATS

The brains of rats
are very similar

to human brains.
Until imaging
techniques were
developed, the
only way scientists
were able to look
directly at brain
tissue was by using
the brains of rats

and other non-
human animals.

1664
Oxford physiologist Thomas
Willis publishes the first brain
atlas, locating various

functions in separate
brain “modules.”

BRAIN ATLAS

1774

German physician
Franz Anton Mesmer

1848

Phineas Gage
has his brain

introduces “animal pierced by
magnetism,” later an iron rod
called hypnosis. (see p.141).

TREPANNING

ARISTOTLE

dispositions are due to the four
“humors” (liquids that are held in
the brain’s ventricles). The idea
persists for more than 1,000 years.
Galen’s anatomical descriptions,
used by generations of physicians,
were based mainly on work

on monkeys and pigs.

GALEN AT WORK

1791

Luigi Galvani, an
Italian physicist,
discovers the
electrical basis

of nervous activity
by making frogs’
legs twitch.

LUIGI GALVANI
1849

German physicist
Hermann von
Helmholtz measures
the speed of nerve
conduction and
subsequently
develops the idea
that perception
depends upon
"unconscious
inferences.”
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THE ADVENT

Scientists were unable to find out much about the
workings of the brain until relatively recently. The only
way they were able to match functions such as sight,
emotion, or speech to the locations in the brain in which
they are controlled was to find a person in whom a
faculty was disturbed due to injury, and then wait until
they were dead in order to look at the location and
extent of the brain damage. Otherwise, scientists could
only guess at what was happening to the brain by
observing people’s behavior. Today, modern imaging
techniques such as functional MRI and EEG (see p.12)
allow neuroscientists to see the electrical activity in the
brain as a person carries out various tasks or thought
processes. This allows them to link types of actions,
emotions, and so on, to specific types of activity in the
brain. The freedom to observe the brain that imaging
techniques have afforded has allowed for an explosion
of knowledge within neuroscience, and has deepened
our understanding of the brain and how it works.

OF IMAGING TECHNIQUES

MAGNETIC RESONANCE IMAGING
Brain scans can reveal damaged tissue—
the red area in the MRI scan above
indicates damage caused by a stroke.

1889

Santiago Ramén y Cajal proposes
that nerve cells are independent
elements and the basic units of
the brain in The Neuron Doctrine.
He wins the Nobel Prize in 1906.

1862-74
Broca and Wernicke
(see p.10) discover the
two main language 1906 1919
areas of the brain. Santlf‘:\go ) A Irish neurologist
1859 Ramény Cajal 4 Gordon Morgan
Charles 1874 describes how i Holmes
Darwin Carl Wernicke nerve cel.ls | ; localizes vision
publishes publishes on communicate. to the striate
On the aphasia (language NERVE CELLS cortex (the
Origin of disorders after IN RODENT primary visual
Species. brain damage). HIPPOCAMPUS cortex).

-

1850 1906 1914 1924 1970-80 1973 1991
Franz Joseph Gall Alois British physiologist The first electroencephalograms Brain scanning Timothy Bliss Mirror neurons are
founds phrenology Alzheimer Henry Hallett Dale are produced by Hans Berger. is developed: and Terje Lomo discovered by
(see p.10), which describes isolates acetylcholine, e R = PET, SPECT, describe Giacomo Rizzolatti
attributes different presenile the first of the neuro- "‘f""« AN L i MRI, and MEG long-term in Parma (see
personality traits degeneration transmitters (see p.73) to il e ;\f‘.\";‘.'- '_" all emerge potentiation pp.11 and
to specific areas (see p.231). be discovergd, He wins \MAMMMMMP\MMM:’\AN‘\KAMM during this (see p.158). 122-23).
of the head. the Nobel Prize in 1936. s ? decade.
o e
1909 ,,A‘;W" “%w.’w s e
Korbinian Brodmann describes |
talian s!igr?ﬂ?t 52 discrete cortical areas based AAMAMAMAAAMAMMANMAMA \7V9I35en7fie|d and
Camillo Golgi on neural structure. These areas ELECTROENCEPHALOGRAPHY T -Rasmussen devise
publishes the silver are still used today (see p.67). a motor and sensory
nitrate method, homunculus
making it possible (see pp.10 and 103).

to see nerves in
their entirety. He
wins the Nobel
Prize in 1906.

NERVE CELLS

Circa 1900

Sigmund Freud abandons an
early career in neurology to study
psychodynamics. The success of
Freudian psychoanalysis eclipsed
physiological psychiatry for half

a century.

CORTICAL MAP

1934

Portuguese neurologist Egas Moniz
carries out the first leucotomy operations
(later known as lobotomies, see p.11).

He also invented angiography, one of
the first techniques that allowed scientists
to make images of the brain.

1953
Brenda Milner
describes
patient HM
(see p.157),
who suffers
memory

loss after
hippocampal

EGAS MONIZ surgery.

57

EARLY MAGNETIC IMAGING

Electrode

" "

cap

ELECTRODES
Neural activity can
be measured by
attaching electrodes
to the scalp. These
pick up electrical
activity in the brain
and transform it into
a digital record.

1981

Roger Wolcott Sperry is
awarded the Nobel Prize for his
work on the different functions
of the two brain hemispheres
(see pp.11 and 205).

2013

The United States and European
Union start human brain simulation
projects. The Connectome, a
global cooperative endeavor,
delivers its first charts of the
connections between neurons.

1983

Benjamin Libet writes on
the timing of conscious
volition (see p.11).
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LANDMARKS IN NEUROSCIENCE
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LANDMARKS IN NEUROSCIENCE

MOST OF THE KNOWLEDGE WE HAVE ABOUT THE BRAIN HAS BEEN GATHERED BY SLOW, PAINSTAKING
RESEARCH INVOLVING LARGE TEAMS OF PEOPLE. HOWEVER, OCCASIONALLY THE HISTORY OF
NEUROSCIENCE HAS BEEN PUNCTUATED BY DRAMATIC DISCOVERIES OR IDEAS, OFTEN ARISING

FROM THE WORK OF A SINGLE SCIENTIST. SOME OF THESE SUBSEQUENTLY PROVED TO BE

VALUABLE BREAKTHROUGHS WHILE OTHERS, ALTHOUGH INFLUENTIAL, PROVED TO BE DEAD ENDS.

PHRENOLOGY s
Franz Joseph Gall 52 Fi s

S THE MAN WHO LOST HIMSELF
Phineas Gage

Gall thought that personality could be read by feeling ’ jr___i‘?.r }!i m This polite, well-liked American railroad foreman
changed dramatically, becoming “grossly

e
faculties were localized in the brain and that the strongest . S IL; profane,” after an accident destroyed part

the contours of the skull. He theorized that various | wwz‘ -
were correspondingly large, making the skull bulge i‘y \‘ ; of his brain (see p.141). His
measurably. It was hugely popular in nineteenth-century il v case was the first to show

America and Europe—nearly every town had a phrenology { that faculties such as social
institute. Although nonsense, Gall’s idea that brain functions and moral judgment can be

are localized has turned out localized to the frontal lobes.

i PHRENOLOGY HEAD
to be largely true. Imaging Models such as this claimed
research aimed at locating to show the bulges on the
skull that revealed a person'’s
character. Categories included
called “modern phrenology.”  “blandness” or “benevolence.”

FATEFUL INJURY

This reconstruction of Phineas Gage's
skull shows how an iron rod damaged
the frontal lobes of his brain.

4

brain functions is often e
PHRENOLOGY | (¥

LNFOWLER.

LANGUAGE AREAS

Broca and Wernicke

In 1861, French physician Paul Broca described a patient who he named “Tan,” as it

was the only word “Tan” could say. When Tan died, Broca examined his brain and found
damage to part of the left frontal cortex. This part of the brain became “Broca’s Area” (see
p-148). In 1876, German neurologist Carl Wernicke found that damage to a different part

of the brain (which became known as “Wernicke's Area”) also caused language problems.

| PAUL BROCA CARL WERNICKE These two scientists were the first to clearly define functional areas of the brain.
AR
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EARLY BRAIN IMPLANT MAPPING THE BRAIN
José Delgado Wilder Penfield

Spanish neurologist Dr. José Delgado invented The first detailed maps of human brain

a brain implant that could be remotely function were made by Canadian brain
controlled by radio waves. He found that surgeon Wilder Penfield. He worked with
animal and human behavior could be patients undergoing surgery to control
controlled by pressing a button. In a famous epilepsy. While the brain was exposed,
experiment, conducted in 1964, Delgado faced and the patient conscious, Penfield

a charging bull, bringing it to a halt at his feet probed the cortex with an electrode

by activating the implant in its brain. In another, and noted the responses of the patient
he put a device in as he touched each part.

the brain of a chimp Penfield’s work was
that was bullying its the first to reveal the
mate. He put the role of the temporal :
control in the cage lobe in recall and MODERN MAPPING
.. . Today advanced imaging (see
where the victim map the areas of the B e e et
chimp used it to ‘ cortex that control to be matched to mental
« » ) : tasks. However, much of the
turn off” the bully’s movement and provide ‘ :
CANADIAN basic map was established by
bad behavior. bodily sensations. STAMP Penfield half a century earlier.
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LOBOTOMY

The first lobotomies were performed in the 1890s, but they only took off in the

1930s when the Portuguese neurosurgeon Egas Moniz found that cutting
the nerves from the frontal cortex to the thalamus relieved psychotic symptoms
in some patients. Moniz's work was picked up by US surgeon Walter Freeman,
who invented the “ice pick lobotomy.” From 1936 until the 1950s, he advocated
lobotomy to cure for a range of problems, and 40,000 to 50,000 patients
were lobotomized. The operation was overused
and is now thought abhorrent. However, in many
cases it eased suffering: a follow-up of patients
in the UK found 41 percent were “recovered”
or “greatly improved,” 28 percent “minimally
improved,” 25 percent had “no change,” 4
percent had died, and 2 percent were worse off.

TREPANATION “|ICE PICK"” LOBOTOMY
The practice of drilling holes in the head has been Walter Freeman, above, found he could perform
used since prehistoric times as a treatment for a vast a lobotomy under local anesthetic by hammering
array of illnesses. The modern equivalent, craniotomy, an ice pick above each eye of a patient and swishing
is carried out to relieve pressure within the skull. ICEPICK  the device back and forth like a windshield wiper.
MAKING MEMORIES CONSCIOUS DECISIONS 7 *
Henry G. Molaison Benjamin Libet he Volitiona]
In 1953, aged 27, “HM” underwent an operation in the US, to A series of ingenious experiments by US rFain
stem severe epilepsy. The surgeons, then unaware of the functions neuroscientist Benjamin Libet (see p.191) o
5 i . . ards
of the hippocampus, took out a large area of that part of his brain in the early 1980s demonstrated that what neur:}sc:ie;:.t,
(see p.159). When he came round, we think are conscious “decisions” to act of free wil)
he was unable to lay down new are actually just recognition of what the Eded by
lamiin Libeg

Anthony Freeman &

memories and remained so for the unconscious brain is already doing. Libet’s Keith Scthert i

rest of his life. The tragic accident experiments have profound philosophical

demonstrated the crucial role of the implications because, on the face of it,
hippocampus in recall. the results suggest that we do not have a
conscious choice about what we do, and
FROZEN IN TIME ' therefore cannot consider ourselves to
Henry G. Molaison—generally known only . INVESTIGATING
| have free will. FREE WILL

as "HM" —was one of the most studied
patients in the history of modern medicine.

MIRROR NEURONS
} Mirror neurons (see pp.122-23) were discovered in 1991—by

SPLIT-BRAIN
EXPERIMENTS
Roger Sperry
Neurobiologist Roger Sperry

accident. A group of researchers in Italy, led by Giacomo Rizzolatti,
were monitoring neural activity in the brains of monkeys as they
made reaching movements. One day a researcher inadvertently

conducted the split-brain mimicked the monkey’s movement while it was watching, and
experiments (see p.204) on found that the neural activity in the monkey’s brain that sparked
people whose brain hemispheres up in response to the sight was identical to the activity that

were surgically separated in the occurred when the monkey

I

made the action itself. Mirror

course of treatment for epilepsy.
They showed that, under certain neurons are thought by some to
conditions, each hemisphere
could hold different thoughts

and intentions. This raised the

be the basis of theory of mind,
mimicry, and empathy.

MIMICKING MACAQUE

Mirror neurons produce automatic
mimicry by producing a similar state
in an observer's brain to the state of
the person they are watching.

profound question of whether

a person has
. “ » ROGER SPERRY RECEIVES
a Slngle Self THE NOBEL PRIZE IN 1981
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SCANNING THE BRAIN

BRAIN IMAGING TECHNIQUES CAN BE DIVIDED INTO TWO DIFFERENT
TYPES: ANATOMICAL IMAGING, WHICH GIVES INFORMATION ABOUT THE
STRUCTURE OF THE BRAIN, AND FUNCTIONAL SCANNING, WHICH ALLOWS
RESEARCHERS TO SEE HOW THE BRAIN WORKS. USED TOGETHER, THESE

PET SCANS
These scans
involve injecting a
volunteer with a
radioactive marker

SCANNING THE BRAIN

12

TECHNIQUES HAVE REVOLUTIONIZED NEUROSCIENCE.

A WINDOW ON THE BRAIN

The structure of the brain is well known, but until
recently the way it created thoughts, emotions, and
perceptions could only be guessed at. Imaging
technology has now made it possible to look inside
a living brain and see it at work. The brain works

by generating tiny
electrical charges.
Functional imaging
reveals which areas are
most active. This may
be done by measuring
electrical activity
directly (EEG), picking
up magnetic fields
created by electrical
activity (MEG), or
measuring metabolic
side effects such as

PET SCANNER
Positron emission tomography  alterations in glucose

(PET) scanners detect signals from absorption (PET) aiidl

radioactive markers in tissues to
show activity in the brain. blood flow (fMRI).

that attaches to
glucose in the
brain. Areas of
high activity (red)
attract glucose for
fuel. The marker
dye shows which
parts of the brain
are firing.

FUNCTION

The brain is composed of modules that are
specialized to do specific things. Functional brain
imaging is largely about identifying which ones are
most concerned with doing what. This has allowed

neuroscientists to build a detailed map of brain functions. Motor AT
We now know where perceptions, language, memory, area
emotion, and movement occur. By showing how various

functions work together, imaging also gives us a glimpse into

some of the most sophisticated aspects of human psychology.

For example, observing a person’s brain making a decision,

we see that apparently rational decisions are driven by the B’lEFORE
emotional brain. Imaging the brains of master chess players MOVEMENT
shows why expertise depends on practice. Watching the Sensory

brain of a person seeing a frightened face shows that BliEE)

emotion is contagious.

BRAIN WAVES

WWNM‘WWW
Electroencephalo- MWWMWMIWWW
graphs (EEGs) show N i

electrical activity
caused by nerve

MOVEMENT

cells firing. They Ve spmms T bt phospthpsesppayeetsens REAL-TIME ACTIVITY
eeed cleling Magnet_oencephalogra)phy (MEG) picks up
T — NWJ\/M\/\W mainetm traches of brain activity. EIS poorcJ

; y at showing where activity occurs, but goo
\S/\/Fl'lelzljjrs}(lzrci;;hi WMWM&M%WMWMW ?t pinpointing timing. Here, a brain plans a
different states inger movement, then 40 milliseconds later
of mind. MMt P ittt 1S aCtiVity shifts as the movement is made.

ANATOMY

The brain looks very different according to how it is viewed.
Computed tomography (CT) imaging combines the use of a
computer and fine X-rays to produce multiple “slices” of the
body. It allows you to see normally obscured body tissues,
such as the inside of the brain, from any angle or level, with
the delicate inner structures thrown into clear relief. Artificial
coloring of the areas further distinguishes one part from
another. CT scans are purely structural: they show the form of
the organ but not how it works. They are very good at showing
contrast between soft tissues and bone, and are therefore useful
in diagnosing tumors and blood clots.

STRUCTURAL DETAILS

These CT images show different tissues in detail. The image

on the left shows the cerebellum and eyeballs in red, the bones
in blue and green, and the sinuses and ear cavities in bright
yellow. The image on the right shows a healthy brain (front

at bottom). The black areas are the fluid-filled ventricles.

Three-
dimensional brain

Computer-
generated head

Inner tissue

3-D BRAIN

CT allows pictures of
brains to be displayed
in three dimensions,
and “sliced” to reveal
the inner workings.
Here, the front right
quarter of the brain’s
coverings and surface
are cut away to reveal
the tissues beneath.



MAGNETIC RESONANCE IMAGING

Magnetic resonance imaging (MRI) provides a better contrast between tissue
types than CT. Instead of using X-rays, it uses a powerful magnetic field, which
causes hydrogen atoms in the body to realign. The nuclei of the atoms produce

a magnetic field that is “read” by the scanner and turned into a three-dimensional
computerized image. The brain is scanned at a rapid rate (typically once every 2-3
seconds) to produce “slices” similar to those in CT scans. Increases in neural activity
cause changes in the blood flow, which alter the amount of oxygen in the area,
producing a change in the magnetic signal. Functional MRI (fMRI) involves showing
differing levels of electrical activity in the brain, overlaid on the anatomical details.

NERVE PATHWAYS IN THE BRAIN
A refinement of MRI called diffusion tensor
imaging picks up the passage of water along
nerve fibers. Here, the blue fibers run from
top to bottom, the green from front to back,
and the red between the two hemispheres.

MOVEMENT

FMRI is very good
at localizing brain
activity. In this image
(bottom of brain at
top), the red area
shows activity in the
part responsible for
moving the right
hand. Each side

of the body is
controlled by

the opposite
hemisphere

of the brain.

FIBER DETAIL
This diffusion
tensor image
shows another
view of the nerve
fibers. The green
fibers link the

INNER

STRUCTURES various parts
This MRI scan of the limbic
is set within system. The blue

fibers run from the
cerebellum, which
joins onto the
spine. The red
fibers connect the
two hemispheres.

an X-ray of the
neck and skull.
The MRI reveals
the intricate
folds of the
brain tissue.

COMBINED IMAGING

Each type of imaging has its advantages. MRI is good on
detail, for example, but is too slow to chart fast-moving
events. EEG and MEG are fast but are not as good at
pinpointing location. To get scans that show both fast
processes and location, researchers use two or more methods
to produce a combined image. Here (right), for example,
high-resolution MRI, taking about 15 minutes to acquire, is
combined with a low-resolution fMRI, which takes seconds to
produce and shows the location of activity in the brain areas

used in hearing language. The

areas shift during a task like STUDYING LANGUAGE

In most people, the main
language areas of the brain
are located in the left

this that involves many
aspects, and they have to

work fast and in concert. hemisphere, so this area shows
The areas used in a task greater activity when a person
vary from person to person, listens to spoken words. The

SLICED TOGETHER

Here, a combined CT and MRI scan

shows the surface folds of the brain. It also
give an average. and rhythm. reveals the skull bones and the top vertebrae.

right hemisphere is also
required for complete hearing,
and for distinguishing tone

so studies often combine

data from volunteers to
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A JOURNEY THROUGH THE BRAIN

THE BRAIN IS THE MOST COMPLEX ORGAN IN THE BODY AND IS PROBABLY THE MOST COMPLEX SYSTEM
KNOWN TO HUMANKIND. OUR BRAIN CONTAINS BILLIONS OF NEURONS THAT ARE CONSTANTLY SENDING
SIGNALS TO EACH OTHER, AND IT IS THIS SIGNALING THAT CREATES OUR MINDS. WITH THE HELP OF
MODERN SCANNING TECHNOLOGY, WE NOW KNOW ABOUT BRAIN STRUCTURE IN GREAT DETAIL.

In the nineteenth century, much was learned about the structure of
the brain by removing it from the body after death. Knowledge of the
workings of the living human brain could only be gained by studying
people with damaged brains, for example Phineas Gage (see p.141),
but the precise location of this damage could not be known while the
patient was still alive. Everything changed with the invention of brain
scanners at the end of the twentieth century. In the following pages,
we shall undertake a journey through the brain of a healthy, 55-year-
old man revealed by magnetic resonance imaging (MRI). In these
images, we can see the many components of the brain. We are

starting to understand the function of some of these, but we
are only at the very beginning of this journey of understanding.

The captions that accompany the scans indicate the most likely
function of various brain regions. But these regions often have
many functions, and these functions depend upon interactions with
other brain regions. Most structures in the brain are paired, with
identical counterparts in the left and right hemispheres, so structures
identified in one hemisphere are mirrored in the opposite one. The
scans themselves have been colored, so that the cerebrum appears
in red, the cerebellum in light blue, and the brainstem in green.
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Frontal lobe

Frontal-polar cortex

Orbitofrontal
gyrus

Eye

Nasal cavity

Maxillary sinus

THE FRONTAL-POLAR CORTEX

The frontal-polar cortex is the most recently evolved part
of the prefrontal cortex in the frontal lobe and is concerned
with forward planning and the control of other brain regions.
This slice, right at the front of the brain, also reveals other
features of the skull, including the eyes, nasal cavity, maxillary
sinus, and tongue.



Frontal-polar cortex

Orbitofrontal
gyrus

Olfactory bulb

Optic nerve

Tongue

THE FRONTAL LOBE

The frontal lobe, of which the prefrontal cortex is the
front part, is the largest of the brain’s lobes and the latest
to evolve. The frontal lobe is devoted to the control of
action—precise control of muscles at the back, high-level
planning at the front. In this slice, the optic nerve can also
be seen carrying visual information from the eye to the brain.

Nasal septum
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Superior frontal
gyrus

Middle frontal gyrus

Inferior frontal gyrus

Orbitofrontal gyrus

Optic nerve

Nasal septum
Temporalis

muscle

Masseter muscle
Tongue

THE CORTEX

The cortex, which appears on these scans as yellow lines,
is heavily folded, creating a large surface area. The major
ingoing folds (sulci, singular sulcus) are used as landmarks to
define brain regions. The bulges between the ingoing folds are
known as gyri (singular, gyrus). The major components of the
frontal lobe are the superior, middle, and inferior frontal gyri.




Superior
frontal gyrus

Middle frontal
gyrus

Inferior frontal
gyrus

Orbitofrontal
gyrus

Temporalis

muscle
Nasal septum

Tongue

THE ORBITOFRONTAL GYRI

The orbitofrontal gyri, located at the bottom of the
brain, receive signals about smell and taste. Like the rest
of the prefrontal cortex, this area is concerned with
predicting the future, but specializes in predictions about
rewards and punishments and therefore emotions. This
area is connected with the amygdala (see slice 9, p.24).

Masseter muscle
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Anterior cingulate
cortex

THE ANTERIOR CINGULATE CORTEX

Here we see the beginning of the anterior cingulate
cortex, which lies between the two hemispheres. This
sits alongside the limbic system. It is involved in linking
emotions to actions and predicting the consequences
of actions. The back part of the anterior cingulate cortex
has direct connections with the motor system.

Superior frontal

gyrus

Middle frontal gyrus

Inferior frontal gyrus

Orbitofrontal gyrus



Superior frontal

gyrus

Anterior cingulate
cortex

Middle frontal gyrus

Lateral ventrical

Inferior frontal gyrus

Temporal

Orbitofrontal
lobe __|

gyrus

Middle temporal
gyrus

Fusiform gyrus

THE TEMPORAL LOBES

In this slice, the temporal lobes come into view for
the first time. At the very front of the temporal lobes (the
temporal poles), knowledge acquired from all the senses
is combined, along with emotional tone. We can also see
the lateral ventricles in the middle of the slice. These are parts
of a system of fluid-filled spaces in the middle of the brain.
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Superior frontal
gyrus

Middle frontal
gyrus

Anterior cingulate
cortex

Corpus callosum

Inferior frontal
gyrus

Head of caudate

Lateral ventrical

Insula

Superior temporal

Putamen gyrus
Optic chiasm
Middle temporal
gyrus
Nucleus
accumbens

Inferior temporal
gyrus

Fusiform gyrus

THE INSULA

The insula is a fold of cortex hidden deep in the brain
between the frontal and temporal lobes. Signals about the
internal state of the body—such as heart rate, temperature,
and pain—are received here. Also visible in this slice is the
corpus callosum, the band of nerve fibers that joins the
brain’s left and right hemispheres.




Superior frontal
gyrus

Middle frontal
gyrus

Anterior cingulate
cortex

Corpus callosum

Inferior frontal

Head of caudate gyrus

Lateral ventrical
Internal capsule

Third ventrical
Insula

Superior temporal

Putamen gyrus

External globus

pallidus
Middle temporal
gyrus

Internal glqbus Amygdala
pallidus

Hippocampus

Inferior temporal
gyrus

Fusiform gyrus

THE BASAL GANGLIA

Located in the middle of the brain, the basal ganglia
include the caudate, putamen, and globus pallidus. Also known
as nuclei, ganglia are clumps of gray matter (or nerve-cell
bodies) surrounded by white matter. The basal ganglia are
linked to the cortex, the thalamus, and the brainstem and
are concerned with motor control and decision making.
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Superior frontal

gyrus

Middle frontal
gyrus

Anterior cingulate
cortex

Corpus callosum

Inferior frontal

Head of caudate gyrus

Lateral ventrical
Internal capsule

Third ventrical

Insula

Superior temporal

Putamen
gyrus

External globus
pallidus
Middle temporal

gyrus

Internal globus Amygdala

pallidus
Hippocampus

Inferior temporal
gyrus

Fusiform gyrus

THE AMYGDALA AND HIPPOCAMPUS

This slice includes the amygdala and the front part
of the hippocampus. Both structures lie in the inner part
of the temporal lobe. The amygdala is involved in learning
to approach or avoid things and hence with emotion. The
hippocampus has a critical role in spatial navigation and
memory of past experiences, including routes between places.




Superior frontal
gyrus

Middle frontal

gyrus

Anterior cingulate
cortex
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Corpus callosum

Inferior frontal

Head of caudate gyrus

Lateral ventrical
Internal capsule

Third ventrical

Insula

Superior temporal
gyrus

Putamen

Middle temporal
gyrus

External globus
pallidus

Inferior temporal
gyrus

Amygdala

Internal globus
pallidus

Temporal horn of

Hippocampus
lateral ventrical

Fusiform gyrus

Pons

Ear

1 BROCA'S AREA

Here we approach the back of the frontal lobe.
The bottom of the inferior frontal gyrus in the left
hemisphere, just above the insula, contains Broca's area,
which has a critical role in speech and language. At the
bottom of the slice, we see the front of the brainstem,
the pons, which joins the brain to the spinal cord.
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Anterior cingulate
cortex

Precentral gyrus

Thalamus

Putamen

Body of fornix

1 THE THALAMUS

This slice includes the thalamus, which lies between
the cerebrum and the brainstem. A complex structure, the
thalamus is made up of more than 20 nuclei (see p.60).
The thalamus acts as a relay station, taking in information
from all of the senses (except smell) and sending them
on to different parts of the cerebral cortex.

Superior frontal
gyrus

Middle frontal
gyrus

Corpus callosum

Inferior frontal
gyrus

Lateral
ventrical

Third ventrical
Insula

Superior
temporal gyrus

Middle
temporal gyrus

yrt 0
- .
. Inferior temporal

» 'Wr- = gyiids
- SN Hippocampus

L
*
-
$ 4 Fusiform gyrus

Ear

Pyramidal tract



Superior frontal gyrus

Middle frontal gyrus

Anterior cingulate
cortex
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Corpus callosum

Lateral
ventrical

Precentral gyrus

Thalamus
Third

ventrical

Insula

Superior

Putamen temporal gyrus

Middle temporal
gyrus

Temporal horn of

Body of fornix lateral ventrical

Inferior temporal
gyrus

Hippocampus
Pons

Cerebellum Fusiform gyrus

Ear

Pyramidal tract

1 THE BRAINSTEM

The brainstem (in green) joins the brain to the spinal
cord and contains a number of structures such as the pons.
The brainstem has a special role in the control of basic body
functions, including the control of heart rate and breathing.
It also relays signals from the brain to the muscles and from
senses in all parts of the body to the brain.
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gyrus
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Middle frontal

gyrus
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Superior temporal
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gyrus

Temporal horn of
lateral ventrical

Inferior temporal
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Entorhinal cortex

Fusiform gyrus

Cerebellum

1 THE PARIETAL LOBE

The parietal lobe includes the supramarginal gyrus and
the angular gyrus (see slices 14-20, pp.29-35). The parietal lobe
integrates signals from many of the senses (including visual
information that arrives via the dorsal route, see pp.84-85)
to estimate the position of the body and the limbs in space.
This information is critical when we reach for and grasp objects.




Posterior cingulate
cortex

Precentral

gyrus

Postcentral
gyrus

Supramarginal
gyrus

Cerebellum

1 THE PRECENTRAL AND POSTCENTRAL GYRUS

The last part of the frontal cortex is the precentral gyrus.
This contains the motor strip, where different regions send
signals to control different parts of the body. The immediately
adjacent part of the parietal cortex (the postcentral gyrus)
has a corresponding sensory strip, where sensory signals are
received from different parts of the body.

Superior frontal
gyrus

Middle frontal
gyrus

Corpus callosum

Lateral ventrical

Superior temporal
gyrus

Middle temporal
gyrus

Inferior temporal
gyrus

Vermis
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Posterior
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Precentral
gyrus
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Supramarginal
gyrus

Lateral ventrical

Superior
temporal gyrus

Middle temporal
gyrus

Inferior temporal
gyrus

Vermis .
Fusiform gyrus

Cerebellum

1 THE PRIMARY AUDITORY CORTEX

The primary auditory cortex, where signals from the
ears reach the cortex via the thalamus, lies along the very
top of the superior temporal gyrus, in the fissure between
the temporal lobe and the parietal lobe. Adjacent to the
primary auditory cortex is Wernicke's area, where incoming
sounds are turned into words.




Precentral
gyrus

Postcentral
gyrus

Posterior cingulate
cortex

Lateral

Supramarginal ventrical

gyrus

Middle temporal
gyrus

Occipital gyrus

Inferior temporal
gyrus

Vermis

Fusiform gyrus

Cerebellum

1 THE FUSIFORM GYRUS

The inferior temporal gyrus and the fusiform gyrus
at the bottom of the temporal lobe are two areas concerned
with recognition of objects. Part of the fusiform gyrus, known
as the face-recognition area, is specialized for recognizing faces.
It not only identifies facial features but also scrutinizes them
for meaning, so it plays an important part in social interaction.
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Posterior
cingulate cortex

Supramarginal
gyrus

Occipital gyrus

Cerebellum

Postcentral
gyrus

1 THE CEREBELLUM

The cerebellum (colored light blue) is the highly
convoluted “little brain” that sits at the back and below
the main brain (also known as the cerebrum). The cerebellum
is concerned with fine motor control and the timing of
movements. There are many connections between the
cerebellum and the motor cortex.

Lateral ventrical

Middle temporal
gyrus

Inferior temporal
gyrus
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Cerebellum

1 THE OCCIPITAL LOBE

The occipital lobe is concerned with vision. In the
forward-most areas, signals from the primary visual cortex
(see slice 20, p.35) are analyzed in terms of features such as
shape and color. This information is then sent forward to the
inferior temporal cortex (see slice 16, p.31), along a pathway
called the ventral route, and used for object recognition.
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Superior
parietal lobule

Occipital gyrus

Cerebellum

Postcentral
gyrus

1 THE PRECUNEUS AND THE POSTERIOR
CINGULATE CORTEX

The precuneus in the back part of the parietal lobe and

posterior cingulate cortex (see slice 17, p.32) lie between

the two hemispheres. These remain some of the more

mysterious regions of the brain. They probably have a role

in memory, especially memories about the self.

Precuneus

Angular gyrus

Lateral ventrical



Precuneus

Superior
parietal lobule

@
uneus Angular gyrus

Occipital gyrus

Cerebellum . )
Primary visual cortex

2 THE PRIMARY VISUAL CORTEX

The primary visual cortex is right at the back of the
brain and lies mostly on the inside of the two hemispheres.
This is the first point in the cortex where signals arrive from
the eyes via the thalamus. These signals are retinotopically
mapped—that is, a signal from a particular point on the retina
is sent to a corresponding point on the primary visual cortex.
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THE HUMAN BRAIN KEEPS US PRIMED TO RESPOND TO THE
WORLD AROUND US. IT IS AT THE HUB OF A VAST AND
COMPLEX COMMUNICATIONS NETWORK THAT CONSTANTLY
SEEKS AND COLLECTS INFORMATION FROM THE REST OF THE
BODY AND THE OUTSIDE WORLD. AS THE BRAIN INTERPRETS
THIS INFORMATION, IT GENERATES EXPERIENCES—SIGHTS
AND SOUNDS, EMOTIONS AND THOUGHTS. BUT ITS PRIMARY
FUNCTION IS TO PRODUCE CHANGES IN THE BODY. THESE
INCLUDE LIFE-SUSTAINING BASICS SUCH AS THE REGULAR
CONTRACTIONS OF THE HEART THROUGH TO THE COMPLEX
ACTIONS THAT CONSTITUTE BEHAVIOR.



THE BRAIN AND 3

THE BODY §*
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:| BRAIN FUNCTIONS HOW THE BRAIN DOES IT

E No one knows exactly how electrical activity turns into experience.

2 THE PRIMARY TASK OF THE BRAIN IS TO HELP MAINTAIN THE That remains a famously hard problem, which has yet to be cracked

s WHOLE BODY IN AN OPTIMAL STATE RELATIVE TO THE (see p.179). However, much is now known about the brain processes
5 ENVIRONMENT, IN ORDER TO MAXIMIZE THE CHANCES OF that turn incoming information into the various components of

= SURVIVAL. THE BRAIN DOES THIS BY REGISTERING STIMULI subjective experience, such as thoughts or emotions. Much depends on
_ AND THEN RESPONDING BY GENERATING ACTIONS. IN THE where the information comes from. Each sense organ is specialized to
> PROCESS, IT ALSO GENERATES SUBJECTIVE EXPERIENCE. deal with a different type of stimulus—the eyes are sensitive to light,
o the ears to sound waves, and so on. The sense organs respond to these
z stimuli in much the same way—they generate electrical signals, which
= WHAT THE BRAIN DOES are sent on for further processing. But the information from each organ
o The brain receives a constant stream of information is sent to a different part of the

< as electrical impulses from neurons in the sense brain, and then processed along

Z organs. The first thing it does is determine whether a different neural pathway.

é the information warrants attention. If it is irrelevant Where information is processed

- or just confirmation that everything is staying the therefore determines what sort

= same, it is allowed to fade away and we are not of experience it will generate.

conscious of it. But if it is novel or important,

the brain amplifies the signals, causing them to
ACTIONS

Certain brain areas are specialized
to produce body movement. Brainstem
modules control automatic internal
actions, such as the lung and chest
movements needed for breathing,
the beating of the heart, and the
constriction or dilation of blood vessels
to control blood pressure. In conscious
activities, the primary motor cortex
sends messages (via the cerebellum
and basal ganglia) to the muscles of
the limbs, trunk, and head to create
gross movements.

be represented in various regions. If this activity
is sustained for long enough, it will result in a

conscious experience. In some
THE BRAIN AND BODY
The brain and spinal cord
constitute the central
nervous system, which
is the body’s main control
center, responsible for
coordinating all of the
processes and movement
in the body.

cases, thoughts are taken one
step further, and the brain
instructs the body to act

on them, by sending signals
to the muscles to make

them contract.

KEY FEATURES OF THE BRAIN

FEATURE DESCRIPTION

Processing

I A The brain registers a vast amount of information. However, only
information

a very small amount of this is actually selected for processing to
the point at which it enters our consciousness and can be
reported. Experience that cannot be reported is not conscious.
Unconscious brain processing nevertheless guides and
sometimes initiates actions (see p.116 and p.191).

Sending signals The brain consists of about 1000 billon cells. Roughly 10 percent

are specialized electrical cells called neurons, which send signals
to one another; this signal transmission makes brain function
different from any other bodily process. Although the signals are

Modules and
connections

Individuality

Plasticity

electrical, the mode of transmission between cells is chemical—
the signals are passed on by substances called neurotransmitters.

The brain is modular—different parts do different things. The
modules are densely interconnected, however, and none works
without the support of many others (and the rest of the body).
Generally, lower-level functions, such as registering sensations,
are strongly localized, but higher-level functions, such as memory
and language, result from interconnections between brain areas.

The basic “blueprint” of the brain is dictated by our genes. As
with any other body feature, brains share a basic anatomy, but
each one is also unique. Even identical twins have visibly different
brains, right from the time they are born, because the brain is
exquisitely sensitive to its environment. The differences between
individual brains result in each person having a unique personality.

Brain tissue can be “strengthened” and built up like a muscle,
according to how much it is exercised. So, if a person learns and
practices a skill, such as playing a musical instrument or doing
mathematics, the part of the brain concerned with that task will
grow physically bigger. It also becomes more efficient and
enables the person to perform the task more skillfully.

MEMORIES

Some of the experiences we
have change brain cells in such a

way that the pattern of neural activity
that produced the original experience
can be replicated later in time.

This process gives rise to recall, or
memory, which enables us to use
past experiences as a guide to how
to behave in the present.

LANGUAGE

Language involves both
producing speech and analyzing
what others say to understand

the meaning. It depends on the
brain’s ability to link objects

with abstract symbols and then to
convey the symbols—and thus the
ideas they represent—to others via
words. In addition to facilitating
communication between people,
language enables individuals to
reflect on their own ideas.




EMOTIONS o
Certain stimuli (including BRAIN FACTS :
some thoughts and imaginings) =
cause changes in the body by (A=t z
activating areas in the limbic system, 2
especially the amygdala. Conscious Z
“feelings” occur when signals from " Structure The brain is highly compact. If you ')
the limbic system are sent on to p " smoothed out all the wrinkles in the :'
"association areas” in the prefronta| . A 7 AP : = cortex, the brain would cover an area (o]
cortex that support consciousness. - oy yu of about 2/ square ft (2,300 square cm). '.Zn
Eigﬁegdasgzliii(;eSsoeat&i ;:Zycgeisailr?g Connectivity The brain has around 100 billion neurons. —
emeifensl InErmeen. beeuEs the There are more potential connections o
! - G between the neurons than there are T

prefrontal cortex only matures when y oo e o o Sl atoms in the universe. -
a person reaches their late 20s. i e : ®
R T NG : i Y A fetus grows neurons at the rate of 3

& g : s : . 250,000 a minute. A person is born with >

—e-.g\\\?w‘ oy ; i &N N nearly all the neurons of an adult, but zZ

it the neural networks are not mature yet. >

z

Signaling speed Information travels at different speeds O

within different types of neurons. —

Transmission speeds range from 3 to T

330 feet/sec (1 to 100 meters/sec). [

o]

zing the The claim that we only use 10 percent of 8

whole brain our brains is false—we use all of it. Some <

complex functions, such as memory,
involve many areas at once.

Regeneration You do not “lose” brain cells as you age,
although some functions may decline.
You can maintain the networks or even
form new ones by exercising your brain.

Pain-free

Brain tissue has no pain receptors, so
zone

despite the fact it registers pain from all
parts of the body, it does not actually
feel pain itself.

SENSATIONS
Information from the environment enters

the brain via the different sense organs and is
transmitted to specific areas of the cerebral cortex
called the primary sensory areas. This information
includes some input from the body itself. In the
absence of external stimuli, the sensory areas
continue to be active and are thought to generate
the experiences that we know as dreams,
hallucinations, and imagination.

PERCEPTIONS

Most of the time we are
receiving information from many
sensory areas at once, as with the
combination of auditory and visual
signals at a fireworks display. These
signals may be communicated to

J association areas, which bind all of
THOUGHTS S Fhis inforlr‘nation t”ovgether. If these
items of “bound” information
become conscious, they form

what is known as a multisensory
perception. There is a great deal
of current neuroscientific research
on how the binding process formsa

| The brain uses sensations, perceptions,

and emotions to generate action plans.
Some of the plans give rise to internalized
brain activity, or thoughts. “Inner speech,”
for example, is actually generated by the ) .
motor areas, but has no visible sign. Some 5. it¥w e e L9 b nificd perception, because
activity occurs in the hippocampus, which : it is still not fully understood.
we experience as recollection.
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THE BRAIN AND THE NERVOUS SYSTEM

brainstem

THE BRAIN SITS AT THE TOP OF THE BODY, DIRECTING AND COORDINATING ALL EXTENT OF THE SPINAL CORD
ACTION AND ACTIVITY THROUGHOUT ITS ENTIRETY. IT DOES SO VIA THE SPINAL The spinal cord extends from the

brainstem down to the first lumbar

CORD, AND THE NERVES THAT STEM FROM IT AT VARIOUS POINTS ALONG ITS vertebra, where it forms a flament,
LENGTH AND BRANCH OUT INTO A NETWORK THAT SPANS THE WHOLE BODY. known as the filum terminale, that

extends to the coccyx.

THE SPINAL CORD

The spinal cord carries information to and from the brain and all parts SPINAL CORD ANATOMY spinal cord
The core of the spinal cord is gray matter, which
is composed of nerve cells (neurons). The outer '
signals that travel along the spinal cord are known as nerve impulses. layer of white matter insulates the long fibers terminale
(axons) that extend from the nerve cells.

of the body except the head, which is served by the cranial nerves. The

filum

The cord itself comprises a bundle of nerve fibers, which are the long

THE BRAIN AND THE NERVOUS SYSTEM

projections of nerve cells. They extend from the base of the brain to the
Nerve fibers
Bundles of nerve fibers carry signals to and from

lower region of the spine. The cord is roughly the width of a pencil,

tapering at its base to a narrow bunch of fibers. Data from the sensory spinal cord and specific areas of the brain
organs in different parts of the body is collected via . )
. ) ] White matter coceyx _——
the spinal nerves and transmitted along the spinal
Gray matter lumbar region

cord to the brain. The spinal cord also sends motor
Central canal

Filled with cerebrospinal fluid,
which provides nourishment

information, such as movement commands,
from the brain out to the body, again transmitted
via the spinal nerve network.

Spinal nerve E i .
Carries both sensory

and motor information = -
between brain and body —— o
Anterior fissure | E
Deep groove along front of \ 4 4 ’ Sensory root Sensory nerve root

THE BRAIN AND THE BODY

spinal cord ganglion Nerve splits into
Cluster of nerve rootlets that enter
cell bodies on spinal cord at rear,
each spinal nerve; carrying incoming
partially processes  signals about touch
incoming signals  sensations to brain

Spinal nerve
root Spinal nerve Motor nerve rootlet
Individual nerve fiber
that emerges from front
of spinal cord; carries
signals to muscles

Subarachnoid space
HOW SPINAL NERVES ATTACH

There are gaps in the vertebrae of Meninges

the backbone through which spinal Pia mater Three layers of

nerves enter the spinal cord. The connective tissues

nerves divide into spinal nerve Arachnoid that protect spinal

roots, each made up of tiny FRONT OF BODY cord; cerebrospinal
:g‘;':(OF rootlets that enter the back and Dura mater fluid fills space

Vertebra front parts of the cord. under middle layer

SPINAL REGIONS
Each of the 31 pairs of nerves belong

to one of four spinal regions— DERMATOMES ;::;

SPINAL NERVES

There are 31 pairs of spinal

nerves. These branch out from cervical, thoracic, lumbar, or sacral.

the spinal cord, dividing and Cervical region Spinal nerves contain a special fiber, ) A

oo N Eight pairs of cervical nerves the dorsal root, that sends sensory =%
subdividing to form a network serve chest, head, neck, information from the skin to the r w
connecting the spinal cord to shoulders, arms, and hands brain. All but one pair of spinal -
every part of the body. The spinal . ) nerves serves a specific area of the

i ion £ - Thoracic region body, or dermatome. Nerve fibers in '
fierves carry 1n (:im;latllc)md rom L ‘ lifnae'rcst?Zt:crsgﬁgzg’szmmal contact with skin receptors join up \ '
receptors around the body to the N muscles and intercostal muscles along the network of fibers in one ‘
spinal cord. From here the /| SRR dermatome to form the relevant
information passes to the brain Y \ | Lumbar region dorsal root, which enters the spinal s K o

) ) i Five pairs of lumbar nerves cord and conveys sensory impulses

for processing. Spinal nerves also i TR form network to serve lower from that dermatome to the brain.
transmit motor information from '\ abdomen, thighs, and legs
the brain to the body’s muscles ' Sacral reai e

d oland that the brain’ ) AN acral region This map shows the 30 giermatomes
and glands so tha e brains N Six pairs of sacral nerves of the body. Each zone is served by
instructions can 'I' mnA f{nirm\ connect to le_gs’ feet, and a corresponding pair of spinal nerves. A 8

It LA R\ anal and genital areas P TR

be carried out swiftly.




CRANIAL NERVES

There are 12 pairs of cranial nerves that are linked directly
to the brain and do not enter the spinal cord. They allow
sensory information to pass from the organs of the head,
such as the eyes and ears, to the brain and also convey
motor information from the brain to these organs—for

example, directions for moving the mouth and lips in

Optic nerve (ll, sensory)

Visual information from retina is conveyed

to brain by optic nerve at back of eye; optic
nerves from both eyes meet at point known
as optic chiasm, then signals from both visual
fields are sent to opposite sides of brain

speech. The cranial nerves are named for the body part Oculomotor, trochlear,
and abducens nerves
(11, 1V, VI, motor)
Three nerves regulating
voluntary movements

of eye muscles, allowing
movement of eyeball
and eyelids; oculomotor
nerve also allows for
pupil constriction

they serve, such as the optic nerve for the eyes, and are also
assigned Roman numerals, following anatomical convention.

Olfactory nerve
(I, sensory)

Smell molecules in
nasal cavity trigger
nerve impulses that

INILSAS SNOAY3IN IHL ANV NIVig IHL
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pass along this I
nerve to olfactory m
bulb, then on to w
limbic areas (see §
pp.64-65) of brain =
b4
>
Z
O
_|
T
m
w
o
O
\ <
Vil
Vestibulocochlear nerve
Trigeminal nerve (VIII, sensory) '
(V, two sensory and one mixed branch) Vestibular braqch of thlls
Ophthalmic and maxillary branches of nerve collects information
this nerve convey signals from eyes, teeth, frqm inner ear about head
and face, and other sensory fibers carry orientation and b_alance;
impulses from lower jaw; motor fibers cochlear brarjch is
control muscles involved with chewing concerned with sound and
hearing signals from ear
\l

\ ] § ¥ —
B s A, Wi s i Sk g 5

Facial nerve (VII, mixed)
Sensory fibers collect information from

I h l and h I I
taste buds at front two-thirds of tongue; Glossopharyngeal and hypoglossa

nerves (IX, XIl, both mixed)

motor fibers are predominantly responsible
for muscle movements controlling facial
expression and also function of salivary gland
and lacrimal gland, which secretes tears and
lubricates the surface of the eye and
conjunctiva of the eyelid

CRANIAL NERVE CONNECTIONS

The cranial nerves | and Il connect to the
cerebrum, while cranial nerves lll to XII
connect to the brainstem. The fibers of
sensory cranial nerves each project from a
cell body that is located outside the brain
itself, in sensory ganglia or elsewhere
along the trunks of sensory nerves.

Spinal accessory
nerve (XI, mixed)
Motor functions
responsible for
muscles and
movements of
head, neck, and
shoulders; also
stimulates muscles
of larynx and
pharynx, which

are involved in
swallowing; sensory

' functions unknown

Motor fibers of these nerves control

most of the muscles involved with tongue
movement and swallowing; sensory fibers
convey information on taste, touch, and
temperature from tongue and pharynx
and can trigger gag reflex if stimulated

Vagus nerve (X, mixed)

Longest and most branched of all cranial
nerves, with autonomic, sensory, and
motor fibers; serves lower part of head,
throat, neck, chest, and abdomen, and
plays role in many functions, including
swallowing, breathing, heartbeat, and
production of stomach acid




BRAIN SIZE, ENERGY USE, AND PROTECTION

THE BRAIN AND THE BODY

BRAIN SIZE, ENERGY USE, AND PROTECTION

THE BRAIN ACCOUNTS FOR AROUND 2 PERCENT OF TOTAL BODY WEIGHT, BUT CONSUMES
A DISPROPORTIONATE AMOUNT OF FUEL TO SUPPORT ITS MANY ACTIVITIES. IT HAS SEVERAL
FORMS OF PROTECTION—THE LAYERS OF MEMBRANE SURROUNDING IT, A BONY SKULL,

LENGTH, WIDTH,
- AND HEIGHT

AND FLUID PRODUCED IN ITS CHAMBERS (VENTRICLES) TO ABSORB THE IMPACT OF SHOCKS.

WEIGHT AND VOLUME

The average adult human brain weighs about 3'%41b (1.5kg).

Its volume and shape are similar to those of an average-sized
cauliflower, and the consistency of its tissues is similar to stiff

jelly. The size of a person’s brain bears little relation to his or her
intelligence, and every brain, whatever its weight and volume, has
roughly the same number of neurons and synapses. After the age

of 20 or so, brain mass decreases by about 520z (1g) per year. New
neurons are made throughout life, but not enough to replace those
that die off with age. This is generally no cause for concern, as there
are plenty of neurons left to carry out the brain’s functions.
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BRAIN WEIGHT

The brain's weight increases from birth and reaches its maximum during adolescence. The
number of neurons is fixed in infancy but, as the body grows, they grow in size and form

new connections. The male brain is consistently heavier than the female brain from birth.

BRAIN WEIGHT AS A %
OF BODY WEIGHT

il e
0 10 20 30 40 50 60 70 80
AGE (IN YEARS)
BRAIN WEIGHT AND BODY WEIGHT KEY
This graph shows brain weight as a percentage of total body weight FEMALE
over the course of a lifetime. Proportionally, a baby’s brain is around MALE

six times larger than an adult’s. Despite being lighter than the male
brain overall, the female brain after the age of 13 is actually heavier
than the male brain as a proportion of the entire body’s weight.

' y ‘\&ﬁ;_ . b i
BRAIN VOLUME AND LIFESTYLE

A recent study linked alcohol consumption to brain
shrinkage. Participants disclosed their drinking habits and
MRI scanning was used to measure each person’s ratio of
brain volume to skull size. It was found that abstainers had
greater brain volumes than former drinkers, light drinkers,
moderate drinkers, or heavy drinkers. On average,
abstainers had 1.6 percent greater brain volume than
heavy drinkers. Interestingly, the effects were most marked
among elderly women. In another study, participants
between the ages of 60 and 79 took up either regular
aerobic exercise or toning and stretching exercises for six
months. MRl scans of each participant taken both before
and after the six-month period showed an increase in the
brain volumes of those doing aerobic exercise, suggesting
that aerobic exercise can help maintain the health of the
brain in older adults.

80% brain tissue

BRAIN OF A NORMAL MALE

The brain is housed within the
intracranial cavity, so measurements
of the skull effectively relate to the
size of the brain. The actual length,
width, and height of an individual
human brain can be measured using
MRI scanning. There is considerable
variation in the size of the adult
human brain, but the average
dimensions are given against the
diagrams below. Bear in mind that,
because of the numerous complex
folds within the cerebrum, the brain
has a much larger surface area than
is apparent from its overall shape.

% OF INTRACRANIAL CONTENT

10% blood
10% CSF
6"; IN (167MM)

INTRACRANIAL CONTENT ! ) '
Brain tissue comprises gray and white 552
matter, which consist of neurons and
supporting glial cells respectively. A series
of ventricles is filled with cerebrospinal §
fluid (CSF) and the brain is also richly
supplied with blood vessels.

77-78% water

5% IN (140MM)

10-12% |Ip|dS I |

(fatty molecules) ‘ - .
8% protein i ] St
2% soluble organic - S0 A\
substances Y 4 )i
1% carbohydrate " 2 <l }
1% inorganic salts A 27

COMPOSITION OF THE BRAIN

The brain consists mainly of water, which
occurs in the cytoplasm of neurons and glial
cells, as well as being a major constituent of
blood. The brain is also rich in lipids—fatty
molecules that make up cell membranes.

LEFT HEMISPHERE | |

% COMPOSITION OF THE BRAIN

(ININES) NI ZAE

BRAIN OF AN ALCOHOLIC

cerebellar
degeneration

ALCOHOLISM AND BRAIN ATROPHY
Alcoholism can lead to cerebellar degeneration as
shown above. The low quality of the scan was due
to the man’s withdrawal symptoms, preventing him
from sitting still.



OXYGEN AND GLUCOSE SUPPLY

Glucose is the brain’s sole fuel, except under
conditions of starvation, when it breaks down
protein. The brain is by far the body’s
hungriest organ. Although it accounts
for just 2 percent of the body’s
weight, it requires a staggering 20
percent of its total glucose supplies.
This is obtained from dietary
carbohydrate, which is transported
to the brain via the bloodstream.

[t consumes roughly 40z (120g) of
glucose (about 420kcal) per day.
Because the brain cannot store
glucose, it must be readily
available at all times via the

blood supply. Without oxygen

or glucose, the brain can last

for only about 10 minutes before
irreparable damage occurs. This is
why prompt resuscitation is needed
in cases of cardiac arrest.

Posterior cerebral artery

Anterior
communicating
artery

Optic nerve

Anterior
cerebral artery

Internal
carotid artery

THE CIRCLE OF WILLISZThe

angiogram above and the
illustration to the left show

the Circle of Willis, a ring

of communicating arteries
encircling the base of the brain.
It provides the brain with supply
routes for glucose and oxygen.
If one route becomes blocked,
another one compensates for it.

Superior
cerebellar artery

Labyrinthine artery

Anterior inferior cerebellar artery Basilar artery /
Anterior spinal artery Vertebral artery h -~ = }

PROTECTING THE BRAIN CEREBROSPINAL FLUID FLOW Site of reabsorption
The brain has several defense mechanisms to Brain tissue floats in cerebrospinal fluid (CSF) within the Aﬁer(?rr:;mz:rg:igﬂ::;::?q,
protect it from damage. The bony skull acts as skull. CSF absorbs shocks from blows to the brain. It is It:foﬂtiféﬁ;gjlzer‘:;biﬁ::f;h
a box, containing the brain and buffering it produced in a series of connected chambers within the tiny arachnoid granulations
against blows. The meninges are three layers brain known as the ventricles, and is renewed four to five l(syrzjre;“izsr‘:‘e’mntgzsai;atzh:hczd
of membranes that line the skull, enclosing the times per day. It contains proteins and glucose to nourish sagittal sinus).
brain and providing extra layers of protection brain cells, as well as white blood cells to protect
between the skull and the brain. Cerebrospinal against infection. It moves through the S

fluid circulates within the brain, nourishing brain
tissue and working as a shock absorber to reduce
the impact of knocks.

Blood
Cerebrum vessel

Arachnoid THE MENINGES

The outermost layer, the dura mater,
contains blood vessels; the arachnoid
consists of connective tissue; and the
pia mater lines the brain’s contours.

Dura mater

Pia mater

ventricles, propelled by the pulsation
of the cerebral arteries.

Sagittal sinus Y

Lateral ventricle ¢

Dura matter

Site of fluid production g %A
(choroid plexus)
CSF is produced in the clusters
of thin-walled capillaries (the
choroid plexus) that line the
walls of the ventricles.

Direction of flow
CSF flows from the lateral

ventricles into the third and fourth Third ventricle
ventricles. It then continues up

the back of the brain, down Fourth ventricle

around the spinal cord, and to

the front of the brain, as indicated Cerebellum

by the arrows.
Spinal cord

Central canal
Circulation around spinal cord
Helped by vertebral movement,
fluid travels downward along the back
of the spinal cord, into the central canal,
and upward along the front of the cord.
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CIRCLE OF WILLIS
The major arteries
of the brain can be
seen in this MRI scan.
They include the Circle
of Willis (below center)
at the base of the
brain, where arteries
from the neck meet
before branching.




OXYGEN SUPPLY
This arteriograph
shows arteries carrying
oxygen-rich blood

to the brain. The
arrangement of the
arteries allows blood to
be supplied by another
route if one of the
pathways is blocked.




EVOLUTION

THE BRAIN AND THE BODY

EVOLUTION

BRAINS EVOLVED TO ENABLE ANIMALS TO RESPOND TO ENVIRONMENTAL CHANGES.
THE HUMAN BRAIN HAS EVOLVED TO ITS PRESENT COMPLEXITY THROUGH SEVERAL
STAGES, MANY OF WHICH ARE COMMON TO ALL ANIMALS. ITS ORIGINS CAN BE SEEN
IN THE BRAINS OF OTHER SPECIES, IN WHICH MORE PRIMITIVE STRUCTURES REMAIN.

EVOLUTION OF THE INVERTEBRATE BRAIN

All animals have to respond to changes in their internal and external environment in
order to survive. To do this, they have evolved cells that are sensitive to stimuli such

as light and to vibrations. The sensory cells are, in turn, connected to other cells that
can move the organism or change its state in response to the stimulus. This system of
interconnected nervous tissue is a crude form of brain. In invertebrates, such as worms,

the nervous system is distributed throughout the creature’s
body, as a loose network of reactive fibers. Some of these
networks contain small masses of nerves, known as ganglia.
These are the forerunners of the structures that, in some
species, have become the central nervous system or brain.

Oesophagus

Ventral nerve cord

EARTHWORM BRAIN
The earthworm has a crude brain, the
cerebral ganglion, which is connected

Ganglia to a cord of nervous tissue (the ventral

PRIMITIVE NERVOUS SYSTEM
The simplest system, as seen in this
hydra (a tiny aquatic invertebrate),
consists of a loose network of
sensory cells with clumps of
interconnected cells called ganglia.

nerve cord) that runs the length of

its body. Nerve fibers from the cord
extend into each segment, so muscle
contraction along the body can be
coordinated to produce movement
in response to stimuli.

EVOLUTION OF THE VERTEBRATE BRAIN

Through the course of evolution, the brain has undergone
considerable changes. Compared to the primitive nervous
systems of invertebrates, the brain of vertebrates is a
well-developed, highly interconnected organ. The central
nervous system is connected to the rest of the body by a
peripheral nervous system that includes the fibers running
to and from the sensory organs. The basic vertebrate
brain—also sometimes referred to as the “reptilian brain”™—

FISH AMPHIBIANS

A fish’s cerebrum receives sensory signals from the The amphibian brain resembles the fish brain except
sense organs and combines them with information that the cerebrum is roofed over with nervous tissue.
from the internal organs and nerves to guide The main function of this region is to perceive smell,

action. Fish have a large cerebellum in order as reflected by the large olfactory bulb. The forebrain
to coordinate movement and gauge pressure. is much larger than the cerebellum.

consists of the cluster of nuclei that lies just above the
brainstem in humans. They include the modules that
produce arousal, sensation, and reaction to stimuli. It is
unlikely, however, that these nuclei alone are sufficient
to produce consciousness. This basic vertebrate brain
does not include more advanced features, such as the
limbic system or cerebral cortex, which exist only in
the brains of mammals.

REPTILES

KEY TO VERTEBRATE
BRAIN AREAS

Cerebellum

- Optic lobe

B Cerebrum
Pituitary gland

- Medulla

Il Offactory bulb

Modern reptiles show greater development in the
basal parts of the forebrain, and the cerebrum is
much larger than the optic lobe. The olfactory
bulb is large in comparison with the other
structures of the brain and is well developed.

TURTLE



HOMINID BRAINS

The brains of hominids (modern humans and their ancestors)

MAMMAL BRAINS

The mammalian brain comprises a cluster of structures that evolved on top ; ) ; A
underwent a surge of evolutionary changes that left them, in some

of the basic vertebrate brain, known as the limbic system, and a wrinkled ways, distinctly different even from their near relatives, such as

NOILNTOA3

covering called the cortex, which interconnects with the limbic structures chimpanzees and gorillas. The main distinction between human

and other mammalian brains is the size and density of the cortex,
and particularly of the frontal lobe, which is responsible for
complex thought, conscious judgement, and self-reflection. No

beneath. The limbic system is the part of the brain that produces emotions.
These are responses to stimuli that go beyond the basic “grab” or “avoid” reactions

in the vertebrate brain, and produce subtle and complex actions that are not 5 Memavis vty (3 v e cealbad 219 e @R oy e

always predictable. The limbic system also contains structures that encode been due to some change in diet forced by the environment, or
experiences as memories, to be recalled for use in guiding future actions. The the product of living in groups (see p.138) that depended on
emotional and memory faculties greatly increase the range and complexity of close interdependence for survival.

behavior that a mammal displays, because it is not governed purely by instinct. MODERN HUMANS

HOMO
NEANDERTHALENSIS

HOMO ERECTUS

AdOd9 IHL ANV NIVdg FHL

HOMO HABILIS

GORILLA

CHIMPANZEE

200 400 600 800 1000 1200 1400 1600

BRAIN VOLUME (CUBIC CENTIMETERS)

ELEPHANT HUMAN

BRAIN SIZE AND SHAPE

One striking aspect of
mammalian brain evolution is
the development of the cortex.
This outer layer has evolved to
serve the particular needs of
each species, and therefore
varies dramatically between

DOES SIZE MATTER?

The growth of the human brain
over the course of evolution is
thought to be the reason why we
are so dominant. However, size is
not the only factor that matters for
intelligence or survival—the way

WOLF

one animal and another. A few
mammals, such as humans,
elephants, and dolphins, have a
disproportionately large cortex
compared to most mammals.

DOLPHIN

CAT

brains are wired up may be more
important. Neanderthals had
bigger brains than humans, but
were less innovative and were finally
superseded by other hominids.

NEANDERTHAL SKULL

BIRDS

Birds' brains are similar to those of reptiles except
that the cerebellum is highly developed to control
balance and position in flight. Despite the size of
the olfactory bulb, most birds have a poor sense

of smell, with some exceptions, such as the kiwi.

THRUSH

MAMMALS

MAN

In mammals, the cerebellum is relatively small
compared to the forebrain. The cerebrum is covered
in wrinkled cortex; these wrinkles allow a greater
volume of cortex to fit into the skull, compared to

The human brain is completely dominated by the
cerebrum, and the cortex is intricately folded to
allow the maximum amount to be contained in
the skull. The cerebellum remains large and active,

the smooth surface of the reptilian brain.

however, to enable complex motor activity.




BRAIN ANATOMY IS HIDDEN, SECRET, AND MORE COMPLEX
THAN ANY OTHER PART OF THE BODY. THE BASIC BUILDING
BLOCK OF THE BRAIN IS THE CELL. SIGNALING CELLS KNOWN
AS NEURONS FORM LARGER STRUCTURES CALLED NUCLEI
THAT CARRY OUT PARTICULAR FUNCTIONS. THEY ALSO
CLUSTER TOGETHER TO FORM THE THICK, LAMINATED SHEET
OF GRAY MATTER FORMING THE COVERING OF THE BRAIN
CALLED THE CORTEX. DEEP FISSURES IN ITS SURFACE DIVIDE
THE BRAIN INTO TWO HALVES (THE HEMISPHERES), EACH WITH
FIVE LOBES. THESE MAJOR DIVISIONS “SPECIALIZE" IN
DIFFERENT TASKS, BUT ALSO INTERCONNECT AND INTERACT.



BRAIN

ANATOMY




BRAIN STRUCTURES

THE BRAIN HAS A COMPLEX AND MANY-LAYERED ANATOMY. PEELING BACK THE DOMINANT CEREBRAL
HEMISPHERES REVEALS A FURTHER SET OF STRUCTURES WITHIN. SOME ARE DISCRETE MASSES, SUCH AS
THE CEREBELLUM AND THALAMUS, WHILE OTHERS ARE ZONES OF NERVE FIBERS OR NERVE CELLS WITHIN
LARGER STRUCTURES, DISCERNIBLE ONLY BY MICROSCOPIC EXAMINATION.

BRAIN ANATOMY

h Corpus

f ‘! callosum

Putamen

Caudate
nucleus

;

hemisphere Amygdala

Cerebellum Hippocampus

EXPLODED HEAD

A whole head “exploded” sideways reveals the main brain
regions or divisions. The central brainstem stands up like
a fist on an arm, and the cerebrum wraps over and around
it, dominating it both physically and mentally. The next
largest structure after the cerebrum is the cerebellum

at the lower rear, comprising about ten percent of the
brain’s total volume. In common with standard anatomical
terminology, right and left refer to the owner rather than
the viewer. So here the right hemisphere of the cerebrum
is on the left of the picture.



THE BRAIN HIERARCHY

The brain’s major parts can be classified or categorized in several ways.
In all of these systems, the dominant part is the cerebrum, the large
pinky-gray wrinkled structure that forms more than three-quarters
of the brain’s total volume. The cerebrum is divided into left and
right hemispheres, which are linked by a “bridge” of nerve fibers, the
corpus callosum. The cerebrum, which includes the hippocampus and
amygdala, is also known as the telencephalon. Together with the parts

Left hemisphere

Thalamus
Fornix .
Interior globus

Hypothalamus pallidus

Exterior globus

Subthalamic pallidus

nucleus

Superior
colliculus

/a

J /'

Geniculate
nucleus

Midbrain

Trigeminal
nerve

Optic chiasm

Pituitary gland

Pons
Olive (rounded

| protrusion that contains
the olivary nuclei)

Pyramid (anterior medulla)

Medulla

Cervical spinal cord

(in neck)
\G\ Thoracic spinal cord

(in chest)

it wraps around—the thalamus, hypothalamus, and associated parts,
collectively known as the diencephalon—it comprises the major brain
“division” known as the forebrain (prosencephalon). Below the
forebrain is the midbrain (mesencephalon), a small division that
includes groups of nerve-cell bodies known as nuclei, such as the
basal ganglia. Below the midbrain is the hindbrain (rhombencephalon),
with the pons as its uppermost part, and beneath it the cerebellum

and the medulla, which tapers to merge with the spinal cord.

Occipital bone of skull

Foramen magnum (hole
for spinal cord)

Sphenoid bone of skull

Nasal cavity

Cervical vertebra
(neck backbone)

Maxilla (upper jaw
bone of skull)

Spinal nerve
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SCALP SKIN

The skin of the scalp has only
a thin underlying layer of
subcutaneous fat and the
hard skull is just beneath,

so it wounds relatively easily
and bleeds copiously.

BRAIN ANATOMY

SCALP NERVES

Many small peripheral nerves
branch through and under the
scalp skin from cranial nerves
II, Ill, and V. Even faint contact
registers, allowing us to react
quickly and avoid injury.

SKULL

The upper domed part of the
skull, called the neurocranium,
forms a “braincase” to shield
against knocks and jolts. This
function is aided by the
meninges (see p.56).

FRONTAL BONE

The neurocranium is composed of eight
bones. Most prominent is the frontal bone
under the forehead. The left and right parietals
are behind it, the occipital below them at the
lower rear, and the two temporals on the lower
sides. The sphenoid and ethmoid bones are
at the lower front, behind the nose area.

Gyrus
Sulcus
-
Right
thalamus
Internal globus
pallidus
/ External globus
~ 9

pallidus

- o e a -
‘-

-

Putamen

Caudate nucleus

Right cerebral
hemisphere

FACIAL BONES
Complicated in shape, the facial bones have
gaps (foramina) in them. Some allow cranial
nerves to pass from the brain within the
neurocranium, out to the nasal epithelium in
the nose cavity, the eyes in their sockets, the
inner ear, and other sensory parts. Blood
vessels have similar sets of skull foramina.




Fornix Pineal gland

Subthalamic nucleus

" -

Left thalamus

Midbrain

Mamillary body

Hypothalamus

Left olfactory tract
(cranial nerve 1)

LEFT AND RIGHT HEMISPHERES

CEREBELLUM

This name means “little brain,” referring to the pattern
of grooves and bulges on the cerebellar surface, which
reflects the external appearance of the cerebrum. The
cerebellum is connected to the brainstem immediately
in front of it by three pairs of thick, short, stalklike
extensions, called the cerebellar peduncles.

An overhead view of the “exploded” brain shows how the two cerebral hemispheres

can be neatly separated by cutting through the corpus callosum. Many other brain

structures are symmetrically paired in this way, such as the thalamus, which is

sometimes described as “two hen’s eggs sitting side by side.” The cerebellum at

the lower rear of the brain is accommodated within a bowl-like cavity of the skull
known as the posterior cranial fossa. The cranial nerves (numbered I to XII, see
p.43) enter the brain directly rather than connecting to the spinal cord.

CEREBRAL CORTEX

The thin grayish covering of
each cerebral hemisphere is
called the cerebral cortex. It has
a characteristic pattern of bulges
(gyri), shallower grooves (sulci),
and deeper ones (fissures).

AWOLVNY NIVYdg




BRAIN ZONES AND PARTITIONS

BRAIN ANATOMY

Dura mater and arachnoid

The outer two meninges are the tough,
strong dura mater attached to the inside
of the skull, and the blood-rich arachnoid

Scalp

Skull

Superior sagittal sinus
Around the brain’s midline is
a shallow groove containing
blood, which is part of the
venous return to heart

Subarachnoid space
This gap between the
arachnoid and pia
mater is filled

with cushioning
cerebrospinal fluid

Pia mater
Innermost meninx

o AECRE X

Corpus callosum
Main link between left and right cerebral
hemispheres is a highway of more than
200 million nerve fibers

Hypothalamus
Situated under the thalamus, as its name ‘

implies (“hypo” means “under”), the
sugar-cube-sized hypothalamus has many
important functions, including temperature
control and basic behavioral drives

Thalamus

Cerebellum Broccsscs and sands f‘ituitary glan::l
Responsible on sensory information Maste.r gland” of hormonal or
for balance to higher brain areas endocrine system hangs by a stalk

and posture from hypothalamus above
Pons

"Crossroads” area
consisting mainly of
nerve fibers

Neck

SLICED DOWN THE MIDDLE
vertebra

A medial sagittal section (a cut through the
brain from front to rear, exactly in the middle

Medulla or center line between the eyes) shows the
Regulates vital functions sliced corpus callosum and brainstem.
such as heartbeat and The left cerebral hemisphere and thalamus
respiration are off-center, so they remain unsectioned.

HORIZONTAL SAGITTAL MEDIAL

Spinal cord

Specific names are given to various sections or slices of the brain, which show
different views of the internal parts. For example, a sagittal section that is not
medial (down the middle), misses the corpus callosum and cuts down through
a cerebral hemisphere to reveal its intricate pattern of surface folds and grooves.

SECTIONING THE BRAIN



BRAIN ZONES
AND PARTITIONS

THE BRAIN'S PHYSICAL STRUCTURE BROADLY REFLECTS ITS
MENTAL ORGANIZATION. IN GENERAL, HIGHER MENTAL
PROCESSES OCCUR IN THE UPPER REGIONS, WHILE THE
BRAIN'S LOWER REGIONS TAKE CARE OF BASIC LIFE SUPPORT.

VERTICAL ORGANIZATION

The uppermost brain region, the cerebral cortex, is mostly
involved in conscious sensations, abstract thought processes,
reasoning, planning, working memory, and similar higher mental
processes. The limbic areas (see pp.64-65) on the brain’s innermost
sides, around the brainstem, deal largely with more emotional
and instinctive behaviors and reactions, as well as long-term
memory. The thalamus is a preprocessing and relay center,
primarily for sensory information coming from lower in the
brainstem, bound for the cerebral

hemispheres above. Moving down CORTICAL J
the brainstem into the medulla -
are the so-called “vegetative” centers
of the brain, which sustain life even LIMBIC
if the person has lost consciousness. -
LESS CONSCIOUS, MORE AUTOMATIC
MIDBRAIN

The brain’s vertical zonation moves from high-level
mental activity in the cerebral cortex gradually 1 -

through to more basic or “primitive” lower
[ BRAINSTEM J

functions, especially the autonomic centers of the
medulla in the lower brainstem that deal with vital
body functions, such as breathing and heartbeat.

LEFT AND RIGHT

Structurally, the left and right cerebral hemispheres look broadly
similar. Functionally, however, speech and language, stepwise
reasoning and analysis, and certain communicating actions are based
mainly on the left side in most people. Since nerve fibers cross from
left to right at the base of the brain, this dominant left side receives
sensory information from, and sends messages to, muscles in the
right side of the body—including the right hand. Meanwhile, the
right hemisphere is more concerned with sensory inputs, auditory
and visual awareness, creative abilities, and spatial-temporal
awareness (what happens in our surroundings, second by second).

LEFT-HANDED PERSON

RIGHT-HANDED PERSON

On the same test in a right-handed subject,
the left side of the cortex shows a similar
pattern, with activity largely in the frontal
region and the temporal and parietal areas.

In a PET brain scan where yellow and red
show increasing activity, a left-handed
person involved in word recognition has
busy areas at the right front cerebral cortex.

ANARCHIC HAND SYNDROME

In anarchic hand syndrome (AHS), a person has
one hand that is no longer under conscious
control and seems to move on its own, almost
as if possessed by another intelligence. The
problem is usually due to an abnormality in
the motor center of the
cortex on the opposite
side of the brain to the
hand. Nerve signals sent
from here to control the
hand do not register any
conscious intention for
the action.

DR. STRANGELOVE
In this 1964 film the
“hero” struggled
with AHS as his
leather-gloved
right hand even
tried to kill him.

THE ASYMMETRICAL BRAIN

In recent years, new and more accurate scanning techniques,
especially MRI (see p.13), have shown that on average, brains are
not as symmetrical in their left—right structure as was once believed.
The scanning computer can be programmed to exaggerate any
subtle departures from an exact mirror image. For example, near
the lateral sulcus (Sylvian fissure), the part of the temporal lobe for
understanding speech is slightly

FRONT

Right lateral

larger on the left than on the sulcus

right. The lateral sulcus itself is
also usually different in shape,
being longer and less curved

on the left than the right. This
is partly due to a twisting effect
known as Yakovlevian torque,
which warps the right side of

LEFT HEMISPHERE

the brain forward.

RIGHT HEMISPHERE

SEEN FROM BELOW

An asymmetry-enhanced MRI scan of
the brain’s underside reveals left-right
differences, including a right frontal lobe
that protrudes more than its counterpart, and a longer occipital
left occipital lobe that twists across the midline. BACK lobe

THE HOLLOW BRAIN
The brain has an internal system of chambers (ventricles), which
are filled with a liquid—cerebrospinal fluid (CSF)—produced by
the ventricle linings. The upper two chambers are the left and right
lateral ventricles, one in each cerebral hemisphere, with hornlike
forward- and side-facing projections. Small openings connect them
to the third ventricle in the midbrain, which
in turn links to the fourth ventricle in the
pons and medulla. CSF flows slowly and
continuously through the ventricles, then out
via small openings into

the subarachnoid
space around the
brain and the
spinal cord.
i .

CEREBROSPINAL FLUID
CSF is made by the ventricle
lining (green). It physically
cushions the brain, distributes
nutrients, and collects wastes.

VENTRICLES

Two large lateral ventricles
communicate along ducts
with the third ventricle
(yellow, upper center), which
lies between and below them.
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BRAIN ANATOMY

THE NUCLEI OF THE BRAIN

IN THE BRAIN, NUCLEI ARE DISCRETE COLLECTIONS OF THE CELL BODIES OF
NEURONS (NERVE CELLS). THEIR NERVE FIBERS OR AXONS SPREAD OUTWARD
TO PROJECT, OR LINK, TO VARIOUS OTHER BRAIN PARTS. THE BRAIN HAS
MORE THAN 30 SETS OF NUCLEI, MOSTLY PAIRED LEFT AND RIGHT.

GENERAL STRUCTURE

To the naked eye, most brain nuclei resemble “islands” of gray matter (nerve-cell

bodies) within the white matter of nerve fibers. Many nuclei are unencapsulated—not

contained within a membrane or covering—so they may lack sharp delineation from

surrounding tissues. An older term for some of these nuclei is “ganglia.” However, this

term is now usually reserved for similar structures in the peripheral nervous system,

where groups of nerve-cell bodies are generally encapsulated into a discrete structure.

THE BASAL NUCLEI
The basal nuclei (also
known as the basal ganglia)
is the collective name for
several pairs of nuclei at
the “base” of the cerebral
hemispheres—adjacent to
their inner surfaces, around
and below the thalamus.
They include the putamen,
caudate nuclei, globus
pallidus, subthalamic nuclei,

CORPUS STRIATUM

This micrograph shows the nerve
cell bodies (dark) and nerve
fibers (pale) that make this brain  nuclei are together called
region look striped or striated.

and substantia nigra. The
putamen and caudate

the dorsal striatum because
of the striped or striated
appearance of their tissues. Together with the globus pallidus,
or “pale sphere,” the putamen and caudate nuclei are known
as the corpus striatum.

THE SUBTHALAMIC NUCLEI
AND GLOBUS PALLIDUS

As the name implies, each one of

the paired subthalamic nuclei is
situated beneath the thalamus.

They are also immediately above the
substantia nigra. Each nucleus is
about the size and shape of a partly
squashed pea and is almost surrounded
by nerve fibers passing to, from, or
around it. Most of the incoming
(afferent) nerve fibers are from the
globus pallidus, along with some from
the cerebral cortex and the substantia
nigra. The majority of the outgoing
(efferent) nerve fibers carry signals to
the globus pallidus and the substantia
nigra. The globus pallidus and the
putamen are sometimes termed the
lentiform or lenticular nucleus.

Basal A system of nuclei (including some listed
here) involved in motor control and learning.

Caudate Involved in motor control and learing,
especially processing feedback.

Subthalamic Implicated in impulsive actions, including
obsession-compulsion.

Thalamus A major processing and relay area for inputs
to the cerebral cortex (see pp.66-67).

Amygdala Part of the limbic system, the amygdala is

involved in learning, memory, and emotions.

One of several paired brainstem nuclei for
cranial nerves, in this case nerve VII (facial).

Facial nucleus

SUBSTANTIA NIGRA

The substantia nigra or “black substance” paired nuclei are
among the lowest, or most basal, of the basal nuclei. Each

is situated just beneath a subthalamic nucleus. The dark color
that is characteristic of these nuclei is caused by the body
pigment melanin (also found in the skin) that is part of the

biochemical pathways involving the neurotransmitter dopamine.
Degeneration of substantia nigra neurons is seen in Parkinson’s
disease (see p.234).

Electrode

STIMULATION
Deep brain

nuclei, such as the
substantia nigra,
using electrodes
is part of research
into and treatment
for Parkinson'’s.

stimulation of basal

CONNECTIONS AND FUNCTIONS

Most brain nuclei have multiple nerve connections,
both inputs and outputs, and carry out wide-
ranging functions. The C-shaped caudate nuclei
above and to the side of the thalamus, and next

to the lateral ventricle, have a head part, main
body, and tapering tail. They are involved in motor
(muscle) control and also in learning and memory.
The rounded putamen, the outermost of the

main basal ganglia, partly follows the shape of

the caudate nucleus and is intricately linked
anatomically to it. It, too, is heavily involved in
motor control and movements, and in learning.
The putamen has major nerve connections with
the globus pallidus and substantia nigra. All of the
basal ganglia work together as an integrated brain
system to help ensure that physical movements
are smooth and coordinated. Problems with

one or more of the nuclei can lead to movement
disorders such as tremors, tics, Parkinson’s
disease (see p.234), Tourette syndrome (see
p.243), and Huntington’s disease (see p.234).
The subthalamic nuclei also have roles in
impulsive actions and movement intentions.

Fornix

Caudate
nucleus head

LOCATION OF
BASAL NUCLEI

Putamen

Substantia nigra
Plays central roles
in planning and
monitoring of
movements

BASAL CIRCUITS
Incoming motor
messages (indicated
with red arrows) from the
cortex pass via the caudate

nucleus and putamen, then the

globus pallidus, to the thalamus

and back to the cortex (right side of
diagram). Outgoing connections are
shown in blue. Feedback loops within the
basal nuclei “automatically” monitor and
adjust ongoing movements (left side).

Thalamus

External

pallidus

Subthalamic
nucleus

Caudate
nucleus tail

{
Mamillary body {
Relay station between — 5\
amygdala, hippocampus,
and thalamus

MOTOR CONTROL

globus pallidus

Internal globus

MONITORING MOVEMENT



THE HIPPOCAMPUS

A micrograph of stained hippocampal
tissue shows cellular organization that
is similar to that in various brain
nuclei. The neuron bodies are red, the
axons (fibers) and other projections
are blue. The glial cells, which provide
support and nourishment, are green.




THE THALAMUS, HYPOTHALAMUS,
AND PITUITARY GLAND

THE THALAMUS IS SITUATED AT THE ANATOMICAL CORE OF THE BRAIN. ITS POSITION &«
MAKES IT PERFECTLY SITUATED TO ACT AS A RELAY STATION BETWEEN THE SENSE ORGANS
AND THE BRAIN. SITTING BENEATH THE THALAMUS, THE HYPOTHALAMUS AND THE
PITUITARY GLAND LINK THE CENTRAL NERVOUS SYSTEM AND THE ENDOCRINE SYSTEM.

Thalamus

) Hypothalamus

Pituitary gland

BRAIN ANATOMY

LOCATOR

THE THALAMUS

Paired, egg-shaped masses that sit side by side make up the INSIDE THE THALAMUS

Each side (one of which is shown here) contains more than 20 nuclei
consisting of “gray matter”—that is, collections of nerve-cell
bodies. These nuclei, sometimes called thalamic bodies,
are in groups separated by sheets of white matter
(myelinated nerve fibers) known as laminae.
The whole thalamus is enveloped in

a similar white-matter wrapping.

thalamus. In a typical brain, each mass is about 14 in (3¢m) long
and % in (1.5cm) across. There are no direct nerve connections
from one mass to the other—in fact, the fluid-filled chamber of
the third ventricle lies between them. The thalamus is the major

FRONT OF THALAMUS

Anterior
nucleus

Intralaminar

relay station for nerve signals coming from all the senses except nudclei

smell. It screens, sorts, and preprocesses this continuing torrent Lateral

dorsal
nucleus

Nuclei of
midline

of sensory information and sends it on to the cerebral cortex.

Medial dorsal nucleus ___________——

Centromedian nucleus

Medial ventral
posterior nucleus

THALAMIC NEURONS
Densely interconnected neuron
bodies and nerve fibers (green)
receive physical and nutritional
support from glial cells (red).

Lateral
anterior
nucleus

Internal
lamina

Lateral nuclei Lateral

(pulvinars) ventral
. . nucleus
Medial geniculate
nucleus Reticular
nucleus

Lateral geniculate Lateral ventral posterior nucleus

nucleus

Lateral posterior nucleus

REAR OF THALAMUS

INNER EAR

Nerve impulses from the
cochleas of the inner ears
go mostly to the medial
geniculate nuclei, which
forward them on to the
auditory cerebral cortex
(Brodmann areas 41 and
42, see p.67).

RETINA

Information from the
retinas, about what the
eyes see, arrives at the
lateral geniculate nuclei.
After processing, it passes
to the primary visual
cortex (area 17) and visual
association cortex.

VISUAL CORTEX
Working with the lateral
geniculate nuclei, each
much larger lateral
nucleus (or pulvinar)
sends accessory sensory
information to several
parts of the visual
cortex (see pp.82-83).

FACE AND MOUTH

Sensory information

from the facial skin

and interior of the

mouth travels along the
trigeminal nerve and

the trigeminothalamic
tract to the medial ventral
posterior nuclei.

PREMOTOR CORTEX
The thalamus has both
incoming (afferent) and
outgoing (efferent) nerve
fibers. Many nerve fibers
to the lateral anterior
nuclei are afferent, from
the premotor area of the
cerebral cortex.

PREFRONTAL
CORTEX

Most of the incoming
signals for the medial
dorsal nuclei are from
the cerebral prefrontal
cortex, and also from
the hypothalamus when
concerning emotions.



Paraventricular nucleus
Contains neurosecretory cells;
also involved in control of
blood pressure, body
nperature, and appetite

Fornix

THE HYPOTHALAMUS

Not much larger than the end
segment of the little finger, weighing
just 2 oz (4g), and comprising only
0.4 percent of total brain volume, the
hypothalamus has many and varied vital roles—in
conscious behavior, emotions and instincts, and
automatic control of body systems and processes. It
consists of more than a dozen paired nuclei (regions of
interlinked nerve-cell bodies) clustered into the floor of the
diencephalon and separated by the lateral ventricle. Its
secretory cells make hormones (called releasing factors)
that enter the bloodstream, and its neurosecretory cells
produce hormonelike substances that travel along nerve
axons down to the pituitary gland (see below).

Optic
chiasm

Suprachiasmatic
nucleus ("body clock”)

OXYTOCIN CRYSTALS
This birth and breastfeeding hormone is manufactured
by neurosecretory cells in the paraventricular and
supraoptic nuclei of the hypothalamus.

Supraoptic nucleus

Two hormones, antidiuretic (ADH
or vasopressin) and oxytocin, are
produced by neurosecretory cells
in the supraoptic nucleus

Dorsomedial nucleus
Important in eating, drinking, and regulation
and conscious awareness of body weight

Mamillothalamic tract
This bundle of nerve fibers
conveys messages between
parts of the limbic system

Posterior nucleus
Increases heart rate and blood
pressure, dilates pupils, and other
autonomic responses as part of
“fight or flight” reaction

Neurosecretory cell axons

THE PITUITARY GLAND

The hypothalamus integrates the Hypophyseal portal system
These blood vessels carry
releasing factors to the

anterior lobe

body’s two systems for coordination stalk
and control: the nervous system

around and above it; and the SKIN

endocrine system (see p.114-15) Artery
via the pituitary just below it. The
pea-sized pituitary (hypophysis), often
called the body’s “master hormone
gland,” has two distinct lobes. The

anterior lobe (adenohypophysis)

KIDNEYS
ADRENAL

GLANDS

makes several hormones that release
into the bloodstream to regulate
other endocrine glands around the

body, such as the thyroid. The
posterior lobe (neurohypophysis)

THYROID
GLAND

receives two hormones along axons
from the hypothalamus.

Posterior lobe
Hypothalamic ADH and
oxytocin are stored here
and released as instructed

Anterior lobe

Forming two-thirds of the pituitary bulk, the
anterior lobe manufactures about eight major
hormones; it is under the control of nerve
messages and regulatory substances, called
releasing factors, made in the hypothalamus

BONES AND GENERAL
BODY GROWTH

UTERUS AND

SEX GLANDS BREASTS BREASTS

Pituitary F '

oo ..

ENDOCRINE CELL
This micrograph shows somatotroph
cells in the anterior pituitary. These
cells store their growth hormone as
granules (red dots) ready for export.

KEY TO PITUITARY HORMONES

B Melanocyte-stimulating hormone (MSH)
B Adrenocoricotropic hormone (ATCH)
I Thyroid-stimulating hormone (TSH)

W Follicle-stimulating hormone (FSH),
Luteinizing hormone (LH)

| Growth hormone (GH)

I Oxytocin

B Antidiuretic hormone (ADH)
B Prolactin




THE BRAINSTEM AND CEREBELLUM

BRAIN ANATOMY

THE BRAINSTEM AND CEREBELLUM

THE BRAINSTEM IS PERHAPS MISNAMED. IT IS NOT A STEM LEADING TO THE
SEPARATE BRAIN ABOVE, BUT AN INTEGRAL PART OF THE BRAIN ITSELF. IT IS
SHAPED RATHER LIKE A WIDENING UPRIGHT STALK, ON TOP OF WHICH ARE THE
THALAMUS AND THE DOME OF THE CEREBRAL HEMISPHERES. CURLED AROUND
THE LOWER BRAINSTEM, AT THE REAR OF THE BRAIN, SITS THE CEREBELLUM.

BRAINSTEM ANATOMY

The brainstem includes almost all
of the brain except for the highest
parts, which make up the forebrain
(cerebrum and diencephalon, see
p-52). Its uppermost region is the
midbrain comprising an upper “roof”
or tectum incorporating the superior
and inferior colliculi or bulges at the

rear, and the tegmentum to the front.

Below the midbrain is the hindbrain.
At its front is the large bulge of

the pons. Behind and below this

is the medulla, which narrows to
merge with the uppermost end of
the body’s main nerve, the spinal

cord. The cerebellum joins to the rear
of the medulla by three pairs of stalks,

known as the cerebellar peduncles.

CONNECTING THE BRAIN

This MRI scan shows how the upper
brainstem is at about level with the eyes,
and its lower region joins the spinal cord
at a gap through the base of the skull,
the foramen magnum.

The brainstem consists of the

structures shown here inferior to, or
below, the thalamus (green). Major
landmarks are the pons (blue), the

Thalamus

Pineal
body

Superior
colliculus

Cranial

Inferior

colliculus Pons

Superior
cerebellar
peduncle

Midbrain

IV (trochlear)

Cranial nerve
V (trigeminal)

INTERNAL STRUCTURE

Within the brainstem are groupings of nerve-cell
bodies known as nuclei (see pp.58-59) and numerous
bundles of nerve fibers or axons, called nerve tracts.
For example, the pontine nuclei of the front or ventral
pons are involved in learning and remembering motor
skills—they act as relay stations for nerve signals
from the motor cortex, which are traveling to the
cerebellum behind the pons (see panel, opposite).

o ROSTRAL MIDBRAIN

Peri- k Superior
aqueductal : colliculus
gray
Cerebral
aqueduct
Substantia
nigra Red
nucleus
Inferior © CAUDAL MIDBRAIN
colliculus

Cerebral
aqueduct

- Ay

nerve

Substantia
nigra

Peri-
aqueductal
gray

Middle FIoorA of fourth © Pons Fourth
cerebellar ventricle ventricle

eduncle (fluid-filled
. chamber) Deep

cerebellar

Inferior Cranial nerve nuclei
cerebellar VIl (facial)
peduncle

Cranial nerve
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gracilis THE BRAINSTEM
This view of the
brainstem, with
the cerebellum
removed, reveals
the medulla and
bundles of axons

Fasciculus
cuneatus

Spinal cord

REAR FRONT called fascicles.
The cranial nerves
join various parts
of the brainstem.
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S *\) BRAINSTEM SECTIONS
q-;@ The horizontal cross
sections of the brainstem

shown here match the
numbers in the illustration
above left. Nuclei are
shown in green; the white
matter of nerve fiber
tracts is pale. In each
section, the rear of the
body is uppermost.

cerebellum (pinkish brown), and the
medulla (creamy beige). In some
categorizations, the thalamus is
included as part of the brainstem.

360-DEGREE VIEW
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THE CEREBELLUM INTERNAL STRUCTURE

The “little brain” is the lower, rearmost part of the entire brain.

It resembles the wrinkled appearance of the cerebrum above, but
its grooves and bulges are finer and organized into more regular
patterns. Major anatomical parts of the cerebellum include: the long,
slim vermis (“worm”) in the center; two flocculonodular lobes beneath,
one on each side; and outside these, two much larger lateral lobes,
each of which is divided into several lobules. The two lateral

lobes are reminiscent of the two hemispheres of the cerebrum and
are sometimes termed cerebellar hemispheres. The cerebellum’s
main functions are to coordinate body movements through integrated
control of muscles, including balance and posture, and equilibrium.

THE CEREBELLUM
The grooves in the cerebellar Superior
surface are termed fissures, and vermis Anterior lobule

the bulges are known as folia.
In each image, the front

is uppermost. Folia (bulges)

Anterior

quadrate lobule Horizontal fissure

Middle

Posterior ~ lobule

quadrate
lobule

Superior
semilunar

lobule . .
Inferior semilunar

FROM ABOVE lobule

Middle cerebellar
peduncle

Inferior vermis

Nodule
Flocculonodular

lobe

Dorsolateral fissure

Tonsil

Posterior
lobule

FROM BELOW

Postlunate fissure

The cerebellum has a similar layered
microstructure to the cerebrum. The
outer layer, or cerebellar cortex, is gray
matter composed of nerve-cell bodies
and their dendrite projections. Beneath
this is a medullary area of white matter
consisting largely of nerve fibers. Toward
the center are collections of more
nerve-cell bodies known as deep
cerebellar nuclei. Nerve fibers run from
these nuclei to the cerebral cortex high
above. In a cross section at almost any
angle through the cerebellum, the white
matter between the cortex and deep
nuclei forms a complex branching
pattern known as the arbor vitae.

CROSS SECTION
OF CEREBELLUM

Stellate
interneuron

Purkinje cell
Has many
branching
dendrites

Golgi cells

One of various
inhibitory
interneurons
including basket
and stellate cells

CEREBELLAR CORTEX
Several types of cortical
cells occupy the three
distinct layers of the
cortex, which are from
the outside inward, the
molecular, Purkinje, and
granule layers.

CEREBELLUM CELLS

The main types of nerve cells in the
cerebellar cortex are known as Purkinje
cells (red), supported by glial cells (green).

Folium Horizontal axon
Bulge in Long fiber extends
cerebellar from granule cell

surface

Granule cell
White matter Climbing Has long
Chiefly nerve fibers axons

fibers (axons)
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THE LIMBIC SYSTEM

BRAIN ANATOMY

THE LIMBIC SYSTEM

THE LIMBIC SYSTEM IS INVOLVED IN INSTINCTIVE BEHAVIORS, DEEP-SEATED
EMOTIONS, AND BASIC IMPULSES SUCH AS SEX, ANGER, PLEASURE, AND
GENERAL SURVIVAL. IT ALSO FORMS A LINK BETWEEN CENTERS OF HIGHER
CONSCIOUSNESS, IN THE CEREBRAL CORTEX, AND THE BRAINSTEM, WHICH
REGULATES THE BODY'S SYSTEMS.

COMPONENTS OF THE LIMBIC SYSTEM

The limbic system includes the areas of the cortex and adjacent Fornix
This tract of nerve fibers
connects the mamillary
amygdala, hypothalamus, thalamus, mamillary bodies, and other bodies and hippocampus

parts known as the limbic lobe (see opposite page), along with the

deeper, more central brain structures. The system is also “hard-

wired” into parts of the sensory system, especially the sense

of smell. Nerve fibers link all of these parts intimately

and also connect them to other areas of the

brain, particularly the lower frontal cortex,

with its roles in expectation, reward,

and decision-making.
Cingulate gyrus

Part of limbic cortex just
above corpus callosum

Column of fornix

Mamillary bodies

Small lumps of nerve cells, these relay
signals to thalamus, contributing to
alertness and memory formation

Olfactory bulbs

Tracts of sensory nerve cells extend
from nasal cavity into the brain; they
part-process smell information
before it enters conscious awareness

LIMBIC STRUCTURES Hypothalamus
The name of this system is derived from Chief link and mediator
the Latin limbus, meaning “border” or between nervous system
"edge.” Its major structures form a and hormonal or endocrine
circular, beltlike transition zone between system (see p.61)
the relatively plain-looking main cerebral

cortex and the more distinctive bodies, Pons

tracts, and nuclei of the inner, lower brain.

FRONT RIGHT SIDE BACK LEFT SIDE

These views of the limbic system show how it is situated in the center of the .
brain and occupies parts of the inner or medial surfaces of the cerebral cortex. Parahlppgcampal gyrus
The cingulate gyrus, the hippocampus, and the parahippocampal gyrus—all This area of cortex

part of the cerebral cortex—arch around and down below the corpus callosum. ﬂan.k'ng Fhe h'ppOC?mPUS
is active when viewing

scenes and places

360-DEGREE VIEW

Fornix

Corpus
callosum

Mamillary
bodies

AT THE BRAIN'S CORE

Situated approximately in the anatomical center
or core of the brain, the limbic system is a varied
collection of structures extending from the
cerebrum inward and down to the brainstem.

Hippocampus
Named after its vague
S-shaped resemblance
to a seahorse, this part
is involved in memory
and spatial awareness

Midbrain

The limbic system
extends nerve fibers
from thalamus and
other higher parts into
this uppermost part of
the brainstem and also
to the basal nuclei

\ Amygdala

Almond-shaped neuron
clusters that are heavily
involved in memory and
emotional responses



Cingulate gyrus
Ridge above the
corpus callosum

Cingulate sulcus THE LIMBIC LOBE

Groove or valley
with cingulate gyrus ~ The structures of the limbic system are surrounded
extending on either

o of it by an area of the cortex referred to as the limbic

Parahippocampal
gyrus

Limbic lobe ridge
below corpus
callosum

lobe. The lobe forms a collarlike or ringlike shape

Corpus on the inner surfaces of the cerebral hemispheres,

callosum both above and below the corpus callosum. The

INILSAS DIGNIT IHL

upper part is the cingulate gyrus, on either side

Hippocampus
and amygdala

of the cingulate sulcus. The lower part is the
parahippocampal gyrus, delineated below by

_ the collateral fissure and rhinal sulcus. The

\ cingulate and parahippocampal gyri are together
‘ known as the fornicate gyrus. As such, the limbic
lobe comprises the inward-facing parts of other

AWOLVNYV NIVYd

cortical lobes, including the temporal, parietal, and

WRAP-AROUND SHAPE -
The cortical areas known as the limbic lobe

(highlighted here in brown) comprise inner or
medial surfaces of the cerebral cortex, which
wrap around the innermost, central portions
of the brain—the brainstem.

frontal, where the left and right lobes curve around
to face each other. The hippocampus and amygdala
are not integral to this split-ring shape, but are
considered as anatomically part of the limbic lobe
as well as components of the limbic system.

THE HIPPOCAMPUS NEURONS

A light micrograph of a section through the
The hippocampus is strung along the upper hippocampus reveals neurons that have been
labeled with green fluorescent protein. Also
seen are ion channels (colored gold) that allow
hippocampus interlocks with another ridge, the exchange of sodium and calcium ions
across the cell membrane. This exchange
propagates nerve impulses.

edge of the parahippocampal gyrus. The

known as the dentate gyrus—together the

two form the hippocampal—-dentate complex.

It is part of the cerebral cortex, but it has only Inferior horn of lateral ventricle

one, two, or three layers of cells, rather than Fimbria

the usual six layers found in most of the

more “advanced” regions of the cortex.
The main functions of the hippocampus

include spatial awareness, and memory CA3

formation and recall. In particular, the

hippocampus helps select transient

information for memorizing and then pass

it through to longer-term memory areas.

Damage to it can prevent a person from

forming new memories, even though

memories from before the damage are intact.

Dentate gyrus

Subicular cortex

Enthorhinal cortex

Parahippocampal gyrus

SECTION OF HIPPOCAMPUS

HIPPOCAMPAL STRUCTURES

This cross section shows a coronal slice through the
hippocampus. The detailed structures of the cell layers in

the hippocampus change around its curve, from the region
known as CA1 (cornis ammonis 1) to CA4. The main nerve-
signal inputs are from the parahippocampal gyrus, the fornix,
LOCATION OF HIPPOCAMPUS and the hippocampus in the opposite hemisphere. White matter




THE CEREBRAL CORTEX

THE CEREBRAL CORTEX IS THE OUTER LAYER OF THE BRAIN'S MOST DOMINANT PART, THE
CEREBRUM. IT IS THE BULGING WRINKLED SURFACE WE SEE WHEN LOOKING AT THE BRAIN
FROM ANY ANGLE. IT IS COMMONLY KNOWN AS GRAY MATTER FROM ITS COLOR, WHICH
CONTRASTS WITH THE WHITE MATTER IN THE LAYER BELOW.

THE CEREBRAL CORTEX

/

(. . Frontal lobe
=

<

THE CEREBRAL LOBES

Bulges and grooves help divide the cortex

into four to six paired lobes, according to the Parietal lobe

anatomical system used. The main and deepest Temporal lobe

groove is the longitudinal fissure that separates Occipital lobe

the cerebral hemispheres. Both the extent and

BRAIN ANATOMY

the names of the lobes are also partly related

to the overlying bones of the skull, known as the

(_]  Frontal lobe MEDIAL VIEW OF THE CORTEX

neurocranium. For example, the two frontal lobes

are approximately beneath the frontal bone, and ger=llicbe
LOBE DIVISIONS

The cortex can be divided into four areas called
lobes (shown here). In some classifications, the
forward part of the frontal lobe is separated as
the prefrontal lobe, but the term prefrontal
cortex is more generally accepted.

likewise for the occipital lobes under the occipital Temporal lobe

bone. In some naming systems, the limbic lobe Occipital lobe

(see p.65) and the insula, or central lobe, are
p LATERAL VIEW OF THE CORTEX

distinguished as separate from other lobes.

Posterior

CORTICAL LANDMARKS Paracentral sulcus > p_— r —— cingulate sulcus
Rounded bulges of the cortex are known as gyri; grooves are  cingulate sulcus - - ' - zi:i‘;‘;l
termed sulci when relatively shallow and fissures when deeper. . suleus

Corpus callosum
The overall patterns of gyri and sulci are similar but rarely y

N

identical among normal brains—individual variations occur. P
They are also similar for the left and right of an individual’s

-

brain, although there are minor asymmetries (see p.57).

Central sulcus Intraparietal sulcus

Precentral sulcus Postcentral sulcus

Superior Z“; e
v - —
frontal sulcus r o
uperior frontal
gyrus

Rostral
sulcus

Middle frontal gyrus gyrus \

d
Collateral sulcus

- /
“Inferior frontal gyfus )
N, ¥ Parieto-occipital Anterior

calcarine
Lateral  sulcus

S MEDIAL SURFACE sulcus
he ) occipital The main landmarks on the medial Posterior
. gyrus J surface are the corpus callosum calcarine
S l and the cingulate gyrus, which form sulcus
— ] l part of the limbic lobe (see p.65).
Orbital gyri {

Longitudinal

Lateral sulcus /" -
fissure

(Sylvian fissure)

Superior temporal
sulcus

Inferior temporal
sulcus

TOP SURFACE
The longitudinal
fissure is a

deep groove
that separates
the cortices of the
two hemispheres.

|
Preoccipital ((r
notch o

LATERAL SURFACE
Prominent in a side view is the lateral sulcus, also known
as the Sylvian fissure. It differentiates the lower frontal
and parietal lobes from the upper temporal lobe.




FUNCTIONAL AREAS

The cortex can be “mapped” in three ways. One is by gross

anatomy, as defined by sulci and gyri (see opposite page). A
second is by microscopic anatomy—the shapes and types of cells
and their connections, as pioneered by Korbinian Brodmann (see
panel, below). The map of areas shown here is named after him.
The third method is by neurological function, in which small

X3LY0D Tvyg3y3ad IHL

areas are correlated with what they do. For example, the lobe

at the back of the brain is mainly devoted to vision, and within
it smaller areas are responsible for various aspects of visual
processing—determining color, shape, or motion, among others.
The earliest parts of this functional “map” were created by
matching damage in a person’s brain (usually after their death)
with cognitive deficits they displayed when alive. Nowadays,

it is mainly done by stimulating small areas and noting the

AWOLVNY NIVyd

effect. The three “maps” only partially coincide.

LATERAL BRODMANN AREAS

Korbinian Brodmann (see panel, below)
created a map of the cortex based on the
arrangement of nerve-cell bodies (soma).
Several Brodmann areas extend from the
lateral surface to the medial surface. Some
areas are also commonly known by other
names, such as areas 44 and 45, which is
known as Broca's area.

APPROXIMATE FUNCTIONS

\
- AUDITION MEMORY
Temporal lobe Medial temporal lobe,
- 22 - a1 posterior cingulate cortex
CER = ” — ¥
27 M 36
BODY SENSATION
Parietal lobe - 29
MEDIAL BRODMANN AREAS - 1.2.3
On the medial surface of the right cortex, - 5 - 39 MOTOR
these areas directly face their counterparts 17 a0 Frontal lobe
on the left medial cortex. Area 38 extends 3 s s
underneath the brain, from the medial | B - 45
surface to the lateral surface. It is an e B
important junctional zone that links areas EMOTION
associated with hearing, vision, memory, Anterior cingulate B H
and emotional awareness and reactions. and orbital cortex 10
| R 32
iz s VISION
24 P38 Occipital cortex and
W 25 temporal cortex
KORBINIAN BRODMANN - W 2
logist, Brod 868-1918) made a detailed GUSTATION 1
A German neurologist, Brodmann (1868-1918) made a detaile Insula 19 38

study of the cortex, looking at the way its layers, tissues, and o [ 20

individual neurons and other cells vary in their structure and size.
He identified and numbered different areas in the brains of

humans, monkeys, and other mammals, ending the considerable ; OLFACTION
confusion in naming parts of the cortex that existed at the time. Medial temporal cortex

[ 28 34




ASSOCIATION AREAS Frontal lobes
. The front of the brain

Some parts of the cortex, called association areas, are gathers input from all
composed of neurons that are connected to two or more gther afeaslto
. . . . proauce complex
functional areas. This means that they receive different cognition, including
types of information—for example, visual and auditory. thoughts, judgments,

. . . .. . . and long-term plans
Their role is to combine this information. It is part of the

construction process that allows us to see the world as an

THE CEREBRAL CORTEX

integrated whole rather than discrete bits. The adjoining

edges of the visual and parietal areas, for example,
combine visual information with body awareness to work
out the position of a visually perceived object in relation
to the body. The frontal cortex may be considered an
association area because it receives information from all
other areas of the brain and combines it. The product of

BRAIN ANATOMY

this mix is thoughts, judgments, and conscious feelings.

Orbitofrontal cortex ) "
Input from the limbic c /’_\/\
system is combined with \

other information here to \

create values used in <
decision-making -

\\ - —
GLIAL CELLS INCOMING INFORMATION (O —
In this light micrograph, star-shaped astrocytes (lighter green) Association areas receive input N P S
can be seen along with other support cells, or neuroglia. They from various parts of the brain e —— {‘_
make up the brain’s connective tissue and provide protection to and combine it to form—or C
neurons. Connective tissue supports the neurons transmitting start to form—complex, '
information between cortical areas. multifaceted perceptions.
STRUCTURE OF THE CORTEX
The highly convoluted sheet of gray matter that constitutes the pyramidal, and multiform layers (see opposite). Each Brodmann
cerebral cortex varies in thickness from about Y to % in (2 to 5Smm).  area (see p.67) also has distinct types and shapes of neurons. For
Estimates of its cell numbers vary from 10 billion to more than example, primary motor area 4 is rich in pyramidal cells. The neurons
50 billion neurons and about 5 to 10 times this number of glial in the cortex are arranged with the body of the cell on top and axons
(supporting) and other cells. The neurons are organized into six below. The body is grayish, while axons are coated with fat (myelin) and
layers, known generally from the outside inward as the molecular, look whitish. This accounts for the gray color that distinguishes the
external granular, external pyramidal, internal granular, internal cortex from internal brain areas.

CORTEX TISSUE NERVE FIBER CEREBRAL LAYERS




Parietal lobes

Inputs arrive here from visual, auditory,
and emotional areas to produce
body-centered understanding of the
current environment

Temporoparietal junction
This area puts together
perceptual information

to give a “whole”
knowledge of what is
happening at any moment

CORTICAL SURFACE g
>
pzd
>
Z
>

\ o
From other =z
regions <
of cortex —;
EXTERNAL PYRAMIDAL
[.\' From
thalamus ——
| 4 INTERNAL
/ GRANULAR
/ From
f brain stem —

Cerebellum

The back of the brain
combines input from
perceptual areas to
guide fine motor actions

CORTICAL FUNCTIONING

Most of the human cortex comprises six layers, each of which contains a distinct pattern of neuron

types. Cortical neurons receive and send signals to other brain areas, including other parts of the

cortex. This to and fro of messages keeps all parts of the brain aware of what is going on elsewhere.

Neurons in the cortex are “head down"—their receiving parts (dendrites) point up to the surface,

while threads that carry messages to other cells (axons) are oriented down. Some axons extend below

the cortex and form part of the “white matter”—connective tissue that carries information to distant

brain areas. Other axons travel through the lower layers of cortex to connect with other cortical cells.

CORTEX

CORTICAL LAYERS

The human cortex consists
mainly of six layers, each of
which contains a different mix
of cells that communicate
with other brain areas. Other
animals have fewer layers,
and a few primitive parts

of the human brain—such

as the hippocampal fold—
have just three.

v
? ?: INTERNAL
5 TO OTHER
REGION OF A’ APYRAM'DAL

6 ,:g—_\_t'-—“

v

TO OPPOSITE
HEMISPHERE

N

TO BRAIN STEM
AND SPINAL CORD

THE FOLDED BRAIN

MULTIFORM

WHITE
MATTER

v
TO THALAMUS

The scrunched-up structure of the cortex is one of the features that distinguishes
the human brain most clearly from that of other species. Most of the cortical
surface is tucked into grooves, and if it could be flattened out, it would cover the

SYIAVT TVIILIOD
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size of a small tablecloth. The dense cortical folding seen in humans may have
evolved along with the shift from walking on all fours to bipedalism. To allow an
upright stance, our ancestors evolved a narrow pelvis, which hampered childbirth. It
might be that babies with small heads were more likely to survive and that their
head size was due to a genetic mutation that caused the brain to fold up, allowing
the skull to stay relatively small. Apart from packing in more neurons, cortical

CORTEX COMPONENTS
Relatively low

OLIGODENDROCYTE CELL

magnification of cortical
tissue shows neurons (far
left, blue-gray) packed
among supporting glial
cells (red). Higher
magnification reveals an
individual axon at the
cortex base (second from
left). Different laboratory
stains show four of the six
cortical layers (third from
left) and fatty myelin
wrapped around an axon.

folding creates shorter nerve pathways, which in turn create faster data processing.

FLAT CORTEX

Computer software can
“flatten” the surface of a
brain to show the tissue that
is normally hidden in the
sulci. Here, the green areas
are the surface (gyri), and
the red areas are those
normally tucked inside.




Myelin sheath ;

Spiral wrapping

of myelin around
certain axons helps
speed and insulate
the nerve impulses
they carry

Oligodendrocyte
Manufactures myelin
sheaths for axons

of brain neurons

MICROANATOMY OF A NEURON

The cell body of a neuron is about 10-100
micrometers across, that is, '/100th to /10th of
one millimeter. The axon is 0.2-20 micrometers
in diameter; dendrites are usually slimmer. In the
central nervous system, dendrites are typically
10-50 micrometers long, and axons can be up
to a few centimeters (inches) in length.

Axon (nerve fiber)
Most neurons have just
one main axon or
sending neurite, also
called an axonal process
or nerve fiber; it is usually
much longer and thicker
than the dendrites

Neuron
cell body

Axon
end

BRAIN CELLS

THERE ARE OVER A THOUSAND TYPES OF BRAIN CELL, WHICH
FALL INTO TWO BROAD GROUPS: NEURONS AND GLIAL CELLS.
NEURONS SEND ELECTRICAL SIGNALS, OR “FIRE,” IN RESPONSE
TO STIMULI. THERE ARE ABOUT 86 BILLION NEURONS IN AN
AVERAGE HUMAN BRAIN AND TEN TIMES AS MANY GLIAL CELLS.

NEURONS

Like hepatocyte cells in the liver, osteocytes in bone, or erythrocytes
(red cells) in blood, each neuron is a self-contained functioning unit.
Its internal components, the organelles, include a nucleus harboring
the genetic material (DNA), energy-providing mitochondria, and
protein-making ribosomes. As in most other types of cells, the
organelles are concentrated in the main cell body. In addition,
characteristic features of neurons are neurites—long, thin, fingerlike
or threadlike extensions from the cell body (soma). The two main
types are dendrites and axons. Usually dendrites receive nerve
signals, while axons send them onward.

Vacuoles
Baglike containers inside the cell that store various
substances such as wastes or excess water

Cell membrane
Outer covering or “skin” of the cell; in neurons, it is
specialized to convey or propagate nerve impulses (see p.72)

Cytoplasm Rough endoplasmic reticulum
The cell’s individual Sheets of membrane are folded,
organelles are stacked into piles, and studded
suspended in this with tiny, spherical ribosomes
jellylike, solute-
packed fluid

[
e

Synapse
Communication
point between
neurons

~
/

a . Dendrite

Mitochondrion
Cellular “power
station” that splits
apart sugar and
fat molecules to
release their
chemical energy

Microtubules
Flexible, rod-like
assemblies form the
structural “scaffolding” of
the cell

Ribosomes

Ball-like structures
- Golgi complex that assemble proteins
Store! processes

protei by the
ribosomes, ready for
export from the cell

Smooth endoplasmic
reticulum

Tubes and layers that
help transport and
store materials

Nucleus

Contains DNA that
instructs how the cell
develops and functions



TYPES OF NEURON

Neurons can be categorized structurally according
to the location of the cell body in relation to the
axon and dendrites, and also the number of
dendrites and axon branches (see illustration,
below). In some regions of the brain, peripheral
nervous system, and sense organs, neuron types are
organized and easily recognized. For example, the
retina of the eye contains ranks of bipolar neurons
(see p.80). However, in many other regions, the
neurons are mixed in shape and form a complex,
interconnected web. In the cortex, one neuron may
receive signals from many thousands of other
neurons via its multitudinous branching dendrites.
Signals are conducted to the soma, around this,
and then away along the axon—always by the cell
membrane, not through the cytoplasm.

(5
Cell body !

UNIPOLAR NEURON

One axon extends from the cell
body and divides into two or
more branches.

N Axon Axon terminals
Axon branch|  Axon brm\\\‘\at_-‘?g-_:_" ' \<

T\

BIPOLAR NEURON

The cell body has one set of
dendritic extensions and one
axonal extension or process.

Axon Axon terminals J

MULTIPOLAR NEURON
Many sets of dendrites and one

main axon is the design for most

of the brain’s neurons.
S

; [~

Axon terminals

NEURON REGENERATION i

Each neuron has its own immensely
complex, highly individual shape and
sets of connections, via synapses, to
other neurons. Its links are shaped
by its history and how

it is used over time, as some of its
connections weaken and fade while
others strengthen. This uniqueness
makes any disease or damage very
serious. The neuron is unlikely to
reform all of its extensions and
their links. Even if regrowth occurs,
it is slow and at first random, as

the dendrites and axon “feel” their
way according to the nerve signals

being received and sent.

NEUROGENESIS

The brain can form new
nerve cells. Neural
progenitor cells (shown in
this micrograph) are a stage axon (fiber) can be encouraged
in specialization between
stem cells and fully formed
nerve cells. At this stage
they can specialize into
neurons or support cells.

Cell body Myelin

sheath

Damaged nerve
fiber (axon)

Degenerating
fiber terminal

|

INJURED NERVE

Empty section

Nerve fiber sprouts of myelin sheath

new endings -

Fiber has degeﬁerate(:r

EARLY STAGE OF REPAIR

Regrown fiber

Regenerated terminals

NERVE FUNCTION RESTORED

REPAIRING NERVE FIBERS
Nerve cell repair is a very slow
process, if it occurs at all. The
damaged or severed end of the

to send out new sprout growths
by treating it with substances
called nerve growth factors. A
sprout that finds an empty myelin
sheath may then grow through it.

GLIAL CELLS

Glial cells give physical support to neurons (glia

means “glue” in Greek) but they are also thought to

influence neurons’ electrical activity. They provide

physical support for the thin dendrites and axons that

wind their way around the neural network, and
supply nutrition for neurons in the form of sugars
and raw materials for growth and repair. There are
several types of glial cells. Oligodendrocytes make
myelin sheathing, a task performed in peripheral
nerves by Schwann cells. Microglia destroy invading
microbes and clear up debris from degenerating
neurons. Astrocytes are thought to affect neuronal
behavior and play a role in memory and sleep.

OLIGODENDROCYTES UNDER ATTACK

In multiple sclerosis (MS) oligodendrocytes
(purple), which normally make insulating
myelin sheaths around nerve axons in the
brain and spinal cord, are attacked and
destroyed by microglia (yellow).

SYNAPSES

Synapses are communication sites where neurons
pass nerve impulses among themselves. Many
neurons do not actually touch one another, but
pass their signals via chemicals (neurotransmitters)
across an incredibly thin gap, called the synaptic
cleft (see pp.72—73). Microanatomically, synapses
are divided into types according to the sites where
the neurons almost touch. These sites include the
soma, the dendrites, the axons, and tiny narrow
projections called dendritic spines found on
certain kinds of dendrites (see illustration, right).
Axospinodendritic synapses form more than 50
percent of all synapses in the brain; axodendritic
synapses constitute about 30 percent.

Cell body Dendrite

Axons TYPES OF SYNAPSE
One of this neuron’s
many dendrites is
enlarged to show

NEURON various synapse

designs, according to
where the axons of
other neurons impinge
Qp it.

AXOSOMATIC SYNAPSE AXOSPINODENDRITIC SYNAPSE

AXODENDRITIC SYNAPSE

AXOAXOSPINODENDRITIC SYNAPSE
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| NERVE IMPULSES

BRAIN ANATOMY

NERVE IMPULSES

A NERVE IMPULSE OR SIGNAL CAN BE THOUGHT OF AS A TINY, BRIEF “SPIKE”
OF ELECTRICITY TRAVELING THROUGH A NEURON. AT A MORE FUNDAMENTAL
LEVEL, IT CONSISTS OF CHEMICAL PARTICLES MOVING ACROSS THE CELL'S
OUTER MEMBRANE, FROM ONE SIDE TO THE OTHER.

ANATOMY OF AN IMPULSE

Nerve signals are composed of series of discrete impulses, also known as action potentials.

Neurofibral node

Myelin-coated internode

A single impulse is caused by a traveling “wave” of chemical particles called ions, which have

electrical charges and are mainly the minerals sodium, potassium, and chloride. In the brain,

and throughout the body, most impulses in most neurons are of the same strength—about

100 millivolts (0.1 volt). They are also of the same duration—around one millisecond (/1,000 of a

second)—but travel at varying speeds. The information they convey depends on how frequently

they pass in terms of impulses per second, where they came from, and where they are heading.

SPEED OF CONDUCTION

Impulses travel at widely differing rates, from 3
to more than 330ft/s (1-100m/s), depending on
the type of nerve carrying them. They are fastest
in myelinated axons. Here the impulse “jumps”
rapidly between the myelin-coated sections from
one gap (neurofibral node), to the next node.

CHANGING FORM

A nerve impulse is
always based on
chemical particles. As it
passes along a dendrite
or axon, it consists of
moving electrically
charged ions, but at a
synapse, it relies more
on the structural shape
of the chemical

IMPULSE HEADS TOWARD SYNAPSE

Region outside
the axon consists of
extracellular fluid

Cell's axon
membrane

Axon of nerve
cell contains
intracellular fluid

Neuron 5

membranes have
the ability to
actively pump
charged ions
through gatelike
channels

ELECTRICAL WAVE
The nerve impulse
is based chiefly on
the movement of
positively charged
sodium and
potassium ions
through a neuron’s
cell membrane.
The nerve signal
moves along

the membrane

as a wave of
depolarization
and repolarization.

Positive ions pumped
out across membrane,
restoring resting potential

AXON IS POLARIZED AT REST

AXON DEPOLARIZES AS IMPULSE PASSES

Excess of positive ions inside
produces a positive charge
and the potential across the
membrane changes from
-70mV to peak at +30mV
relative to the outside

Direction of
nerve impulse

“Action
potential” across
membrane

Repolarization

To restore the balance of
electrical charges, positive potassium
ions flow in the opposite direction
to the sodium ions. This stimulates
adjacent areas of the membrane
behind the depolarized area,
disrupting their resting potentials.

neurotransmitter.

IMPULSE ARRIVES AT SYNAPSE

Excess of positive
ions on outside
of cell membrane

Positive ions

Depolarization

The arrival of an impulse is known as
depolarization. Sodium ions, which are
positive, flow quickly through sodium ion
channels in the neuron’s axon membrane,
from outside to inside. The inside is now
positive compared to the outside.

Resting potential |

When no impulse is passing, there are more potassium and
negative ions inside the neuron’s axon membrane, and more sodium
and other positive ions outside. This causes a polarization or difference
in electrical potential across the membrane, with the outside positive.



Synaptic vesicles AT THE SYNAPSE

The neurotransmitter molecules
‘ are manufactured in the neuron’s cell The synaptic cleft separating the membranes of the sending pre-
body (called the soma), which could

be some distance from the end of synaptic) cell and the receiving (postsynaptic) cell has a width of

S3STNdNI IA¥IN

xon the axon. To provide a continuing some 20nm (20 billionths of a meter). This is so narrow that the
supply of these molecules at the . ] I . ] icklv b
synapse, they are transported along neurotransmitter molecules can pass across it extremely quickly by
Neurotubule the axon by neurotubules that work simple diffusion—moving from a region of higher concentration to
like ultramicroscopic conveyor belts, £1 . aF h . h =
Mierefbmani and then packaged into membrane- one ol lower concentration. Depen Ing on the neurotransmitter, the
covered, ball-like containers called time taken for the impulse to pass from the pre- to the postsynaptic

i icles. . .
IR ECEIEs membranes is typically less than 2ms (/500 of a second). There

Axon membrane is then a recovery delay or clearance time, as the concentrations
of neurotransmitter subside, before the next impulse can be sent

Axonendbulb  across. This may last several tenths of a second.

AWNOLVNY NIVY4

Neurotransmitter

molecules Discharge of neurotransmitter

When the nerve impulse or action
potential reaches the presynaptic
membrane of the axon end bulb,

it causes synaptic vesicles to fuse
or merge with the membrane.

This releases the neurotransmitter

molecules to pass or diffuse

across the synaptic cleft to the
post-synaptic membrane and
slot into receptor sites.

Receptor site

Emptying vesicle

Mitochondrion
Presynaptic
membrane

Membrane channel opens
Synaptic cleft

Positive ions

lons pass through channel

Post-synaptic excitation
Neurotransmitter molecules slot
into the same-shaped receptor sites
of gatelike membrane channels in
the postsynaptic membrane (such
as the dendrite of the next nerve
cell). When this happens, the
channel opens and allows positive
ions to flow from the outside to
the inside of the post-synaptic
cell. This triggers a new wave of
depolarization, which continues
the impulse if it is strong enough.

Postsynaptic
membrane

NEUROTRANSMITTERS SMALL MOLECULE NEUROTRANSMITTER Excitatory synapse

Neurotransmitters are chemicals that allow signals

Several common examples of neurotransmitters are listed
to pass between a neuron and another cell. There are together with their typical effects at synapses.

several groups of neurotransmitter molecules. One
. . . NEUROTRANSMITTER USUAL POST-SYNAPTIC
contains only acetylcholine. A second is known as CHEMICAL NAME EFFECT

biogenic amines, or monoamines, and includes

Acetylcholine Mostly excitatory

Excitatory

dopamine, histamine, norepinephrine, and serotonin. . — —
Gamma aminobutyric acid (GABA) Inhibitory synaptic

The third group is composed of amino acids, such

current
as GABA, glutamic acid, aspartic acid, and glycine. Silyeime Iministitery
Many of these substances have other roles in the Glutamate Excitatory 1
body. For example, histamine is involved in the J— Excitatory
inflammatory response. Amino acids (apart from
GABA) — very Dopamine Excitatory and inhibitory :
Oxygen hillock
common, being the - Noradrenaline Mostly excitatory
bujlding blocks for Serotonin Inhibitory Inhibitory
hundreds of kinds Historn Erei synaptic
. Istamine XC\tatOl’y )
of protein molecules. SRt SOl O
Whether a
receiving nerve
EXCITATION AND INHIBITION cell “fires” a new
GABA _MOLECULI_E . A particular neurotransmitter can either excite a receiving nerve cell, helping impulse depends
GABA is the chief inhibitory on the balance
. Carbon depolarize the axon hillock (where the soma and axon meet) and continue a nerve )
neurotransmitter throughout of the excitatory

much of the human brain Hydrogen

and nervous system. Nitrogen

impulse, or inhibit it by preventing depolarization from taking place. Which of and inhibitory

these occurs depends on the type of membrane channel on the receiving cell. 4. currents.




BRAIN MAPPING AND SIMULATION

BRAIN ANATOMY |

BRAIN MAPPING AND SIMULATION

CREATING AN ARTIFICIAL BRAIN IS A LONG-HELD DREAM THAT IS FINALLY BEING MADE POSSIBLE THANKS TO
ADVANCES IN COMPUTER POWER. TWO GLOBAL PROJECTS ARE NOW UNDERWAY TO REPRODUCE A DIGITAL
SIMULATION OF THE HUMAN ORGAN. IF THIS IS ACHIEVED, IT WILL EFFECTIVELY BE A BRAIN, ALTHOUGH

WHETHER IT WILL BE CONSCIOUS AND WHAT SORT OF EXPERIENCE IT MIGHT HAVE ARE UNKNOWN. i ——

through the
limbic system
and up to
the cortex

THE CONNECTOME

The connections between neurons form
the “wiring” of the brain, and in order
to recreate a working simulation,
it is essential to know in detail
the route taken by information
passing from one neuron to
another. A ¢global initiative called
the Connectome project charts these
pathways using a form of MRI
scanning called diffusion tensor imaging.
The connecting fibers of the brain are
skeins of myelin-coated axons, which snake
out from one cell to contact another. The
overall pattern of neural pathways

is similar in all of us, but differs in detail
from person to person. It is these
differences that make each of us unique.
For instance, people with relatively few
pathways from their amygdala—the area
deep in the brain that generates fear—to
their prefrontal cortex are likely to be less
nervous than people whose neural wiring

Thick skein of
fibers forms the
corpus callosum,
which carries
signals from one
hemisphere
to the other

allows their forebrain to be deluged by doom
alerts from the amygdala.

INPUT NEAT THEORY

Neural networks are a
neat theoretical model of
how the brain works. The
virtual neurons form a
mini-brain. When data

is fed into the system,

it changes in a way similar
to the physical brain.
Connections of different
strengths are formed
between all the neurons
in the network.

Fibers narrow at
base of brain to
form spinal cord
and peripheral
nervous system

Neuron receives input from first-level
“sensory” neurons and passes data on

Each neuron A .{,,- e
is connected { }, S $ qav
to all other S w7

neurons in
the network

KEY

FIBERS RUN LEFT
TO RIGHT

I FIBERS RUN FRONT
TO BACK

FIBERS RUN UP
AND DOWN

‘ J\ e E g
OUTPUT : i

e /

g A W

ARCHITECTURE OF THE BRAIN

COMPLEX WEB £ This 3D reconstruction of connecting
This image of cells in a minute section of a5 Ay nerve fibers is based on data gathered
neocortex reveals that the network of fibers 7. by polarized light imaging of a

in the brain is incredibly complex. To
produce a model of a brain that really
behaves like a human one involves tracing { |
each and every fiber.

postmortem brain. Myelin-coated
nerve fibers reflect light in distinct
ways, allowing scientists to map the
orientation of axons.




MAKING A BRAIN

Researchers are working on digital
simulations of the brain by mapping
its electrical circuitry then modeling it
by substituting electrical devices for

conscious or to fulfill all the functions
of a real brain because it would need
to be embedded in a body and exist
in an environment in which to learn.

DIGITAL MODELING

The biggest challenge facing neuroscientists is to simulate an entire
human brain. The current approach is to identify every neuron in a
normal brain and then trace all the connections between them. Bit by bit,
the entire organ and its wiring will be determined and the information
converted to a digital model, which will be stored on one or more

Nor does it include nonelectrical
elements, such as hormones.

biological mechanisms (see below).

! NISMS (S supercomputers. The system could then be run on demand, fed by digital
An electrical brain is unlikely to be

input that mimics sensations triggered by the environment. This should,

BRAIN SIMULATION

in theory, function like a real brain. In Europe, this mammoth task is
being undertaken by the European Union flagship Human Brain Project
(HBP), and a similar endeavor, Brain Research through Advancing
Innovative Neurotechnologies (BRAIN), is underway in the US.

NOILVININIS ANV DSNIddVIN NIVig

PATCH CLAMP

The electrical output of
neurons is recorded using

a 12-patch clamp instrument
(below). The patch clamp
allows 12 living neurons to be
studied at the same time.

SYNAPSE ELECTRICAL JUNCTION

N

NEURON TRANSISTOR

AWNOLVNYV NIVY4

NEURAL PATHWAYS ELECTRICAL CIRCUITS

BLUE BRAIN PROJECT
Neurons in the cortex are so dense it is
almost impossible to visualize them. The Swiss
Blue Brain Project has produced the digital
equivalent of around one million neurons and

WHOLE BRAIN S -
their billion interconnections, as seen here.

SYNTHETIC BRAIN

THE SELF-BUILD BRAIN

Another approach to brain simulation is to let a virtual brain grow digitally. The idea

AUTOMATA

is to create a neural network—a system of computer-based information nodes organized : —
Attempts to replicate brainlike systems go back a

long way. Automata—apparently driven by internal
intelligence—were popular entertainments in the 18th
century and are the forerunners of today's robots. Lifelike
figures had hidden clockwork mechanisms. These moved
their limbs and allowed them to carry out seemingly
intelligent actions like writing. Although the workings of
such mechanical “brains” seem crude today, the idea—
to make an artificial system that functions like a human
being—is the same as that driving today’s huge projects.

to communicate with one another—that will restructure itself as it receives new data.
NeuraBASE, for example, is a computer-based artificial-intelligence system that starts with
virtual motor and sensory neurons,
each of which responds to an
element of information. Real-life
stimuli are fed into the system,
much as the brain is fed with
experiences through the senses.
The neurons in NeuraBASE form
associations as neurons in the brain
do. The virtual links form networks
that become denser as more stimuli
is fed in, just as biological brains
learn through experience. Given
enough computer resources,
NeuraBASE could in theory grow

itself to function like a brain.

SUBMITTED
INPUT

LEARNING PROGRAM

NeuraBASE learns to recognize hand-drawn
figures and reproduce them. It does not just
copy the input, but, like a human brain, it
recognizes the idea encapsulated in the input
even when—like the 5 here—it is incomplete.

RECOGNIZED
AND RECALLED




THERE ARE NO SIGHTS, SOUNDS, TASTES, OR SMELLS IN THE
WORLD—JUST VARIOUS TYPES OF WAVES AND MOLECULES.
SENSATIONS, THEREFORE, ARE “VIRTUAL” CONSTRUCTS
CREATED BY THE BRAIN. THE SENSE ORGANS BEGIN THIS
EXTRAORDINARY ACT OF TRANSFORMATION BY TURNING
STIMULI, SUCH AS LIGHT WAVES OR THE TOUCH OF CERTAIN
MOLECULES, INTO ELECTRICAL SIGNALS THAT ARE CARRIED
TO BRAIN AREAS DEDICATED TO DEALING WITH THAT TYPE
OF INPUT. SOME STIMULI ALSO ORIGINATE FROM WITHIN
THE REST OF THE BODY. ALTHOUGH SOME SENSATIONS ARE
CONSCIOUSLY EXPERIENCED, MANY REMAIN UNCONSCIOUS.



THE 3

SENSES »




THE SENSES | HOW WE SENSE THE WORLD

PROCESSES SPEECH | PROCESSES SIGNING ~ Other studies show that in people area

HOW WE SENSE THE WORLD

THE BRAIN REACHES OUT TO THE ENVIRONMENT VIA OUR SENSE ORGANS, WHICH
RESPOND TO VARIOUS STIMULI SUCH AS LIGHT, SOUND WAVES, AND PRESSURE.
THE INFORMATION IS TRANSMITTED AS ELECTRICAL SIGNALS TO SPECIALIZED
AREAS OF THE CEREBRAL CORTEX (THE OUTER LAYER OF THE CEREBRUM) TO

BE PROCESSED INTO SENSATIONS SUCH AS VISION, HEARING, AND TOUCH.

MIXED SENSES
Auditory

Sensory neurons respond to data from specific sense organs. Visual area
cortical neurons, for example, are most sensitive to signals from the eyes.
But this specialization is not rigid. Visual neurons have been found to
respond more strongly to weak light signals if accompanied by sound,
suggesting that they are activated by data from the ears as well as the eyes.
What you see also influences what you hear. In a phenomenon known
as the McGurk effect, if someone says “ba,” while you watch someone
mouthing “ga,” you hear a third sound, “da.” This is the brain’s attempt to
HEARING PERSON DEAF PERSON make sense of conflicting inputs. Visual
who are blind or deaf, some
neurons that would normally
process visual or auditory stimuli
are “hijacked” by the other senses.
Hence, blind people hear better

LEFT SIDE OF BRAIN
and deaf people see better.

“"HEARING"” WITHOUT SOUND

These fMRI scans of human brains show

some sensory neurons that are activated
by speech in hearing people being used
RIGHT SIDE OF BRAIN RIGHT SIDE OF BRAIN in deaf people to process sign language.

SYNESTHESIA

Most people are aware of only a single sensation in response to one
type of stimulus. For example, sound waves make noise. But some
people experience more than one sensation in response to a single
stimulus. They may “see” sounds as well as hear them, or

“taste” images. Called synesthesia, this sensory duplication | 5 5 S g 5
occurs when the neural pathway from a sense organ c g 3 5
diverges and carries data on one  NUMBER TEST B A 5 5
type of stimulus to a part of the Some synesthetes see 5 §° 8
brain that Il numbers as having different 5 a2
ramn that normally processes colors. Variations in shape 5 g 5 5
another type. "pop out” (bottom) for them. 5 § 2 -
55”1
CONTROL GROUP SYNESTHETES
Larger area
responds 3 g 3 3 5
to sounds 5 g a 5
5 3 5 3
5.5 a
Increased g 5 £
activity 55 5 g
5
55 9

RICHER EXPERIENCE

These fMRI scans show brain activity in people
listening to sounds. In response, those with
synesthesia generate more sensations than
others, suggesting that the condition enriches
everyday experiences by increasing sensation.




Primary
taste area

Glossopharyngeal
nerve

Smell area

Optic nerve

Secondary
taste area

Olfactory bulb

Nasal
chambers

Trigeminal
nerve

CONSCIOUS AND
UNCONSCIOUS SENSATION

Our brains are bombarded with sensory information, but only a
fraction of it reaches consciousness. Most sensory signals fizzle out
unnoticed. Especially “loud” or important data grabs our attention
(see pp.182—183), and we become conscious of it. Sensations we
are not conscious of may still guide our actions. For example,
unconscious sensations relating to our body position allow us

to move without thinking about it. Also, sights and sounds that

we fail to notice may nevertheless influence our behavior.

BLINDSIGHT

Blindsight gives visual knowledge
without conscious vision. It is likely
that we all have it, but it is most
easily measured in people who are
blind due to cortical damage.

Such people cannot knowingly see,
but if something is put in front of
them they can correctly “guess”
what it looks like, without knowing \A;

how. Most blindsight studies use Visual input
moving objects. The subjects say
they can't see the objects but can
usually “guess” the direction of
movement correctly.

Moving object

Optic nerve

Optic chiasma

“"GUESSING” MOVEMENT Thalamus
Blindsight for movement is probably
due to information from the eyes
stimulating the visual movement

area directly via an unconscious
route. Conscious vision depends on
activation in the primary visual cortex,
stimulated via another pathway.

| Visual
L movement area

Visual
cortex

BOTTOM-UP AND
TOP-DOWN PROCESSING

Sensations are triggered externally, by an occurrence that impacts on
a sense organ, and internally, by memory or imagination. The former
is known as “bottom-up” and the latter as “top-down” processing
(see p.87). The two combine to create our experience of reality.
Each person’s experience of a given event is different. Physiological
differences affect bottom-up processing. One person’s color-
processing area in the brain may be highly sensitive, for example, so
that colors are more vibrant than average. Also, an individual’s own
memories, knowledge, and expectations affect top-down processing.

AHC 121314

LETTER OR NUMBER?

The symbol in the center is identical in these two images, and our “bottom-up” visual
process sees it as such. However, expectation, or “top-down” visual processing, leads
to us seeing it as different. The context in which it appears on the left causes us to see
it as the letter “B,” while we see it as “13” in the right-hand image.
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| THE EYE

w Optic nerve
I

a THE EYE IS AN EXTENSION OF THE BRAIN. IT CONTAINS

; ABOUT 125 MILLION LIGHT-SENSITIVE NERVE CELLS, KNOWN

z AS PHOTORECEPTORS, WHICH GENERATE ELECTRICAL

w SIGNALS THAT ALLOW THE BRAIN TO FORM VISUAL IMAGES.

T

l_

THE STRUCTURE OF THE EYE

The eyeball is a fluid-filled orb with a hole in the front (the pupil);
a sheet of nerve cells (the retina), some of which are light-sensitive,
at the back; and a lens in between. The pupil is surrounded by
pigmented fibers (the iris) and covered by a sheet of clear tissue
(the cornea) that merges with the tough outer surface or the
“white” of the eye (the sclera). The optic nerve passes through

a hole in the back of the eye (the optic disk) to enter the brain.

OPTIC NERVE

This colored MRI scan shows the thick
bundle of fibers, the optic nerve, that

connects each eye to the brain.

SEQUENCE OF VISION

Iris

Light passes through the cornea and enters the eye through the pupil. Muscular ring

i . S i : that alters

The iris controls how much enters by changing shape, so the pupil size of pupil
appears smaller in bright light and expands in shade. Light rays then

pass through the lens, which bends (refracts) the light so it converges Pupil

on the retina. If focusing on a near object, the lens thickens to
increase refraction, but if the object is distant, the lens needs to

Hole in iris that
narrows in bright
light or widens

flatten. The light then hits the photoreceptors in the retina, some of in dim light
which fire, sending electrical signals to the brain via the optic nerve.
Light rays Cornea

Cornea Retina

Inverted image
Crossed rays produce
an upside-down
image on retina

Cross inside eye

Object

EYE MECHANISM
The workings of the

Transparent layer
covering front
of eye

eye transform images
made from light into

electrical impulses to
send to the brain.

Lens
Transparent disk
that adjusts to
focus light rays

Iris

Optic
nerve

Conjunctiva > = -

Covering of
cornea and
eyelid lining

Lens
Bends incoming
light rays

Retina Right
optic

nerve

Optic
chiasm

Right optic
tract

VISUAL PATHWAYS Right

visual field

Information from the eyes has to travel right to
the back of the brain before it starts to be turned
into conscious vision. En route, it passes through

Optic
radiation

two major junctions, and half of it crosses from
Visual
cortex

i CROSSING
A

SIGNALS

The left side of the
visual cortex receives
information from

the right visual field
and vice versa.

one side of the brain to the other. Signals from
the two optic nerves first converge at a crossover
junction called the optic chiasm. Fibers carrying
information from the left side of each retina join
up and proceed as the left optic tract, while fibers
carrying information from the right side form the
right optic tract. Each tract ends at the lateral
geniculate nucleus, which is part of the thalamus,

o ) ) . Left visual
but their signals continue to the visual cortex via field nerve

bands of nerve fibers, called the optic radiation.




Sclera
Protective outer
sheath of eyeball

Choroid
Blood-rich layer

Retina

Layers of
light-sensitive rod
and cone cells

RETINAL NERVE CELL

Fovea
Area of densely
packed rods and cones

Optic disk
Point at which
nerve fibers exit

Eye muscle

Eye held in socket
by strong bands
of muscle

EYE ANATOMY

The eye comprises three main
outer layers and an inner chamber,
which is filled with a thick, clear
fluid, known as vitreous humor.

This light micrograph shows,

in yellow, a nerve cell (neuron)
from the retina. Its lightninglike
extensions pass signals from
light-sensitive cells to the brain.

Blood vessel

Bundle of axons
extending from
ganglion cells

THE RETINA

The retina contains three layers of cells, each one connecting to the
next via junctions between neurons (synapses), through which

information (electrical impulses) can pass. The first two layers send
signals to the visual cortex in the brain, but

these cells do not respond directly to the
light. The third layer, at the very back of the
retina, bears light-sensitive (photoreceptive)
cells—the rods and cones. Light must pass
over the first two layers
to these cells to trigger
any neural activity. Rods,
which make up 90

RODS AND CONES
Cell type and number
can differ. Some
people have more
red-sensing cones
(left) than others (top).

percent of photoreceptors,
are responsible for vision
in dim light. Cones detect
fine detail and color.

Amacrine cell _ Bipolar cell

Ganglion cell
Optic nerve

Carries signals
to visual cortex

BACK OF
RETINA

Inner surface
of retina

Rod cell

Cell nucleus

Cone
cell

LAYERS OF RETINAL CELLS Horizontal cell

The first two layers of cells, containing
the ganglion, amacrine, and bipolar cells,
connect directly with the optic nerve

to send signals to the brain. Horizontal cells
receive and regulate input from the light-
sensitive rods and cones in the third layer.

THE FOVEA

cones (which pick up detail

can also pass on more detail

FOVEAL MAGNIFICATION
This electron micrograph shows
the part of the retina that gives
sharpest vision, the foveal pit.

The central part of the retina allows for far sharper

Right in the center of the retina ivs the fovea, a tiny
pitted area where cones are most densely packed.
In addition to being more numerous, foveal cones
, because almost every
one has a dedicated signal-sending pathway to the

BLIND SPOT

vision than the periphery because it contains more

Signal-carrying nerve
fibers bundle together at
the optic disk in the back
of the eye to form the
optic nerve. Consequently,
this area has no light-
sensitive cells, so it forms
a "blind spot.” We are
unaware of this gap in
our vision because the
brain “fills in” the area
we can't see.

and color) than rods.

OPTIC DISK
This opthalmoscope
image of a retina shows
the optic disk, the site
of the blind spot.

brain. Light-sensitive
cells elsewhere on

the retina must share
these means of output.
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: | THE VISUAL CORTEX
[
o
3 THE VISUAL AREAS OF THE BRAIN ARE AT THE BACK OF THE BRAIN; % Responds to visual stimuli
) THEREFORE, INFORMATION FROM THE EYES HAS TO TRAVEL THE FULL DEPTH  v2 Passes on information and responds to
S OF THE SKULL BEFORE IT BEGINS TO BE PROCESSED INTO SIGHT. VISUAL ;"TP'GXSha"IeS . o
w INFORMATION CAN GUIDE ACTIONS WITHIN ONE-FIFTH OF A SECOND, BUT v °>  fstion and drection - o comemnes
= IT TAKES ABOUT HALF A SECOND FOR US TO SEE AN OBJECT CONSCIOUSLY. V4D, V4V  Responds to color, orientation, form,
and movement
a VISUAL AREAS V5 Responds to movement
% The visual cortex is divided into several functional areas, each of which specializes V6 Detects motion in periphery of visual field
” in a particular aspect of vision (see table, right). The process is similar to assembly- v7 el in parasstion cRaymmeny
< line production: raw material is checked in by V1, then sent on to other vision areas, : ) ;
= i i ) \:] Probably involved in processing of color
which contribute shape, color, depth, and motion. These components are then
combined to form a whole image. Because of the modular nature of vision,
if one of the sight areas is damaged, a particular visual component may be : ‘
. INTERIOR CORTEX
lost while the others remain intact. Cell death in the motion-detecting area, V6 ) \ v//_*’/\~\w ) Some, but not all, of the
for example, may cause the world to be seen as a series of still snapshots. V3A & o e \ \ visual processing areas curve
V3D &, = /| around the back of the brain
V2 — and into the groove between
‘ 4 { > the hemispheres.
V1 S \\_2_ ;
V2 A ,;\_ E

vav
V8

VP

i Occipital lobe

VA Location of visual
cortex areas

VERTICAL SECTION

Spiny stellate cells
communicate with
neighboring layers

VB
VC

\

Thalamus

Pyramidal cells
send messages
to other areas of
the visual cortex

Vi

CORTICAL LAYERS
The primary visual cortex consists of several cell
layers, numbered | to VI, each of which contains a
; . . v7
special mix of cells. Each layer sends and receives
signals to and from different parts of the brain.

V3a

THE MIND’S MIRROR v3

,“
The crisscrossed layout of the visual pathways (see .u.
p-80) causes the view seen by the eyes to be reversed, V2 b

so it registers on the primary visual cortex (V1) as a {

mirror image. Signals from the left field of vision V1

end up in the right hemisphere and vice versa. The

information is passed between the two sides to give a :
shared view. In certain rare conditions, each side of the
brain sees something different—the person appears to

Opti
be in “two minds” (see p.11, p.199). ptic nerve

4 Temporal lobe
Location of
object-recognition
pathway

Light reaches outside of
retina of opposite eye

Lateral

Light from geniculate
outer visual MIRROR |MAGE . Obtic radiati nucleus
field goes The mapping of the visual P Idclra fla ion | -
to inside field onto the retina matches Bundle o arons I thatlsend R ToN
of retina the arrangement of visual Ring rom /1 Ve G
information on the surface t.hala;murstto '
Signals from of the visual cortex. This is o cortex

left eye split known as retinotopy.

THE SEEING BRAIN

Paths from Signals from the eyes arrive at V1, which passes

Image
' inside gf inverted them to other visual areas for further processing
retina cross in on retina (see also pp.84-85). Activation in V1 is not

optic chiasm sufficient for conscious sight, but is necessary

for it. As long as we are consciously seeing
something, V1 is kept activated.

Signal from
opposite
visual field




DISTINGUISHING COLORS

In theory the human visual system can distinguish
millions of colors, but in practice the number of
colors we see depends on whether we have learned
to see them. Presented with a globe showing all
possible colors, people can easily distinguish

those for which they have distinct names. But if

a range of hues is lumped together under a single
name, they often find it hard to see the differences.

ENGLISH HUES
This globe shows
the spectrum of
color, which is
divided into eight
basic categories
(red, orange, green,
blue, purple, yellow,
and brown) in the
English language.

OTHER HUES
Studies suggest that
language affects
how people see the
globe. For example,
the Berinmo tribe of
Papua New Guinea
split colors into five
categories, each of
which relates to a
different hue from
those above.

RECOGNIZING OBJECTS

Conscious sight requires the brain to recognize what
it is seeing. To achieve this, the image is forwarded
from the occipital lobe to other brain areas concerned
with emotion and memory. Here it gains information
relating to its function, its identity, and its emotional
significance. One of the first stops is in the object-
recognition area, which runs along the bottom rim

= Face-recognition
of the temporal lobe. Human faces are dealt with in area

FACE-RECOGNITION AREA

Part of the brain’s object-recognition
path scrutinizes things of importance.
This area processes objects that call
for fine discrimination, such as faces.

a particular subregion that has evolved to make fine
distinctions. Its ability to distinguish tiny differences
between individual faces makes nearly all of us

“ ” ..
experts” at recognizing one another.

GREEBLES

Greebles are organic-looking objects
used in studies that, like faces, are
each slightly different from one
another. At first sight the differences
are easily overlooked, but as people
become familiar with Greebles their
brains start processing the sight of
them in the face-recognition area.
This allows them to see the tiny
differences very clearly and they
become Greeble “experts.”

DEPTH AND DIMENSION

Central visual

The brain uses two types of cues to produce our three-dimensional
view of the world. One is the slightly different image recorded by
each eye (spatial binocular disparity), and the other is the way

field
Combined image
formed by brain

the perceived shape of an object shifts as it moves.
Both cues come together in an area
of the brain called the anterior
intraparietal area (AIP), which lies
between the visual processing areas
and the part of the brain devoted to
monitoring our position in space.

DEPTH AREA

The AIP combines two types of visual

cue to calculate distance and depth. This
information guides the movements involved
in reaching out and grasping objects.

STEREOGRAM

Stereoscopic images make use of
the way the brain processes visual
information to trick it into seeing a
three-dimensional image when in
fact there is only a flat plane. One way
to do this is to present, side by side,
two minutely differing images of the
same scene. The difference between
them is that which would normally be
perceived by each eye—a tiny shift
of perspective equal to the distance
between the eyes. These illusions
were popular in Victorian times.

PHANTOM IMAGE
If you can force your eyes to cross or to
diverge, so that each eye sees just one
picture, a ghostly third image appears
in the center in three dimensions.

Anterior
intraparietal area

g 4

Image formed
on left retina

on right retina
Optic nerve

Optic chiasm

Thalamus
Lateral geniculate
nucleus

Left cerebral

hemisphere Right cerebral

hemisphere

Visual cortex

3-D VISION

The slightly differing views provided by each eye,
combined with information about how shapes
change as they move across the visual field,
produce a three-dimensional view of the world.

Image formed
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: VISUAL PATHWAYS
I
' CONSCIOUS VISION IS THE FAMILIAR PROCESS OF SEEING SOMETHING, WHILE DORSAL AND VENTRAL ROUTES
2. UNCONSCIOUS VISION USES INFORMATION FROM THE EYES TO GUIDE BEHAVIOR e e
> WITHOUT OUR KNOWING IT IS HAPPENING. THE TWO TYPES OF VISION ARE t0 processther ino vision, The signals are
S PROCESSED ALONG SEPARATE PATHWAYS IN THE BRAIN. THE UPPER (DORSAL) o Soparate dorsal and ventl pathirays,
- ROUTE, IS UNCONSCIOUS AND GUIDES ACTION, WHILE THE LOWER (VENTRAL)
it PATH IS CONSCIOUS AND RECOGNIZES OBJECTS.
z
(%]
u 3
- THE “WHERE" PATHWAY SN e
The dorsal, or “where,” pathway object in relation to

. . . . observer are gauged
carries signals triggered by a visual

stimulus—for example, the light
bouncing off a nearby object—from
the visual cortex to the parietal cortex.
Along the way, it passes through areas

that calculate the object’s location in V7 ,/
relation to the viewer and creates an Contributes /
to perception ¥ |

action plan in relation to it. The dorsal off syt

path gathers information about motion /
and timing that is integrated into ’ \
the action plan. All the information V3a / ‘

needed to, say, duck a flying object, Information on
) ) . motion and
is gathered along this path with dlizsiien 5

no need for conscious thought. collated here

THE "WHAT"” PATHWAY V2

Angles and

The ventral, or “what,” pathway follows orientation
. . lyzed—

a route that takes it first through a series patfsn:p)(ﬁ re

of visual processing areas, each of which v2

adds a specific aspect of perception, Information

such as shape, color, depth, and so passed on
through
on (see pp.88-89). The loosely formed  secondary visual

representation then passes into the co’tex_hcomp'ex
shapes are
bottom edge of the temporal lobe, registered here \
where it is matched or compared to \
. . . . V1 vs h
visual memories in order to achieve Signals from eyes Involved in perception / Direction of N

of color, orientation, movement

recognition. Some information continues received in primary
form, and movement detected here

visual cortex

along this pathway to the frontal lobes,
where it is assessed for meaning and

significance. At this stage, it becomes Face-
recognition Amygdala

a conscious perception.

RECOGNIZING FACES

Different types of visual stimuli are processed in different
parts of the brain. Faces, which are recognized by the
pattern of human facial features, activate the face-
recognition area. This extracts

information about facial expression ~ FAMILIAR PERSON
Emotional recognition

is near-instant. The

EMOTIONAL FACTUAL

Frontal lobe

FAMOUS PERSON
When a face matches a

Primary visual
cortex

and forwards it to relevant brain
areas. When a face matches a

: o pathway runs from Primary - memory of a famous person,
memory, the information is o visvel eeries visual Face-recognition such as Marilyn Monroe, the
sent to the frontal lobes for via the face area oIt Qrea information is shunted to the
further processing. to the amygdala. SEEING SOMEONE FAMILIAR SEEING SOMEONE FAMOUS frontal lobes for processing.




Inferior temporal lobe
Fusiform gyrus involved
in recognizing objects,

especially faces

Frontal lobe

Some information from
dorsal route arrives in
frontal lobes, where it

is consciously perceived

DAMAGE TO THE DORSAL PATHWAY

Damage to the dorsal visual pathway causes a number of
disorders, all of which affect the ability to deal with objects in
space. A person may, for example, be unable to see that two
objects are in different places or to correctly see their spatial
relationship, one to the other. They may find it impossible to
reach out and grasp an object accurately or to know where it

lies in relation to themselves. For example, a person may say
something like, “I know there is a banana there but I don't
know where it is.” Patients may also suffer visual attention

defects (see pp.182-83).

The ability to see movement is vital
for survival. Many animals, such

as frogs, can only see things in
motion. The motion area of the
human brain is tiny and more than
90 percent of neurons here are
specialized to detect direction

of movement. It is generally well
protected from injury but, very
rarely, a person may lose motion
vision due to a stroke. The effect is
profoundly disturbing, reducing the
world to a series of snapshots.
Day-to-day life becomes difficult—
crossing the road, for example,

is perilous as approaching traffic
appears first to be distant and
then suddenly close. Pouring

a cup of tea is difficult because

the column of liquid seems to

be frozen and then overflowing.

ILLUSORY MOTION

The brain frequently detects motion where
there is actually none. Many different types
of illusions can do this. Most of them
depend on exciting motion-detecting
neurons, causing them to fire and thus
create the effect of movement.

L

MONA LISA ILLUSION
The face-recognition area
only processes stimuli
that have the pattern of
facial features. So a picture
of an upturned face is
not processed here but

is dealt with by an area
that is not sensitive to

@0 facial expression. The
upturned image of Mona
Lisa seems at first to be
normal. Turn it the right
way up, though, and the
face area alerts you to

"~ something very wrong!

PROSOPAGNOSIA

If the face-recognition area is damaged, or fails
for some reason to develop normally, people
may be unable to recognize people they
know—even their closest friends and members
of their own family. Prosopagnosia is severely
socially disabling. Affected people may get
quite good at identifying people by features
other than their face (by voice or clothing)

but these techniques are slower and less reliable than normal face recognition.
Face recognition relies on detailed information about distances between features.
In the faces above, the shape of the features or the distance between them have
been manipulated. People with prosopagnosia are unable to spot the differences.

EYES CLOSE

DAMAGE TO THE VENTRAL PATHWAY

Damage to the ventral pathway results in one or another
form of visual agnosia—the inability to recognize what one

is seeing. Prosopagnosia, the inability to recognize faces

(see panel, above), is one type of agnosia, but there are

many others. Visual agnosia is generally divided into two
categories: apperceptive and associative. The first type

results from damage to the parts of the pathway in the occipital
lobe and manifests itself as an inability to form a properly
constructed perception. Hence a person with apperceptive
agnosia cannot copy or draw an object, even though they may
be able to see the parts of it quite clearly. Associative agnosia
is an inability to identify objects. The person sees the object
and may be able to mime an appropriate action in relation

to it—for example, using a fork to raise food to the mouth—
yet be unable to say what it is.

EYES ENLARGED

EYES APART

ALTERED IMAGES

These photographs have had features,
such as mouth or eye size, altered or
have been changed configurally—the
eyes moved together or further apart.

'-.T.-
LS

o )

LETTER FANTASY OBJECT

MOUTH ENLARGED

AGNOSIA TESTS
Tests for agnosia
include recognizing
objects from their
silhouettes, telling
fantasy objects from
real ones, or identifying
an incomplete letter.

SILHOUETTE
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THE SENSES

VISUAL PERCEPTION

So strong is the attraction of
faces that even the portraits
within the picture get close
and repeated study

The viewer's gaze lingers here to
scrutinize the interplay between
the “main” characters

Eye gaze and mouth are scrutinized
for clues to the intentions and inner
states of the characters

in the picture

The eye passes straight across the
floor, pausing briefly when the
pathway is obstructed, but not

stopping long enough to see it



Openings are scanned, perhaps for

the possibility of others intruding VI S UA L P E RC E PTI O N
on the scene and altering the

human dynamics within it

e A WE DO NOT SEE WHAT WE THINK WE SEE. WHEN WE LOOK

| o AT A SCENE WE HAVE THE IMPRESSION OF SEEING ALL OF IT
IN ONE GLANCE, BUT IN PRACTICE WE TYPICALLY PICK OUT
JUST A FEW TINY DETAILS.

NOILd3dd3d TVNSIA

‘, TOP-DOWN AND BOTTOM-UP PROCESSING

k™ Visual perception is momentary, partial, and fragmentary. “Bottom-
~up” visual processing presets the brain with information about the

S3ISN3IS IHL

whole field of vision, but “top-down” processes select which parts
of the scene to make conscious. When we look at a picture, our
eyes typically alight on a few thumbnail-size areas that we scan in
sequence repeatedly. The rest of the image remains a blur unless we
deliberately turn our attention to it. Eye-tracking studies (see left)
show that the parts of a scene that we look at most closely are those
that relate to other people. Although this visual selection is determined

| by “higher” brain functions—those involved in social concerns rather

' than, say, ducking a low branch—people are often unaware of what

they are looking at. When asked, they may say they are looking at
one thing when in fact their eyes have been resting on another.

MAKING SENSE OF PICTURES

The brain works hard to make sense of visual information. Looking at

a complex scene (see left) activates processes that distinguish target

| objects, such as people, from the background and then selects which
bits of the target to focus on. These details are then scrutinized while
the conscious brain pieces together the story. This interpretation begins
unconsciously. Colors and shades are not recognized just by the type and
amount of light reflected from them. The unconscious brain works out
an object’s most likely color or shade from its context.

CYLINDER ILLUSION
The squares A and B are
identical shades but B
looks lighter because

we assume that the
cylinder is casting
a shadow over it.

COLOR ILLUSION

The color you see depends on those around
it. Pink next to white looks paler than pink next
to green. This is due to “lateral inhibition,”
which defines objects from their surroundings.

LAUGHTER PLAYS TRICKS ON THE EYES

Laughing literally changes the way you
see the world. Normally, when you look
at a Necker cube the image switches
between two competing 3-D images, a
situation known as binocular rivalry. This

rivalry occurs because each eye sends a
slightly different image to each side of the
brain (see p.83), and the brain switches
conscious awareness of one to the other.
One theory on why switching stops during
laughter is that amusement is a state in

Pointing to an object increases TUNING IN TO DETAIL i , which information from both halves of
its significance and makes it Thg white lines on this image tra9k the viewer's eyes as they the brain merges more than usual.
navigate around the scene. The circles represent where the NECKER CUBE

worthy of a look

gaze rests—the larger the circle, the longer the eye lingers.




SEEING

THE SENSES

SEEING

SEEING SEEMS TO BE INSTANTANEOUS AND EFFORTLESS, AND VISUAL
IMAGES ALWAYS APPEAR FULLY FORMED. UNCONSCIOUSLY, HOWEVER, THE
BRAIN IS CONSTANTLY UNDERTAKING A MAJOR FEAT OF CONSTRUCTION

The optic radiation

The signals are then sent from
the thalamus on to the visual cortex
via a thick band of tissue known as the
optic radiation.

TO PRESENT US WITH OUR VIEW OF THE WORLD.

VISUAL PERCEPTION

One way of thinking about visual perception is to
see it as the end product that emerges from a long
and complicated assembly line. The construction
process begins in earnest when information from
the eyes—the raw material—reaches the primary
visual cortex at the back of the brain. This is then
sent along two main pathways (see pp.84-85),

through a number of cortical and subcortical areas.

Each of these responds by creating neural activity
that generates various aspects of vision such as
color, form, location, and movement. Eventually,
the various elements are bound together and we
become conscious of a meaningful sight.

Retinal cells
The light passes through the lens
and then through two layers of retinal
cells before hitting the light-sensitive
rods and cones at the back.

Light enters the eye

Light waves enter the eye through the pupil,
a hole in the center of the iris. The pupil expands
to let in more light in shady conditions, and
contracts when the light is bright, so a relatively
constant amount of light is allowed in.

HOW WE SEE

Although we are beginning to understand how
information from the eye is used to recognize
objects and guide behavior, no one knows
how vision becomes conscious and why it
feels the way it does (see pp.178-79).

The optic nerve
The light-sensitive retinal cells fire and send
signals along their axons, which are bundled
together to form the optic nerve. The
nerve crosses at the optic chiasm,
and the nerve fibers connect
with a specialized part of
the thalamus.

Perception
(frontal lobes)
Once all the visual
elements of a sight
have been brought
together and the -—
object has been
recognized, it
is presented to
consciousness as
a full “perception.”



THE DORSAL ROUTE

Information from the eyes is
registered by the primary visual
cortex and then sent forward along

two pathways for further processing.

The dorsal route takes it up through
areas that are concerned with
charting the location of the target
object in relation to the viewer.
Along this route, neuronal activity
encodes the object’s position,
movement, and some aspects of
its size and shape. The dorsal route
ends in the parietal areas, which
construct action plans relative to
the viewed object. This process
occurs unconsciously.

Motion

Movement is processed along the dorsal pathway. It

is an essential component of any “action plan” (see
p.121), and the brain not only notes current motion,
but also predicts where an object will be in a split
second. This ensures that any action plan is well timed.

Depth

In order to calculate the depth of an object, the
brain combines visual signals from both eyes—each
of which has a slightly different view (see p.83)—
along with information about how the shape of the
image alters as the eyes move.

THE VENTRAL ROUTE

The ventral route carries
information from the primary visual
cortex down through the temporal
lobes, where the neural activity
identifies the sights and “clothes”
them with meaning. A face, for
example, is distinguished and
recognized here (see p.84), and
information about it such as the
name of the person is recalled from
memory (see p.163). Information
traveling along the ventral path is
brought together with that from the
dorsal path in the frontal lobes—
resulting in conscious perception
rather than action.

.\\\‘ !it‘g ‘ ! '/,,,‘

Form

The brain has many different ways of “seeing”
form. These include registering the orientation
of light waves hitting an object and processing
information about the way the waves reflect from
its surfaces or outlines.

Color

Color discrimination begins in the retinal cells, some
of which are tuned to fire in response to specific light
wavelengths. Color processing continues in the brain,
especially in an area known as V4 (see pp.82-83), which
contains the majority of color-sensing neurons.

Recognition path

)
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In order to see something properly, a
person needs to have some idea of what is
being seen. If an image is not recognized, it
is less likely to be consciously registered and
may be overlooked altogether. Recognition
is not purely visual, but involves clothing the
perception with knowledge—such as who or
what it is, what its intention is (if it is sentient),
= why it is there, and what it is called. Some of
these elements may be missing—you may
see someone you know but fail to recall
his or her name, for example. By contrast,
the purely visual elements of a perception
are nearly always intact.

SEEING WITH SOUND?

A device that turns visual
information into sound has

been reported to create visual
experience in at least one user,
who is otherwise blind. The device
involves mounting a small camera
on a person’s head, which captures
a moment-by-moment view of what
would normally be the person’s
visual field. This information is then
turned into a “soundscape” that

is played into the user’s ears. As
the person learns to recognize the
physical qualities matching the
sounds—for example, that a single
high-pitched tone signifies a
vertical surface—they seem to
cease to hear it as a noise and
instead experience it much like
normal vision. One woman claims
that her experience of “hearing”
the environment is sometimes
indistinguishable from seeing it.

SOUNDSCAPE

This image is a computer reconstruction of one
second of sound, as “seen” by the system that
builds soundscapes from camera images.




P THE ANATOMY OF HEARING

- T H E EAR The ear is divided into three sections: the outer ear, middle ear, and

T inner ear. The outer ear funnels sound waves along the ear canal to

i THE EAR PICKS UP SOUND WAVES IN THE ENVIRONMENT the eardrum (tympanic membrane)—the start of the middle ear. The

; AND TRANSLATES THIS INFORMATION INTO NERVE IMPULSES, sound waves cause the eardrum to vibrate, which in turn causes a

w WHICH ARE SENT TO THE BRAIN FOR PROCESSING. THE EAR chain of bones, known as the ear ossicles, to vibrate. One of these,

z ALSO SENSES THE MOTION AND POSITION OF THE BODY, the stapes, is attached to a membrane known as the oval window—the

o WHICH ALLOWS THE BRAIN TO REGULATE BALANCE. start of the inner ear. Beyond this is the maze of fluid-filled chambers

E of the spiral-shaped cochlea. The vibrations of the stapes on the oval
OUTER EAR window are converted into pressure waves, which travel in the fluid

g<alp muscle The visible part of the outer ear is within the cochlea to the organ of Corti. Sensory hair cells on this

called the pinna. Its funnel shape helps

cular cartilage

organ transform the pressure waves into electrical impulses, which
B e distinctive collect sound waves and channel them

into the ear canal (which extends roughly ~ travel through the auditory nerve (specifically, the cochlear branch
1in/2.5cm) toward the middle ear. of the vestibulocochlear nerve) to the brain.

Suspensory ligament
Holds bones in place
but allows them
to vibrate

Semicircular canals
Contain sensory organs
involved in balance

Cochlear nerve
Carries nerve signals from
inner ear to brain

Vestibulocochlear
(auditory) nerve
Carries signals from
semicircular canals
and cochlea to brain

Tympanum

Outer ear canal (eardrum)

(exterior auditory
canal)

Malleus
(hammer)

Cochlea
Contains sensory
organ involved

| in hearing
Ear ncus

ossicles (anvil) Vestibular canal
Stapes
Pinna (ear flap) (stirrup)
Skin-covered flap
made of subcutaneous
fat, connective tissue,
and cartilage

Cochlear duct

Tympanic canal
Oval window

Membrane receives

Eustachian tube
vibrations from stapes

Runs to upper

throat
Round window roe
ORGAN OF CORTI Membrane relieves pressure by 5y -
Tiny hairs on this organ, found in the allowing cochlear fluid to bulge Y Tmfg:iﬁ::iﬁgg&i@;
cochlea, transform sound waves into 3 to the middle ear. an air-filled
electrical impulses. Low-frequency .

Q\ \ N cavity that houses the ear ossicles—

B the smallest bones in the body. The
innermost of these, the stapes, is attached
to the oval window, which leads into the

sounds are picked up at the center
of the cochlea’s spiral and
high-frequency sounds

at the base, near the

h Vestibular canal cochlea. The cochlea and the semicircular
oval window. Conveys vibrations to canals comprise the inner ear.
basilar membrane
Reissner’'s
membrane

Tectorial membrane
Receives signals from
hair cells

Divides cochlear
duct and vestibular
canal

Cochlear duct Stereocilia
Protrude from tip of
. hair cells and bend in
Outer spiral -
response to vibrations
sulcus

Modiolus
Hensen'’s cells

Inner spiral sulcus

‘ Reticular lamina
& Ji

Inner hair cell

Outer hair cells

Basilar membrane
Membrane along
which the organ of
Corti is located

HAIRS ON THE ORGAN OF CORTI
Pillar cell This colored electron micrograph shows
Auditory nerve sound-sensing hairs. There are 20,000 or
so outer hairs (yellow). Around 3,500 inner
Tympanic canal hairs (red) lead to the auditory nerve.

Tunnel of Corti




THE AUDITORY CORTEX

Sound information, in the form of electrical impulses, travels from
the ear along the auditory nerve to the auditory cortex (situated

in the temporal lobe, beneath the temples) for processing. In one

of its three areas, the primary auditory cortex, different auditory
neurons respond to specific sound frequencies. Also, some respond
to the intensity of a sound rather than to its frequency, while others
respond to more complex sounds, such as clicks, animal noises, and
bursts of noise. It is thought that the secondary auditory cortex plays
a part in processing harmony, rhythm, and melody, while the tertiary
auditory cortex is involved in integrating the variety of sounds into a
whole impression.

PERCEIVING SOUND FREQUENCIES

In the primary auditory cortex, neurons are Corresponds Corresponds
sited according to the frequency each responds to apex of to base of
to, as are the sensory cells in the cochlea. cochlea cochlea

oo AUDITORY RANGES

Many animals can hear sounds that

SPECIES FREQUENCY }
(HERTZ) humans cannot, both at higher and

lower frequencies. Some animals

Elephant 16-12,000 pick up frequencies significantly

P - higher than those humans can
detect. For example, bats using

Human 64-23,000 echolocation can detect reflected

Dog 67-45,000 sounds in the 14,909—100,000 Hertz
range. The lower limit of the human

Porpoise 75-150,000 auditory frequency range is fixed

Bullfrog 100-3,000 throughout life, but the upper limit
begins to fall from adolescence.

Owl 200-12,000 The maximum frequency heard

. 2.000-110,000 by a normal middle-aged adult is

between 14,000 and 16,000 Hertz.

HAIR CELLS AND
FREQUENCY

This colored
electron micrograph
shows V-shaped

. sensory hair cells on
the organ of Corti
(see opposite page),
each with multiple
strands (yellow) or
stereocilia. Cells are
arranged within the
cochlea according
to the frequency of
the sound each is
able to detect.

THE COCHLEAR IMPLANT

Rather than restore hearing, this device helps
the wearer have a perception of sound with
no time lag, which can help with lip-reading.
A microphone picks up sounds and passes
them to a sound processor, which turns them
into digital electrical signals. The transmitter
conveys the signals, in the form of radio
waves, to the implanted receiver, located
beneath the skin. This receiver communicates
via electrodes with the sensory hair cells in
the cochlea, which pass the
information on to the brain.

EXTERNAL APPARATUS

Receiver . .
A transmitter, m|crophone,

and sound processor
convert environmental
sounds into digital
signals.

Transmitter
Cochlear

(auditory)

nerve

Cochlea Electrode

. Microphone worn
behind ear

\ Wire connected to

INTERNAL APPARATUS ) | sound processor
Surgery is required to insert |

the receiver and electrodes |
that convey the sound /
information to the inner ear. tf

AUDITORY DISORDERS

Hearing loss is common but total deafness is rare and usually results
from a congenital problem. Mild or severe hearing loss can result
from ear disease, injury, or degeneration of the hearing system with
age. Hearing loss is either conductive (a fault in the transferral of
sound from the outer to inner ear) or sensorineural (sometimes
known as nerve deafness, involving damage to the auditory nerves,
or to the sensory parts of the inner ear). Common hearing disorders
include otitis media and otosclerosis. Otitis media mainly affects
young children and is an inflammation of the middle ear caused by a
bacterial infection. Otosclerosis occurs when there is abnormal bone
growth on the stapes bone of the
middle ear, which stops it from
vibrating and conducting sound
waves on to the inner ear.

NORMAL EARDRUM
The eardrum consists of a thin layer of
fibrous tissue continuous with the skin of
the outer ear and the mucous membrane
of the middle ear.

PERFORATED EARDRUM

The eardrum may become perforated due
to infection, injury, or sudden exposure to
an explosive noise that causes excessive
vibration. Perforations can heal naturally.
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MAKING SENSE OF SOUND

THE SENSES

MAKING SENSE
OF SOUND

THE COCKTAIL-PARTY EFFECT

The brain not only receives signals from the ears, it also sends signals to

them, creating a circuit that modulates input. Background noise is dimmed,

SOUND VIBRATIONS ARE TURNED INTO ELECTRICAL IMPULSES
IN THE COCHLEA. FROM THERE, THEY TRAVEL TO THE
AUDITORY CORTEX AND ITS ASSOCIATION AREAS VIA

THE MEDULLA AND THE THALAMUS.

interested in but may reduce the background
so much that important messages fail to get
through. If your brain registers an important
sound, such as your name, it will instantly
identify the source of that sound and
upgrade it from heard to listened to.

This is known as the cocktail-party effect.

PERCEPTION OF SOUND

Sounds start as vibrations entering the ears. In the inner ear, receptor

cells in the cochlea transform these vibrations into electrical signals,
which pass along the cochlear nerve to the medulla in the brainstem,
and then to the inferior colliculus. The cochlear nerve fibers divide
so that most of the input from each ear can go to both hemispheres.
At this stage, the source of the sound is determined by areas of the
brainstem that compare input from both ears and analyze the delay
(of about 1500 of a second) between the receipt of the signal by
the ear nearest to the source and the ear farther away.
The signals reach the auditory cortex via the
thalamus, where frequency, quality, intensity,
and meaning are perceived. The left
auditory cortex is more concerned
with the meaning and identification
of sound; the right, with quality.

Sound crosses to
right hemisphere
Most signals from
left cochlea travel to
right side of cortex

Right auditory
cortex

Sound travels
through ear along
cochlear nerve

THE HEARING BRAIN
Sound enters the ears and travels
via the brainstem and thalamus
to the auditory cortex. Here, it

is processed by association areas,
such as Wernicke's area, which is
involved with interpreting speech.

and the longer a person concentrates on a single strand of conversation,
the greater the effect of filtering. This makes it easy to hear words you are

HEAR OR LISTEN
When in a noisy
environment, such as at

a party, the brain can

tune in to listen to a
particular conversation
while still hearing the noise
of background speech.
Green areas in the scan
above register the sound
of speech while red areas
process speech to the
level of understanding—
it is “listened to"” as well
as heard.

Corpus
callosum

Medial geniculate body
Part of thalamus that
receives signal

Left auditory
cortex

Sound crosses to left
hemisphere

Most sound signals
received from right

ear are processed here

Medulla in brainstem
Sound received in
cochlear nucleus



NOISE OR MUSIC?

Sound consists of waves, or vibrations, whose characteristics are
determined by the source of the sound. The main characteristics
influencing our perception of sound are frequency (number of
vibrations per second) and amplitude (the size of the waves’ “peaks”
and “troughs”). Frequency influences pitch, and amplitude governs
loudness. Irregular sound-wave patterns tend to be experienced as

-

AVAVAVAVAY

‘ TONE

noise; in contrast, music
produces regular patterns.
Music is hard to define
precisely, but the quality of
musical notes depends upon

FREQUENCY (HERTZ)

NOISE OR NOTE

Analysis of the wave forms of sounds
reveals pure tones to be regular in
frequency and amplitude, while
noise is irregular.

NOISE

TIME (SECONDS)

ACTIVITY DURING MUSIC
Music produces more pronounced
activity on the right-hand side of
the auditory cortex.

ACTIVITY DURING SPEECH
Speech tends to produce more
intense activity in the left-hand
side of the auditory cortex.

THE MOZART EFFECT

The French child-development expert Alfred Tomatis first
described the “Mozart effect” in 1991. He claimed that
listening to the music of the 18th-century classical composer
Mozart could help the mental development of children under
three. Researchers have also demonstrated that students
listening to Mozart could improve their performance on tasks
involving spatial reasoning and show a temporary increase

in 1Q. Recent research has given mixed results, but the

idea has gained in popularity. The Mozart effect may,
however, have more to do with changes in mood and

arousal affecting mental performance than any direct

impact on intelligence.

their sound source—a musical instrument—and how it is being
played. Another important factor in music is timbre, or the “quality”
of a sound. Timbre depends upon how many different frequencies
of the note are heard at once; multiple frequencies or overtones
(harmony) make a richer timbre. The auditory cortex responds

to different qualities in music. e

The primary region responds to
frequencies and the secondary
area to harmony and rhythm,
while the tertiary area adds
higher levels of appreciation

and integration.
Primary
cortex
AUDITORY CORTEX
The inner primary auditory cortex has areas
associated with specific frequencies. The
secondary and tertiary regions tune into Tertiary
more complex aspects of sound perception. cortex

Secondary
cortex

DEVELOPMENT OF HEARING

The development of hearing is a gradual process that begins in the
womb and is complete by about the end of the first year of a baby’s
life. Research shows that the unborn child is capable of hearing by
about the fourth month of gestation, but the auditory apparatus is not
fully formed until about the sixth month. At birth, hearing is the most
developed of the senses, so it is of prime importance to the baby in

exploring its world. Studies have shown how the baby learns to
recognize sounds in its first few months, gradually becomes able to
distinguish between speech and non-speech sounds, and then begins
to understand words. Children also lose the ability to hear differences
between sounds that are not important in their native language. Many
Japanese children, for example, can no longer hear the difference
between “1” and “r,” which they could distinguish at an earlier age.

DEVELOPMENT BEFORE AND AFTER BIRTH

The human fetus has some basic hearing capacity
from the age of about 18 weeks. This ability matures
and develops over the next few weeks, with
low-frequency sounds outside the mother’s body
being heard better than those of high frequency.
From birth up to four months, the baby starts to
respond to loud or sudden sounds, beginning to
localize them by turning the head. From three to

six months, the baby begins to recognize and also
make sounds. Between six and 12 months, he or
she begins to babble, recognizes basic words like
“mommy,” and starts to recognize voices. The baby
begins to form words from the age of about one
year. Each child reaches these milestones in hearing
and speech development at different times, butvery o~ 1, 5 4
slow development may indicate some problem with |

Ears start to form

Can hear sounds

Auditory apparatus completely formed
Can hear voices
Can recognize voices

Can recognize familiar and unfamiliar sounds

Can distinguish between speech and other sounds

Learns to segment speech

T T T T T T T T T T T T T 1

T
6 7 8 9 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

the hearing apparatus. ‘

IN THE WOMB (AGE IN MONTHS)

I
AFTER BIRTH (AGE IN MONTHS)
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HEARING

HEARING INVOLVES MECHANICAL VIBRATIONS FROM THE ENVIRONMENT—
SPEECH, MUSIC, AND EVERYDAY NOISE—TRAVELING THROUGH THE OUTER,
MIDDLE, AND INNER EAR. THE VIBRATIONS ARE TRANSFORMED TO ELECTRICAL
SIGNALS, WHICH TRAVEL TO THE BRAIN TO BE INTERPRETED AS SOUND.

THE SENSES

PATHWAY OF SOUND

The ear is a complex, exquisitely designed instrument for the capture of sound and its
transport to the brain. Once mechanical vibrations from sound sources reach the inner
ear, they are transformed into electrical impulses that shoot along the cochlear nerve to

the brainstem. Here, they follow complex pathways up to the thalamus before arriving
at the auditory cortex. Processing in the brain allows perception of the meaning,

direction, and volume of a sound.
The cochlea

The cochlea contains three fluid-filled
ducts. The vestibular canal transmits
sound vibrations (blue) to the basilar
membrane of the organ of Corti. Residual
vibrations (red) travel back along the
tympanic canal to the round window.

The auditory canal
The sound waves
continue along the 1in-

Ossicles

(2.5cm)-long auditory canal, The eardrum Vibrations are passed on to
The outer ear which extends from the The eardrum, or tympanic a set of tiny bones called ossicles
Sound waves are caught concha (inner curve) of the membrane, vibrates as sound (see p.90), which act as a chain
in the funnel-like curves of the outer ear to the eardrum waves enter the auditory canal. of levers. The stapes pushes
outer ear that comprises and is lined with tiny hairs It is a thin layer of fibrous tissue and pulls on the oval window
the exterior “flap” of the that protect it from the entry that forms a barrier between the at the entrance to the cochlea,
pinna and the auditory canal. of foreign objects. outer ear and the middle ear. transmitting sound to the inner ear.

HEARING LIGHT
Hair cells turn sound vibrations into electrical signals that : T T = HAIR CELLS
stimulate neurons in a healthy ear. Damage to the hair cells : 5 / .| Each haircell is

can lead to loss of hearing. However, research shows that . L S o ; topped by about
infrared light is also capable of stimulating ear neurons. \ S5 iR 100 projections

A team at Northwestern University in Chicago exposed : i i O W called cilia. Itis

the movement

inner- ear neurons in guinea pigs to infrared light. This resulted
9 P9 9 of these in

in electrical activity in the inferior colliculus suggesting that the ]

' = i response to
light had caused soundlike input to be sent to the brain. This ; . ‘ vilsmiions it
discovery could be turned into a new type of cochlear implant o ity ; TRe i generates

if fiberoptics targeting light to the inner ear are developed. b g SRR 1 : = electrical signals.
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1 The thalamus
Nerve impulses

are received and processed
by specialized neurons in the
medial geniculate nucleus of
the thalamus. These signals
are then sent to the primary
auditory cortex, which

also feeds information

back to the thalamus.

1 The primary
auditory cortex
The characteristics of a
sound input are finally
interpreted, after
intermediate processing
at the primary auditory
cortex, which works with
other cortical areas on
sound perception.

1 The inferior colliculus

All the ascending auditory
pathways—some of which bypass the
superior olives—converge upon the inferior
colliculi at the top of the brainstem and their
input is then passed on toward the thalamus.

The organ
of Corti The superior olive
Mechanical Cells in the ventral cochlear

nucleus send signals up to the
superior olives on both sides of the
brainstem. Here the brain interprets
the direction of sounds (see p.92).

vibrations of sound
are transformed into
electrical signals

by hair cells in the The cochlear nerve

organ of Corti, Sound impulses are The superior olive then sends

which is the main transported from each hair signals on to the midbrain.

organ of hearing cell in the organ of Corti via

and is located in the cochlear nerve endings that Cochlear nuclei

cochlea (see p.90). join together to form the nerve The cochlear nerve branches
responsible for transmitting to connect to the two cochlear HOW THE BRAIN HEARS
signals to specialized groups nuclei on the same side of the A sound begins as a wave of vibrations that is
of neurons in the brainstem. brain as the ear where the sound picked up by the trumpet-shaped outer ear.

Vibrations travel through the middle ear before
being converted into electrical signals by the organ
of Corti. There are thought to be several nerve
pathways that sound impulses take through the
brainstem (see p.92) to reach the thalamus and
primary auditory cortex for processing into the
conscious perception of a sound.

originally entered. After this,
neural pathways branch and
ascend in ways that are not
yet fully understood.




SMELL

THE SENSES

SMELL

ALTHOUGH VISION HAS BECOME THE DOMINANT SENSE
IN HUMANS, THE SENSE OF SMELL (OLFACTION) REMAINS
IMPORTANT TO SURVIVAL BECAUSE IT CAN WARN US

OF HAZARDOUS SUBSTANCES IN OUR ENVIRONMENT.
THE SENSES OF SMELL AND TASTE ARE CLOSELY LINKED.

DETECTING SMELL

Like the sense of taste, smell is a chemical sense. Specialized
receptors in the nasal cavity detect incoming molecules, which enter
the nose on air currents and bind to receptor cells. Sniffing sucks up
more odor molecules into the nose, allowing you to “sample” a smell.
It is a reflex action that occurs when a smell attracts your attention,
and can help warn of danger, such as smoke from a fire or rotting
food. Olfactory receptors located high up in the nasal cavity send
electrical impulses to the olfactory bulb, in the limbic area of

the brain, for processing.

SMELL CENTERS

IN THE BRAIN

The olfactory bulb

is the smell gateway
to the brain. Here,
data about smells is
processed in the
forebrain (yellow), then
sent to various areas
of the brain, including
the olfactory cortex
adjacent to the
hippocampus (red).

SMELL PATHWAYS

Odors are initially registered by receptor cells in the nasal cavity.

These send electrical impulses along dedicated pathways to the

olfactory bulb (each nostril connects to one olfactory bulb).

The olfactory bulb is part of the brain’s limbic system, the seat of

our emotions, desires, and instincts, which is why smells can trigger

strong emotional reactions. Once processed by the olfactory bulb,
data is transmitted via three olfactory pathways

,p/‘/ }\, to higher centers in the brain that process

it in different ways. This process is called
“orthonasal” smelling, in which smell data
travels along pathways directly from the
nose (see opposite). In “retronasal”
smelling (see p.101), odors also have
a flavor component that enters the
olfactory pathways via the mouth.

SAME-SIDE PROCESSING

Unlike data gathered by the other sense
organs, odors are processed on the

same, not opposite, side of the brain as
the nostril the sensory data was sent from.

RECEPTOR ARRAYS

There are around 1,000 types of receptor cell in the nasal cavity, but
we can distinguish around 20,000 different smells so, clearly, there
is more to smell reception than “one receptor, one smell.” Research
shows that each receptor has zones on it, each of which responds

to a number of smell molecules. Also, multiple receptors respond

to the same smell molecule—it may be that each receptor binds to a
different part of it. A specific smell will activate a specific pattern or
“array” across the receptors,
so that each smell has its
own “signature.” When the
receptors forming a specific
pattern are activated, this
signature is sent to the
brain for processing.

OLFACTORY RECEPTOR CELL
This colored electron micrograph
shows tiny cilia projecting from a
receptor cell. Odor molecules bind
to the cilia and activate the receptor.

THE CHEMISTRY OF SMELL

There is still much to be learned about the relationship between
chemical structure and smell. Scientists have identified eight primary
odors (rather like the three primary colors): camphorous, fishy, malty,
minty, musky, spermatic, sweaty, and urinous. Smells are often
produced by a combination of many different smell molecules, often
from different categories. Comparisons of the structures of smell
molecules within each category have shown some similarities—for
example, minty smelling compounds often share a similar molecular
structure. However, tiny differences in molecular structure can
produce very different smells. Octanol, a fatty alcohol, smells like
oranges, while octanoic acid, a saturated fatty acid that differs

from octanol by only one oxygen atom, smells like sweat.

& %

PRIMARY SMELLS
Scientists investigating
the perception of smell
have attempted to
identify primary odors,
which can be combined
with one another to
produce the much
larger range of smells
that we experience.

To date, eight primary
odors have been
identified, including the
distinctive smell of fish.

SMELL AND MOLECULAR STRUCTURE
These two molecules differ significantly
in their chemical structure, yet both of
them conjure the same characteristic
“mothball” smell of camphor. One theory
is that it is not the shape of molecules that
causes them to smell, but the frequency
at which their atoms vibrate.




Medial orbitofrontal cortex
Receives and processes signals

Olfactor Ethmoid Mucus-
bulg bone secreting L . from olfactory cortex
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Dura signals from olfactory cortex
mater

Glomerulus

Nerve fiber

Basal
cell

Receptor
cell

Odor
molecule Supporting
cell ;
Airflow Mucus
OLFACTORY EPITHELIUM

The area within each nasal cavity that contains the
olfactory receptor cells is known as the olfactory
epithelium. A small amount of the air entering the
nostrils will pass over the epithelium, which is
covered in mucus. Smell molecules in the air
dissolve in this mucus, bringing receptors into
direct contact with the smell molecules.
Three cell types are within the epithelium;
in addition to the receptor cells, there are
supporting cells, which produce a

constant supply of mucus, and basal

cells, which produce new receptor

cells every few weeks. The larger the
epithelium, the keener the sense of

smell. Dogs, for example, have a
considerably larger olfactory

epithelium than humans. e

Nasal Receptor cell Olfactory tract Amygdala Olfactory cortex

chamber nerve fibers Signals from  Receives signal Processes signals
Receptor cells olfactory bulb from olfactory from olfactory bulb

detect odor and pass along cortex if odor and relays them to

relay data along olfactory tract spells danger, orbitofrontal cortex
nerve fibers to to olfactory cortex generating and amygdala
olfactory bulb emotion of fear

o o ORTHONASAL SMELL
@ o 09 “Orthonasal” refers to olfactory data that enters
the olfactory pathways through just the nose, and
0 0 0 not the mouth, which can also relay information
about smells to the olfactory pathways. Orthonasal
Airborne odor Q smell is stimulated by floral scents, perfumes,
molecules smoke, food aromas, social odors, the smell of

Molecules from source prey, and pheromones.
of odor enter through
each nostril




PERCEIVING SMELL

THE SENSES

PERCEIVING SMELL

SMELL IS MORE LIKELY TO EVOKE EMOTION AND MEMORY
THAN THE OTHER SENSES. THE FACT THAT OLFACTORY AREAS
OF THE BRAIN EVOLVED EARLY ON AND ARE WIRED INTO THE
PRIMITIVE BRAIN SUGGESTS THAT SMELL IS VITAL FOR OUR
SURVIVAL, AS WELL AS THE SURVIVAL OF OTHER ANIMALS.

THE EVOLUTION OF SMELL

The smell brain, centered around the olfactory bulb in the limbic

system, is of ancient origin, having evolved about 50 million years
ago in fish. The sense of smell was overtaken in importance by the
sense of vision when humans began to walk on two legs, although
it is still dominant for many animals. But smell

is an important aspect of survival for humans,
shown in the fact that we take prompt
action if we smell gas or smoke, for example.
It also plays an important role in sexual
selection, emotional responses, and
forming preferences for food and drink.
All of these factors were probably of key
importance in the lives of our ancestors.

DISGUST
When a bad odor is detected, such as
that of rotting meat, it is natural to both
feel and express disgust. Avoidance of the
source of the odor follows, and it is almost
impossible to eat food that smells bad.

OLFACTION IN ANIMALS

Although humans can smell some odors at a concentration as low as one part
per trillion, our sense of smell is weak compared to that of other animals. The
size of the surface area of the olfactory epithelium (see p.97) and the density
of smell receptor cells indicate how sensitive an animal’s sense of smell is.
Dogs, for example, can identify a particular human from just a few odor
molecules. Northern dogs, such as huskies and jackals, are renowned for their
sense of smell. Hunting dogs and grayhounds
have a weaker sense of smell—in the
chase, they don't have time to
distinguish prey from
background smells.

SNIFFER DOG

A breed combining the
behavioral characteristics
of a domestic dog and

a jackal's sense of smell
makes an ideal sniffer
dog for security work.

SPECIES NUMBER OF OLFACTORY AREA OF OLFACTORY EPITHELIUM
RECEPTOR CELLS

Human 12 million 11/ square in (10 square cm)

Cat 70 million 21/ square in (21 square cm)

Rabbit 100 million Data not available

Dog 1 billion 2614 square in (170 square cm)

Bloodhound 4 billion 59 square in (381 square cm)

SMELL PREFERENCES

Whether we find a smell nice, nasty, or neutral is very subjective and
depends upon familiarity, intensity, and perception as pleasant or
unpleasant. It is not clear if preferences are innate or learned, but
much experimental evidence supports the latter possibility.
Associative learning links pleasant smells

‘v‘ﬁ_
versa. For example, people who »J,L-f
fear the dentist do not like the '
clovelike smell of eugenol,

to pleasant experiences, and vice

54‘4
-

which is used in dental
cement; those without a fear 3
of the dentist react positively 3
or neutrally to this odor. 1
A

SUBJECTIVE RESPONSES
The distinctive smell of the
durian fruit is perceived by
some as revolting but others
find it extremely tempting.

SMELL DESCRIPTION

Decaying flesh Repulsive to most people; may evoke thoughts of death

Skunk odor Horrible to most, but a few people find it “interesting”

Vomit Often associated with illness, which may heighten disgust
Feces or urine Caused by gas released as bacteria break down food residue
Decaying food Triggers an “adaptive” response to food that could cause illness

Isonitriles Chemicals in nonlethal weapons described as “world's worst smell”

STEREOSCOPIC AND BLIND SMELL

It is generally believed that the human sense of smell has atrophied in
relation to our other senses, but recent research shows that humans can
still effectively track a scent. Using both nostrils to sample a smell, the
human brain uses both sets of data to accurately pinpoint the location
of the source of the odor. Therefore, as with vision and hearing, smell
can be “stereoscopic,” relying on both nostrils for a full understanding
of a scent. “Blind” smell
refers to the ability of the
brain to detect a smell
without being consciously
aware of it, which has
been demonstrated in
experiments using fMRI
scans showing how
olfactory areas are
activated without the
participant’s knowledge.

BLIND SMELL ACTIVATION
This fMRI scan shows
widespread activity throughout
the brain in areas including the
thalamus (just above center),
on exposure to an odor at
concentrations that cannot

be detected consciously.



SMELL AND MEMORY

o

m

a

' Amygdala Olfactory nerve An event is associated with input from all m
Hippocampus Only two synapses Carries signals from h di d bv the hi , <
Only three synapses separate olfactory olfactory bulb; closely the senses, co-ordinated by the hippocampus. >
separate olfactory nerve nerve from linked to hippocampus Reexperiencing any of the Sight, SmeH, or sound Q
from hippocampus amygdala and amygdala . . w0
inputs may trigger a memory of the event, but 2

Olfactory smell seems most strongly associated with memory. m

bulb -

This may be because olfactory regions are linked

to all emotional areas in the limbic system.

Nasal Research shows that a memory of a visual image

chamber is likely to fade within days, but the memory of a
smell may persist for up to a year or even decades.

S3ISN3IS IHL

The hippocampus may not even be crucial for the
link, because people who sustain damage to this
region can still recall scents from their childhood,

even though suffering from general memory loss.

THE MADELEINE EFFECT

The madeleine effect is named after an episode in Marcel
Proust’s epic Remembrance of Things Past. As a mature
adult, the novel's hero eats a madeleine soaked in
lime-blossom tea and is mentally transported to his
childhood and the house of his aunt, who used to serve
madeleines before Sunday mass. Long before the effect
was investigated
scientifically,
Proust recognized
that taste

and olfactory
memories can
take us further
back than visual
or auditory cues.

PROUST

French novelist
Marcel Proust
(1871-1922)
wrote “the smell
and taste of things
remain poised a
long time, ready
to remind us....”

SMELL AND MEMORY

The olfactory bulb is in the limbic system, close

to the amygdala (associated with emotion) and the
hippocampus (associated with memory). When you
first encounter a smell, it becomes linked to the
emotions you associate with the events of that
time. Encountering the smell again may trigger this
link, evoking the memory and associated emotion.

SMELL AND COMMUNICATION

Animals emit compounds called pheromones that are used as

communication signals and detected by an accessory olfactory

system in the brain. Humans recognize each other in
a similar way—for example, infants prefer the smell
of their mother’s breast to that of other women.
Research into the existence of pheromones

{ \ in humans has found that women’s
$ menstrual cycles can synchronize when
\ one woman is exposed to odorless

compounds (supposing that these are

pheromones) emitted from the underarms
of another woman. In animals, the accessory

MALE BODY SMELL Lo
Male sweat contains androstenone, a musky compound. Olfactory system 1s linked to the vomeronasal USING SMELL COMMERCIALLY
When sprayed on a waiting-room chair, most women region (VMO), an area in the nasal cavity that Some estate agents claim that the smells of baking bread,

choose that one. Androstadienone, another compound, cinnamon, and coffee can help sell a house by evoking a
affects men, making them more helpful. It is likely to good feeling in potential purchasers. Equally, they advise
stem from the need for men to hunt cooperatively. existence in humans remains debatable. banishing pets, so that animal smells do not put off buyers.

responds to pheromones. The VMO’s
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- LIKE SMELL, TASTE HAS A SURVIVAL VALUE—POISONOUS SUBSTANCES TEND
w TO TASTE BAD (USUALLY BITTER) WHILE THOSE THAT ARE NOURISHING TASTE
& PLEASURABLE (USUALLY SWEET OR SAVORY). TOGETHER, TASTE AND SMELL
" ALLOW ANIMALS TO EVALUATE AND RECOGNIZE WHAT THEY EAT AND DRINK.
I

'_

THE EVOLUTION OF TASTE

The sense of taste enables animals, including humans, to make the most of the variety

of foods available to them. Many plants that look tempting are toxic, so genes that

enable us to detect (and therefore avoid) these toxins have an obvious survival value.
One such gene that has been identified affords taste sensitivity to phenylthiocarbamide
(PTC), an organic compound that resembles many toxic compounds found in plants.

EVOLVED TO REACT TO TASTES

Herbivores, such as deer, with fewer bitter-taste genes than
omnivores, are less selective and therefore benefit from an
increased food supply. They can tolerate more toxins because
they have larger livers than omnivores, such as chimpanzees.

THE TONGUE

The tongue is the main sensory organ for taste detection. It is the body’s
most flexible muscular organ, as revealed by its work in both nutrition and
communication. It has three interior muscles and three pairs of muscles
connecting it to the mouth and throat. Its surface is dotted with tiny,
pimplelike structures called papillae.

Other parts of the mouth, such as rm— Top of epiglottis

the palate, pharynx, and :
epiglottis can also detect \ \ — Lingual tonsil

taste stimuli.
Vagus

\‘ ‘ Vallate papillae
nerve

Filiform papillae

SUPERTASTERS

Around a quarter of the
population are “supertasters,”
which means they have an overall
higher level of tasting ability. They
are very sensitive to a chemical
called propylthiouracil (PROP),
finding it incredibly bitter. Half
the remaining population find
PROP moderately bitter, and
the final quarter cannot taste

it at all. Supertasters find bitter
compounds such as coffee

Glossopharyngeal 24
nerve [ too strong. They seem to
' Foliate papillac have more fungiform papillae
Mandibular nerve pap on the tongue, which may explain
N/ the increased sensitivity.
Facial nerve { Fungiform
AR papillae
Z?I‘Jvf
ST PAPILLAE
* T
THE TONGUE A ¥ AN Tongue i i
All tastes are detected equally ased ;3 | W NL/TS ngue Papillae contain taste buds and
across the tongue, according to O epithelium are distributed across the tongue.
recent research—ilt had long been A FAOUA" types of papillae hg\(e been
believed that different parts of the SRR ?'?t'?9U|SZeg—Y?||ate,él|lfﬁl’tm,
tongue are dedicated to detecting Byl oliate, and fungitorm. Each type
specific tastes. The tongue is well . bears a different amount of taste buds.
supplied with Herves that carr oy 4 Y o A, A . Fungiform and filiform are the smallest
taSZ—related data to the brainy 5 \ P F|I|f9|1m papillae, and vallate are the largest,
. | papiia and together form a V-shape across
. the rear of the tongue.
Fungiform
v pailla

§ & {
= - {
|

Along with the basic tastes, people can detect other

substances, such as fatty acids, through receptors in Vallate ,\‘
the upper airways. This suggests that taste is a part papilla Fon @ -
of smell, just as smell is a part of taste. @ Y s Gustatory
NAME DESCRIPTION v @0 0 receptor cell
Mucus- ! . - 1
Sweet Often linked to energy-rich, secreting .
high-calorie foods. gland Connective W
tissue Supporting
Sour May be a danger sign, signaling Taste pore ; cell
unripe or “off” foods.
Taste hair -
Salty Most chemical salts, including TASTE BUDS - Nerve fibre
sodium chloride, taste salty. A taste bud is composed of a group of about 25
. ) : receptor cells alongside supporting cells, layered ¢ .
Bitter sz.bf) & tg r:jatural OZInES together much like a bunch of bananas. The tips " - Epithelium
2T 16 [DEst avele e of the cells form a small pore, through which taste ! . of tongue
. . molecules enter and contact receptor molecules.
Umami Savory (“umami” means

These are borne on taste hairs (tiny projections

“delicious” in Japanese). ) e .
Jap ) called microvilli) that extend into the pore.




Enhanced activity

TASTE AND SMELL BRAIN AREAS Regions surrounding

. . orbitofrontal Taste area of Tongue area of
Taste and smell are both chemical senses—receptors in the nose and cortex are sites of Taste area somatosensory somatosensory
mouth bind to incoming molecules, generating electrical signals to enhanced activity b cortex cortex

send to the brain. Both sets of signals pass along the cranial nerves.
Smell-related (olfactory) signals travel from the nose to the olfactory

bulb, then along the olfactory nerve to the olfactory cortex in the
temporal lobe for processing (see also pp.96-97). The pathway
of taste-related (gustatory) data travels from the mouth
along branches of the trigeminal and glossopharyngeal
nerves to the medulla, continues to the thalamus, then
to primary gustatory areas of the cerebral cortex.

Olfactory cortex

Signals from olfactory bulb are processed
in olfactory cortex before being relayed to
orbitofrontal cortex

KEY

B taste
."
’-‘ "~ [ RETRONASAL SMELL

1
B exPiReD AR / ‘

Medial orbitofrontal cortex

Lateral orbitofrontal cortex

Olfactory bulb

Olfactory nerve . ANV L4 % s | \
Carries signals from olfactory bulb to LA g 'i d a o ( = ' x* & )

olfactory cortex

Nasal cavity

Odor in expired air

Molecules released from food in 4 4 /
mouth are carried into nasal cavity
by expired air from lungs
Thalamus
Food in mouth
Nucleus of
Facial nerve solitary tract

Branches gather sensory impulses from
front two-thirds of tongue

Nerve signals
from tongue
are received
by nucleus of
solitary tract
in brainstem

Glossopharyngeal nerve
Branches collect taste impulses from rear
third of tongue

Expired air Amygdala
TASTE AND RETRONASAL SMELL
The brain forms perceptions of flavor using both
taste and a type of smell called retronasal smell,

in which volatile molecules from food held in the
mouth are pumped past the olfactory epithelium
by air being expired from the lungs. Brain-imaging
studies show that retronasal smell activates more
areas of the brain than orthonasal smell (see p.97).

TASTE ASSOCIATIONS
When a food makes you ill (spoiled seafood, for example), the

TASTE AVERSION
As an alternative to
killing coyotes that
prey on domestic
sheep, some farmers
in the western US
place lamb bait
laced with an
illness-inducing
drug around their
ranches. The
coyotes learn to
avoid lamb meat
and therefore stop
approaching sheep.

association can linger for a long time, making even the thought of
that food repulsive. The phenomenon, known as flavor-aversion
learning, has been demonstrated by researchers at Harvard Medical
School who fed rats a sweet liquid with a substance that made them
briefly ill. Thereafter, the rats avoided the liquid despite its tempting
sweetness. When a food is paired with nausea, flavor-aversion
learning has a survival value in teaching animals to avoid attractive-
looking foods that may be toxic. It is a robust form of learning—

occurring after one episode only, but lasting for many years.
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TOUCH

THE SENSES

TOUCH

THERE ARE MANY KINDS OF TOUCH SENSATIONS. THESE INCLUDE Hair
en oo
LIGHT TOUCH, PRESSURE, VIBRATION, AND TEMPERATURE Merkel's ik s cold, hait
; is pulled
AS WELL AS PAIN (SEE PP.106-107), AND AWARENESS OF THE Mosty nover SPUedUD  teismmers  Fres nerve onding
BODY'S POSITION IN SPACE (PROPRIOCEPTIONS, SEE PP104-105). oo darmis creciorpill  corpusde  Located st cdge
THE SKIN IS THE BODY'S MAIN SENSE ORGAN FOR TOUCH. clocated | foundinupper  specilized to pick

TOUCH RECEPTORS

There are around 20 types of touch receptor that respond to various
types of stimuli. For instance, light touch, a general category that
covers sensations ranging from a tap on the arm to stroking a cat’s
fur, is detected by four different types of receptor cells: free nerve
endings, found in the epidermis; Merkel’s disks, found in deeper
layers of the skin; Meissner’s corpuscles, which are common in the
palms, soles of the feet, eyelids, genitals, and nipples; and, finally,
the root hair plexus, which responds when the hair moves. Pacinian
and Ruffini corpuscles respond to more intense pressure. The

Sebaceous gland
Produces sebum to

protect hair and
lubricate skin

dermis

in dermis up light touch

—— Epidermis

| Outer layer of
skin; made up of
resilient, flat cells

| Dermis 7
Contains
sensation of itching is produced glands, blood |
. . . vessels, and —
by repetitive, low-level stimulation nerve endings ;

The different types of touch sensation convey detailed,
complex information about the world around us and
can act as a warning signal. Touch is essential for
experiencing the texture and “feel” of objects. It also
plays a vital role in communicating with others.

SENSATION
Light touch

Touch pressure

Vibration

Heat and cold

Pain

Proprioception

RECEPTORS

The skin is not deformed by light
touch, for example a handshake or
a kiss. Free nerve endings in the
skin respond to light-touch stimuli.

Pressure entailing short-lived skin
deformation stimulates Pacinian
corpuscles and Ruffini corpuscles,
located deep in the skin.

Pacinian corpuscles and Meissner's
corpuscles (mechanoreceptors,
detecting mechanical movements)
respond to vibrations.

Receptors are sensitive to either
hot or cold, not temperature
itself. Heat and cold receptors
occur in specific spots on the skin.

Pain signals come from damaged
tissue and stimulate nociceptors
(see pp.106-107), which consist of
free nerve endings.

Receptor cells located in muscles
and joints send information to
the brain about the position

and movement of the body.

of nerve fibers in the skin, while
feeling ticklish involves more

intense stimulation of the same , ,
nerve endings when the stimulus ' 2 S . _
moves over the skin.

SKIN STRUCTURE

Skin is the largest sense organ and allows
us to interact fully with our surroundings.
This light micrograph reveals how the skin is
embedded with nerves, receptors, glands,
hair follicles, and a rich blood supply.

~|_ Hypodermis
Deepest layer
of skin, contains
fatty tissue

Ruffini corpuscle
Mostly found in
middle and lower
layers of dermis

Pacinian corpuscle
Located deep in
dermis

Bulbous corpuscle
Fat storage; fat Soft, capsulelike cells,
supplies energy mostly located in

and absorbs shocks mucous membranes

Adipose tissue

Sweat gland
Produces sweat
that passes to
skin's surface
via sweat duct

TYPES OF RECEPTORS

The variety of touch receptors gives rise to a wide range of
sensations. They are distributed throughout the body in the
skin, conjunctiva, bladder, and in muscles and joints.

TOUCH PATHWAY

When a sense receptor is activated, it sends information

FIRST ORDER TO SECOND ORDER

First-order neurons carry data from the
touch receptors of the upper thigh to the
spinal cord. Their cell bodies are found in
the dorsal root ganglia of the spinal cord.
On entering the spinal cord, they connect
with second-order neurons, most of which
are located in the gray matter of the spinal
cord, before traveling up the spinal cord
along the pathway known as the ascending
anterior spinothalamic tract.
thalamus, where processing continues. The data then White

about touch stimuli as electrical impulses along a nerve
fiber of the sensory nerve network to the nerve root on the
spinal cord. The data enters the spinal cord and continues
upward to the brain. The processing of sensory data is
begun by nuclei in the upper (dorsal) column of the spinal
cord. From the brainstem, sensory data enters the

travels to the postcentral gyrus of the cerebral cortex, the matter
FRONT OF Gray

location of the somatosensory cortex. Here, it is finally SPINAL CORD matter

translated into a touch perception. ——

Ventral
horn

Signal passes
into spinal cord

Sensory
information from
upper thigh

Dorsal root
ganglion cell
Dorsal horn

Dorsal root
axon

BACK OF SPINAL CORD



Brain

Somatosensory Signal travels
cortex to cortex for
interpretation
Thalamus .
Ventral posterior
nucleus
Signal travels
to thalamus
Cerebellum

Pons

SECOND ORDER .

TO THIRD ORDER
From the spinal cord, the signal [ ) )
travels through the brainstem, 5'9”3' continues from
crossing over to the other side N spinal cord to medulla
of the brain. Here, the nerve fiber Dorsal column
connects with a third-order neuron nuclei
in the thalamus, and the signal is
relayed to the somatosensory cortex
to be processed. Nuclei in the dorsal
spinal column and thalamus also

process sensory impulses en route. g

Spinal cord

SOMATOSENSORY CORTEX

Touch sensations are turned into perceptions in

the somatosensory cerebral cortex, which curls

around the brain like a horseshoe. Data from the
left side of the body ends on the right side of the
brain, and vice versa. Each part of the cortex
processes data from a different part of the body.

It is possible to make a map of the cerebral cortex,

dividing it into regions that correspond to distinct

body parts. Such a map was first drawn by Wilder

Penfield, a renowned Canadian neurosurgeon.
Touch receptors are unevenly distributed across

the body. For example, experiments show that the
distance between touch receptors is far greater on

the back than on the lips. The hands have the

largest proportion of touch receptors in the body.

HOMUNCULUS

The size of the body parts with the
most sensory and motor connections
with the brain are proportionally
enlarged on this distorted figure.

Dermatome
One of three
regions of skin
served by
single pair of
spinal nerves

Arm Head Trunk

Tl
W
F

SOMATOSENSORY

CORTEX Toes
Fingers and )
thumb 1 Genitals
Bye — &
Face
TOUCH MAP

The touch pathway
from a specific
sense receptor ends
in a region of the
somatosensory
cortex that
corresponds to that
' part of the body.

Lips 1
Initial sensation Tongue
Touch receptors in the skin are

activated by touch stimuli—they

are linked to a nerve fiber within the
body’s sensory nerve network, along
which they send signals to the brain
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S3ISN3IAS IHL |




w S S S TYPES OF PROPRIOCEPTION
g T H E IXT H E N E Proprioceptive information is either made
n conscious or processed unconsciously.
P PROPRIOCEPTION—FROM PROPRIO, THE LATIN FOR “SELF”—IS SOMETIMES For example, keeping and adjusting
E REFERRED TO AS THE SIXTH SENSE. IT IS THE SENSING OF BODY POSITION, balance is generally an unconscious
i MOVEMENT, AND POSTURE, INVOLVING FEEDBACK TO THE BRAIN FROM THE process. Conscious proprioception usually
- BODY. HOWEVER, THIS INFORMATION IS NOT ALWAYS MADE CONSCIOUS. involves some kind of cortical processing,
resulting in decision-making. This normally
i . ~ ends in a command to the muscles to
% WHAT IS PROPRIOCEPTION? 5 RN : | perform a movement. The sheer amount
n Proprioception is our sense of how our bodies are positioned FIELD SOBRIETY TESTS of proprioceptive input means that much
T and moving in space. This “awareness” is produced by part of : s is processed unconsciously.
= the somatic sensory system, and involves structures called Proprioception is impaired when
i ) . ) people are under the influence of
proprioceptors in the muscles, tendons, joints, and ligaments alcohol or certain other drugs. The
that monitor changes in their length, tension, and pressure degree of impairment can be tested

by field sobriety tests, which have
long been used by the police in
cases of suspected drink-driving.
made—to change position or to stop moving. The brain then Typical tests include asking someone
sends signals back to the muscles based on the input from to touch their index finger to their
nose with their eyes closed, to
stand on one leg for 30 seconds,

or to walk heel-to-toe in a straight
line for nine steps.

linked to changes in position. Proprioceptors send impulses to
the brain. Upon processing this information, a decision can be

the proprioceptors—completing the feedback cycle.

Sensory
cortex
Processes
input from
biceps

Biceps muscle
Moves through arm
elongation or contraction

Conscious
pathway

Sensory
nerve

Unconscious
pathway

Sensory neuron
Carries sensory
information to the brain

PROPRIOCEPTION PATHWAYS

Conscious proprioception uses the dorsal column-medial
lemniscus pathway, which passes through the thalamus,
and ends in the parietal lobe of the cortex. Unconscious
proprioception involves spinocerebellar tracts, and ends

POSITIONAL SENSORS

Information from proprioceptors, such as
muscle spindle fibers, is sent to the brain for
processing. There are also position sensors in

the joints, load sensors within the tendons, and Muscle spindle fiber i th bell h f the brai he back of th
muscle-stretch detectors, all working together Detects changes in the 'T(t”? cerle Z um}; the [FERE@ |t fe Il EL G I SEEk CI e
to create an image of the body’s position. length of the muscle Sl kel i e Genirell @ MevEmEt:
PHANTOM LIMBS i 7 AN -
When someone has a part of the body amputated or removed—be it a limb, an PHANTOM-LIMB-PAIN TREATMENT
extremity, or an organ, such as the appendix—they sometimes continue to have

. . . . g g Research has shown that the development of phantom-
sensations, often including pain, in that area. Research has linked this to changes ) o .
) ) ; limb pain is linked to the plasticity of the sensory cortex.
in the sensory cortex. Specifically, the somatosensory cortex undergoes a remapping Trying to reverse the changes in the cortex can actually
process in which the areas near the “dead” area “take over”, so that stimuli in these reduce the pain sensation for the patient. For instance, use

of an electric prosthetic limb that is moved by signals from
the patient’s muscles was helpful. Brain scans revealed that
this was linked with reversion of the cortex to its original

areas are felt as sensations in the area that has been lost. This reorganization of the
cortex has been confirmed through imaging studies.

2% state, maybe by replacing some of the original input.
Sk | Toes and trunk | Arm and hand Face BEFORE AMPUTATION
= S | Sensory inputs from the arm
2z % and hand are connected to MIRROR
the appropriate region of the TREATMENT
% 'é sensory cortex. Other parts of g3 { When a patient's
22 the body are also connected 4 r remaining arm
i to specific, neighbouring - y is shown as a
cortical regions. - ] § mirror image
and moved, it
AFTER AMPUTATION . looks as though
Toes and trunk Face : : : : -
| | There is no sensory input the missing
_| from the amputated arm and arm is moving.

[
q Q\ @ hand, but the pathway to the Senclion i
cortex remains. Input from '
N\ \ another part of the body
N h b takes over, reshaping the
I | sensory map, which may
| |

produce sensations.

illusion can
relieve phantom-
limb pain.

|
=




FINE BALANCE

Proprioceptors in the muscles, tendons,
and skin work together with hair cells

in the vestibule and semicircular canals

of the inner ear to maintain balance. A
gymnast will work on all aspects of strength,
movement, and body coordination to
achieve feats involving fine balance.




PAIN SIGNALS

THE SENSES

Pl \I N S I G N A LS PAIN SIGNALS Descending Ascending signal
IN THE BRAIN signal from continues to
Before the pain can cortex thalamus

be consciously felt, it

must be distributed

to various areas of the Passes
cerebral cortex, which through
interprets the signals raphe nucleus
as sensations.

BRAINSTEM

PAIN IS PRIMARILY A WARNING SIGNAL. IT TELLS YOU
THERE IS SOMETHING WRONG AND FORCES YOU
TO TAKE ACTION. PAIN USUALLY OCCURS AS A
RESULT OF STIMULATION OF SPECIALIZED NERVE
FIBERS THAT EXTEND THROUGHOUT THE BODY.

Signal crosses
spinal cord then
continues

to brain

PAIN PATHWAYS

Pain-transmitting nerve fibers permeate almost every
part of the body. When stimulated by an injury, they

Ascending

signal Signal

SPINAL CORD passes

through
send electrical signals from the site of the stimulus medulla
to the spinal cord. The signals then cross over the Descending

signal enters
spinal cord via
dorsal horn

cord and continue up to the
brain. This crossover means

My

DESCENDING CONNECTIONS

Nerve fibers descending from
pain-registering regions of the brain
intercept the ascending pain signals and
modify them, by triggering the release of
analgesic chemicals in the brainstem and
spine in order to reduce pain.

that pain from one side of the
body activates the opposite
side of the brain. As they pass
through the medulla in the
brainstem, pain signals trigger

automatic bodily responses.
The signals then arrive at the
thalamus and are distributed

FEELING PAIN to various regions of the
Pain is not felt until the
brain has processed

signals indicating injury.

brain to be processed.

MEDULLA

As the pain signals pass through
the medulla, a part of the brainstem,
they trigger activity in the autonomic
nervous system (see pp.112-13).
This results in an increase of blood
pressure, heart and breathing rates,
and sweating.

INFLAMMATORY “SOUP”

Injury sets off the release of chemicals,
such as bradykinin and ATP, which trigger the
nerve impulses that are experienced as pain.
Some chemicals—such as histamine, which is

released by specialized white blood cells— Damaged
also cause the injury site to become inflamed membrane
by making capillaries swell up. releases
chemicals
Prostaglandin ATP and K+ . o
"5|easegd by break down to Tissue injury DORSAL HORN
damaged cells form bradykinin Epidermis Pain signals travel to the spine along

pain nerve fibers. Most pain fibers enter

the nerve tract at the back of the spinal

cord, known as the dorsal horn. The signals
are then carried to the opposite side of the
spinal cord before continuing to the brain. ‘

Dermis

ATP

Pain receptor
(nociceptor)
close to site
of injury

Impulse

travels up

White spinal cord
matter

K+

Mast cell
releases

FRONT

| histamine

. . SPINAL
Histamine

CORD

4 Bradykinin

Bradykinin and
ATP bind to

nerve receptors \

M@ @€

r, | - v o
S _f;“--' Nerve endings
k y release substance
- P, which stimulates

Vi Impulse
7 ‘ from site

Histamine of pai Dorsal
b pain
causes SKIN SURFACE B|Ood| othder nherve cells "-f horn
capillary vesse to do the same
to swell
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THE CHEMISTRY OF PAIN RELIEF =
- . . . PAIN FIBERS

The body has a natural opioid (pain relief) system that acts in o
much the same way as opiate drugs, such as heroin and morphine. There are two main types of nerve fibers are covered in a fatty myelin g
Natural opioids, which include endorphins and encephalins, are fiber that detect pain: A-delta and C.  sheath that aids the transmission of >
. . A-delta fibers are thin and carry sharp,  signals. C-fibers are not insulated by Y

produced by the thalamus and pituitary gland during stress and ) o . . ,

) o ) ) localized pain signals to the brain. a myelin sheath. The source of pain —
pain. These substances are also produced in situations associated The site of the injury will be within a transmitted by a C-fiber is difficult to 4
with feeling a natural “high,” such as strenuous exercise and sexual millimeter of these nerve fibers, so the  pinpoint because its nerve endings are T

activity. Nerve endings in the brain site is easily identified. These nerve spread out over a relatively large area. o~
m
and throughout the body have special z
receptors on them that bind to opiate <,  C-FIBERS AND m
S gegTny
substances. The opiates then dampen % . A-DELTA FIBERS
2 .
the pain signals carried in those nerve 3 fA'delta 1538 £k
! ) ) Myelin : found mostly in
endings, thus reducing pain. T e subcutaneous

tissue. C-fibers
accompany all

the blood vessels,
lymphatic, sensory,
and motor nerves,
and the peripheral
autonomic nerves.

OPIOID RECEPTORS

This PET scan shows the concentration R
of opioid receptors in a normal brain. S
Red areas show where they are highest, \}
through yellow and green, to blue, which A-DELTA FIBER CEIBER \
indicates the lowest concentration.

TYPES OF PAIN REFERRED PAIN

Pai I . h . imulated by h 1d. vibrati Referred pain occurs when nerve fibers from areas of
aln usually arises when pain reCeptOrS are stimulate Yy eat, cold, vibration, l’lig]’l sensory input (SUC]’I as the skin) and nerve fibers

overstretching, or by chemicals released from damaged cells. Specialized nerve fibers from areas of low sensory input (such as internal organs)
(see panel, above) transmit this information to the brain. However, certain types of enter the spinal cord at the same location. Since the brain
pain are processed and experienced in different ways, for example the facial nerves expects to be receiving the data from high-sensory areas,

it misinterprets the location of the pain.

connect directly to the cranial nerves (see below), whereas visceral pain, from internal

organs such as the heart (see right), can be difficult to locate. Damage to the nervous Ganglion
system itself, such as a trapped nerve, is known as neuropathic pain (see bottom).

Trigeminal Cranial nerve
FACIAL PAIN nerve junction
Stimulation of trigeminal nerves divisions Sensory
usually causes facial pain. It often nerve fibers
affects only one side of the face Converge
and can be felt on the skin or in upon entry

into spine

the mouth and teeth. It comes and

goes unpredictably and its nature

is variously described as stabbing,
lacerating, like an electric shock,
and shooting. It can range in severity
from mild to excruciating. There

are frequently “trigger points” on
the skin, which, if touched, will bring

on a violent pain spasm. People may TRIGEMINAL NERVES

experience pain daily f()r weeks ‘and There are two trigeminal nerves, one on Trlgemlnatl A
months, then it may disappear for each side of the face, each has branches "¢™V€ °°
months or even years. to the forehead, cheek, and jaw. Area of  Heart

pain attack

Pain
: NEUROPATHIC PAIN receptors

Pain that is caused by damage or malfunction in the
nervous system itself rather than injury is known as

neuropathic pain. A pain-transmitting nerve may be
severed, or be stimulated so often that it gets into
the “habit” of sending pain signals to the brain.
Pain-registering neurons in the cortex can become
sensitized so that they produce the experience of
pain even when there is no external cause.

HEART ATTACK
SEVERED NERVE BUNDLE Pain-signaling nerves from the heart
This colored electron micrograph shows a converge with those from the arm as
severed bundle of nerves. These may continue they enter the spinal cord. The brain
to send pain signals to the brain even when / : ‘ interprets the signals as coming
the cause of the damage itself is long gone. ‘; g‘_ from the arm rather than the heart.




2| EXPERIENCING PAIN

(Y]

§ THE FEELING OF PAIN IS NOT ACTUALLY CAUSED BY AN INJURY IN ITSELF. IN ORDER TO

z EXPERIENCE PAIN, IT MUST BE MADE CONSCIOUS. THIS REQUIRES ACTIVITY IN BRAIN AREAS

o INVOLVED IN EMOTION, ATTENTION, AND ASSESSING SIGNIFICANCE. SUCH ACTIVITY CAN Insular cortex Ccci)':tgeilate

E CREATE THE PAIN EXPERIENCE IN THE ABSENCE OF A CAUSE. o ig:;tosensory

w ignal to

- s e

2 | PATHWAY OF PAIN somatosenory e 4 ~Y

z Pain signals are transmitted to several areas corresponding g L NN

* of the cortex, where they activate neurons to site of injury / i ,4‘,,,\\

T that monitor the state of the body. Two such / < {'( 1 )‘

. areas are the somatosensory cortex, which % Y <11\
lets the brain know which part of the body l;stltli = ) |
the pain stems from, and the insular cortex—the - 1Y
deep fold that divides the temporal and frontal L SN Ny -_.\“ J

lobes. The other cortical site associated with

pain experience is the anterior (front) of the Paf'rr;:r:gs?i ' \:/
cingulate cortex (ACC), which lies in the groove of injury Thalamus PAIN CENTERS = . 4
between the hemispheres. The ACC seems to PAIN ROUTES The somatosensory cortex =¥
be particularly concerned with the emotional Pain signals from the body ascend to the brain via (green) and the insular

. . . . .. the spinal cord, then rise through the brainstem cortex (red) are responsible
SIgmﬁcance of pamn and with determmmg how to the thalamus. Thereafter, they are distributed to for pinpointing the exact
much attention an injury should command. various cortical areas for processing. site of the pain stimulus.

A WHOLE-BRAIN AFFAIR

Pain is so important to our survival that it may involve practically

every part of the brain. Three main “pain areas” (see above) register
and assess pain signals, and pinpoint the site of their source, but
other areas also come into play. The supplementary motor area and
motor cortex may plan and execute movement aimed at escaping
the pain stimulus. Parts of the parietal cortex may direct attention
to the threat, and several parts of the frontal cortex may be involved
in working out the significance of the pain and what to do about it.

Motor cortex

Supplementary PAIN STUDY
motor area Somatosensory The fMRI scans above show various “slices”
cortex through the brain of a healthy person who
Anterior is being subjected to a painful stimulus on
cingulate the arm. The regions highlighted in yellow

cortex show areas of neural activity in response

to the stimulus, revealing how widespread
the effects of pain are on the brain.

Posterior parietal
complex

Posterior
cingulate cortex

PAIN CIRCUITS
Pain signals travel along many different neural circuits to hit
their targets. Some follow the paths of nerves that ascend

Prefrontal
cortex

from areas of the body, while others stem from brain nuclei,
such as those in the hypothalamus, which are concerned
/ with combating the effects of the pain stimulus.
‘ KEY
5 ==)- DIRECT SPINAL INPUT tO areas CIRCUIT THROUGH cortical
- ) L .
Amvadal that monitor the state of and limbic areas involved
ygdala ! . : :
the body, direct attention, in evaluation and
and prioritize response. monitoring of pain.
== DIRECT SPINAL INPUT to areas =) CIRCUIT THROUGH cortical and
involved in automatic limbic areas that affect pain,
response to pain, such as including intensity, emotion,

arousal and movement. and pain memory.




BRAIN OVER PAIN

Part of the role of higher brain areas is

to modify pain. Nerve signals that travel
from the brain into the body interrupt pain
signals traveling up from the site of the
injury before they reach the brain. This
reduces the number of pain signals
reaching the brain and, therefore, the
amount of pain felt. Also, our thoughts,
expectations, and emotions can all have

a profound effect on the degree to which

a person is “pained” by pain. People

can affect pain consciously by directing
attention away from it, or imagining that
they are pain-free. An intensely imagined
experience generates almost identical brain
activity to the equivalent “real” experience,
so an imagined state of physical ease may
be achieved even as pain fibers in the body
are being stimulated.

PLACEBO AND NOCEBO

Pain may be exacerbated or reduced as a result of
the way in which we think about it. Believing that
pain is being alleviated, by surgical intervention or
a drug, for example, can help ease the pain. This is
known as the placebo effect. Expecting pain to be
intractable or bad does the opposite, known as the
nocebo effect.

Anxiety signals from the
amygdala—pain-related or
otherwise —spark brain E
activity in a way that is
associated with the

experience of pain.

Pain stimulus arrives in
“. -~/ thebrain via the spinal cord, B
Y&\ causing levels of anxiety to
become increased.

FREEZING OUT PAIN

The cingulate cortex is an area of the brain that
is partly concerned with determining how much
attention to give to a pain stimulus. People can
develop the ability to tone down activity in this
region by learning to shift attention away from
the pain stimulus, creating an analgesic effect.

DISTRACTING
ATTENTION

Burns victims have been
found to experience pain

Using virtual reality as a focus point has been
found to help distract attention away from pain.

VIRTUAL ENVIRONMENT

Virtual reality is so distracting, it leaves less
attentional resources available for the brain

to process pain signals.

NO VIRTUAL REALITY

relief when immersed in a
cooling virtual environment,
which is thought to work
by distracting attention
away from pain.

USING VIRTUAL REALITY

PAIN-RELATED BRAIN ACTIVITY

The areas colored yellow in these images show activity
related to pain. The distraction provided by virtual

reality significantly reduces activity in these areas (right).

PAIN

Nocebo effect
Anxiety plus pain input
from the body produces a
pain-related experience
that is more intense than
if either factor occurred
alone. Anxiety is therefore
an example of the nocebo
effect—an intensification
of pain due to the effects
of negative thoughts,
beliefs, or expectations.

Placebo effect
The belief that an

intervention such as a drug
or a medical procedure will
alleviate pain is itself able to
reduce a pain experience.
This is because experience
is subjective so, if you think

you do not feel pain, you
don't. The process by which

belief becomes fact is

known as the placebo effect.

Descending signals from
the prefrontal cortex of

the brain can interrupt o S
incoming pain signals. By
This can be unconscious

or consciously controlled. J

_CF F %
The anterior cingulate S/ (/ y
cortex can play a role in I
directing attention away e
from pain. Deliberately By
diverting attention from
pain reduces activity here. J

PAIN AND THE BRAIN

Although the brain is responsible for the experience of
pain, it does not feel pain itself because it contains no
pain receptors. This fact becomes very useful during

brain surgery, because it allows
surgeons to operate while the patient
is conscious. The patient can report
their experiences when different
areas of the brain are stimulated

and, therefore, help the surgeons
recognize areas of the brain that have
crucial functions. In this way, surgeons
can carefully work their way toward,
say, a brain tumor without damaging
important and healthy brain tissue.

BRAIN SURGERY
Patients who
remain conscious
during brain
operations can
tell surgeons
when the scalpel
is close to a
crucial area by
responding to
questions.

LIFE WITHOUT PAIN

A very few people—probably about one in

125 million—are born without the ability to

feel pain. The condition is caused by a genetic
disorder, congenital analgesia, that results in a
lack of pain-sensitive nerve endings in the body.
Some people with this condition are able to feel
touch or pressure, which relies on different types
of nerves. Although the idea of not feeling any pain
may, at first, sound rather desirable, the effect is
disastrous. Pain normally warns people that they
are in danger and forces them to take action to
protect themselves. Without it, physical perils are
likely to be unnoticed or ignored, leading to lethal
injuries and often to premature death.
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THE BRAIN IS IN CONSTANT COMMUNICATION WITH THE
REST OF THE BODY, CONTROLLING EVEN ITS MOST BASIC
PROCESSES. IN DOING SO, IT INITIATES MANY MOVEMENTS
THAT WE ARE NOT AWARE OF, SUCH AS SPEEDING UP OR
SLOWING DOWN OUR RATE OF BREATHING. SOME OTHER
MOVEMENTS ARE MADE AS REFLEX ACTIONS, WITHOUT
ANY SIGNALS REACHING THE BRAIN AT ALL. SUCH
UNCONSCIOUS ACTION LEAVES THE CONSCIOUS BRAIN
FREE TO DIRECT ITS ATTENTION TO OTHER THINGS,
INCLUDING MOVEMENTS THAT REQUIRE GREAT
CONCENTRATION AS WELL AS CAREFUL PLANNING.
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Cardioregulatory

REGULATION

THE BODY'S BASIC FUNCTIONS ARE CAREFULLY CONTROLLED IN ORDER TO
MAINTAIN A STABLE INTERNAL ENVIRONMENT. THE HYPOTHALAMUS AND
BRAINSTEM WORK WITH CHEMICAL MESSENGERS CALLED HORMONES TO
KEEP THE BODY TICKING—MOSTLY WITHOUT US BEING AWARE OF IT.

Thalamus
THE RETICULAR FORMATION

The reticular formation is located in the

Cerebral cortex

brainstem and is made up of a series of

long nerve pathways that modulate sensory
inputs and carry information to and from the
cerebral cortex. It also plays an important role
in regulating the autonomic nervous system
(ANS), which is responsible for maintaining a
balanced internal environment. The reticular
formation contains neuronal centers that /

>
“\ ’T'F 3
h

Medulla /

manage various functions, such as controlling

the heart rate and rate of respiration. It is

also involved in regulating other basic <3
Excitatory area of reticular

formation (transmits and
amplifies signals)

unctions such as digestion, salivation,
funct h as digest livat
perspiration, urination, and sexual arousal.

The reticular formation and its Inhibitory area of reticular

formation (suppresses
unwanted signals)

connections constitute

THE RETICULAR
ACTIVATING SYSTEM

The RAS receives incoming
sensory information and
transfers it to the cortex to
keep it alert and primed for
environmental changes.

the reticular activating
system (RAS), an
arousal mechanism
that keeps the brain
alert and awake.

Impulses from
spinal cord

REGULATION OF HEART RATE

The heart rate is regulated by the hormonal action of the ANS, which, in turn, is
regulated by the reticular formation. The sympathetic branch of the ANS speeds

up the heart rate and the parasympathetic branch slows it down. The medulla in the
brainstem contains a hub of neurons that constitute

the cardioregulatory center, which, in response to
information from the ANS, sends signals to the
sinoatrial node and the atrioventricular node
in the heart. These signals set the heartbeat
according to the body’s need for oxygen.

Sinoatrial node
Sets regular
heartbeat of
60-70 beats

per minute

|

. VAGUS NERVE
\t Hypothalamus

Medulla

CARDIAC NERVES

Atrioventricular node
Relays electrical
impulses from upper

to lower chambers

of heart

—

center

SPEEDING UP THE HEART RATE
The hypothalamus performs an
executive function, sending signals
via the sympathetic nerves to
speed up the heart rate if needed.

KEY

Parasympathetic nerves To coronary arteries

=== Sympathetic nerves To heart muscle

GENERAL
ANESTHETICS

A cornerstone of modern medicine,
general anesthetics allow surgeons
to carry out operations that were
previously unfeasible. Yet the way
in which an anesthetic causes loss
of consciousness in a controlled
and reversible way is still not fully
understood. Ether, chloroform,
and halothane act on neurons in
the reticular activating system,
suppressing alertness and
awareness, and also on neurons

in the hippocampus, temporarily
wiping out memories. These
substances also affect the nuclei in
the thalamus, by interrupting the
flow of sensory information from
the body to the brain. Together,
the actions of anesthetics on the
brain produce an experience of
deep oblivion.

Activating signals
Various areas of
cerebral cortex
receive signals from
RAS via thalamus

Reticular
formation

REGULATION OF BREATHING

The rate of breathing in and out is regulated by
collections of neurons in the reticular formation,
called the dorsal and ventral respiratory groups. These
respond to levels of oxygen and carbon dioxide in the
blood and regulate the breathing rate accordingly to
maintain constant levels. The basal rate of breathing
can also be adjusted (in response to increased activity
or metabolism) through electrical impulses sent by
the pontine respiratory center.

Pons Pontine respiratory

center

respiratory
group

Intercostal

respiratory muscles

group Medulla
BASAL BREATHING RATE
Neurons in the brainstem
send signals to the
intercostal muscles \
and diaphragm, setting Diaphragm
their rates of contraction | |
and relaxation. ‘



FUNCTIONS OF THE HYPOTHALAMUS

The hypothalamus contains many minute clusters of
neurons, called nuclei, which perform specific functions,
including controlling body temperature, eating and drinking
behavior, water balance, hormonal levels, and sleep-wake
cycles. Among other things, the hypothalamus is regarded as
the major coordinating center of the limbic system, and it has
extensive connections with the pituitary gland and autonomic
nervous system. Through these connections, it produces vital
responses to body conditions and initiates feelings such as
hunger, anger, and fear. The functions of the hypothalamus
are essential to life, so even subtle damage can have dramatic

effects on behavior and survival.

Medial preoptic nucleus
Regulates production of sex
hormones

Suprachiasmatic nucleus
Helps regulate body clock
and circadian rhythms; has
numerous connections to
pituitary gland

Hypothalamus

HYPOTHALAMUS

This illustration shows the location of
the hypothalamus. It lies beneath the
thalamus, near the brainstem, and is

about the size of a sugar cube.

THE BODY'S THERMOSTAT

The skin has a number of thermoreceptors that convey information to
the hypothalamus about the surrounding temperature. There are six
types of receptor, each responding to a specific temperature range;
some are sensitive to ranges of heat, others to ranges of cold, but none
is sensitive to both. Information from these receptors travels via the spinal

Pituitary gland

Anterior nucleus
Neurons in this region
are concerned with
temperature control
and process data from
body’s heat sensors

LOCATION OF
HYPOTHALAMUS

Lateral
hypothalamic area
Involved in feeding
behavior; damage
can cause anorexia

Posterior nucleus
Regulates body
temperature based
on input from

cold sensors

Ventromedial nucleus
Involved in feeding;
damage here causes
overeating and obesity

HYPOTHALAMIC NUCLEI

Groups of neurons (nuclei) within the hypothalamus
have specialized roles in controlling specific responses
and regulating the body’s systems. Their complete
range of functions is not fully known, but some functions
have been identified and isolated to specific regions.

[ DECREASE IN TEMPERATURE J

information and initiate various responses to bring the core temperature

cord to the hypothalamus, where specialized nuclei receive the
back to around 99°F (37°C). Some of the thermoregulatory responses are {

Stimulates

cold receptors in the skin

voluntary, arising as a result of conscious activity in the cerebral cortex,
while others are involuntarily triggered by the autonomic nervous system.

Cools blood
flowing to the skin

i

THE BODY'’S RESPONSE TO COLD

CEREBRAL CORTEX ]_[

When the hypothalamus detects a drop in
skin temperature, it responds by triggering
heat production and conservation measures.

HYPOTHALAMIC
THERMOSTAT

—

VOLUNTARY RESPONSES —the decrease in temperature
also activates a number of behavioral responses

SHIVERING—hypothalamus activates the
brainstem motor centers, which initiate involuntary
contraction of skeletal muscles, generating heat

|

ACTIVATION OF AUTONOMIC NERVOUS
SYSTEM—the sympathetic branch of the ANS
initiates four different involuntary responses

Curling up

Eating

)
Exercise J
J

METABOLIC RATE

INCREASES—this also

increases body heat
production

Putting on clothes J

Finding a heat source J

Secretion of
epinephrine (also
known as
adrenaline) from
adrenal medulla—
increases supply of
glucose and
oxygen to muscles
and stimulates heat
production

Oxidation of
brown fat—brown
fat is a specialized
tissue found mainly
in infants and some

animals; this fat
contains many
energy-producing
cells, which are
burned up to
generate heat

Constriction of
blood vessels—
reduces the flow of
blood and
increases blood
pressure, which
allow the body to
retain more heat;
the skin becomes
paler as less blood
reaches the surface

Piloelection (also
known as “goose
bumps"”)—minute
muscles at the base
of each hair, known
as arrectores
pilorum, contract
and make the hair
stand up, which
provides a layer of
insulation
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THE NEUROENDOCRINE SYSTEM

THE BRAIN MAINTAINS THE BODY'S STABLE INTERNAL STATE, KNOWN AS
HOMEOSTASIS, THROUGH THE ACTION OF HORMONES. NEURAL-CONTROL
CENTERS IN THE BRAIN INFLUENCE THE BODY'S GLANDS TO PRODUCE AND

RELEASE THE HORMONES THAT ARE NEEDED TO MAINTAIN THIS VITAL BALANCE.

HORMONE SYNTHESIS AND CONTROL

Glands are organs that respond to imbalances in the

body in order to regulate internal activities, such as the
absorption of nutrients, and influence activities such as

the intake of food or water. They react by increasing or
decreasing their production of hormones, which then travel
to a target organ, where they lock onto specialized receptors
on the surface of cells. This binding triggers a physiological
change that restores homeostasis. The hypothalamus is the
crucial link between the nervous system and endocrine
system, releasing hormones that, in turn, trigger the
pituitary gland to either stop or start secreting its hormones.

Melanocyte-stimulating ~ Stimulates the production and release of

hormone (MSH) melanin, the determinant of skin and hair color
Adrenocorticotropic Triggers the adrenals to produce steroid
hormone (ACTH) hormones that control stress response
Thyroid-stimulating Increases the activity of thyroid gland, which
hormone (TSH) controls metabolism

Growth hormone (GH) Acts on entire body, but especially important
for growth and development in children

Luteinizing and follicle- Triggers the sex glands in males and females
stimulating hormone to make their own hormones
Oxytocin Causes contractions during labor; also

involved in the release of milk from the
mammary glands

Prolactin Stimulates the production of milk from the
mammary glands

Antidiuretic hormone Controls amount of water removed from the
(ADH) blood by microfilters in the kidneys

FEEDBACK MECHANISMS Hypothalamus

Detects rising
Imbalances in the body are detected and blood glucose
levels; produces

corrected using feedback mechanisms, fower hormones

or loops. Levels of a hormone within for pituitary gland
the bloodstream are gauged and the -

. L o Pituitary gland
information is sent to the control unit in Reacts to drop in

hormone levels by

charge of that hormone, which in most :
releasing fewer

cases is the hypothalamus-pituitary unit.  hormones for thyroid
If the level of a hormone is high, the

. . Thyroid gland

control unit responds by reducing the Produces fewer

production of that hormone to achieve hormones that

. stimulate glucose

balance. If the level is low, the control production

unit initiates an increase in production.

Pituitary gland

Known as the “master gland” because it
controls many other endocrine glands;
manufactures eight hormones and receives
two hormones directly from hypothalamus

Thyroid gland
Controls metabolic and heart rates; can
store hormones, unlike the other glands

Thymus gland
Produces hormones involved in
development of white blood cells

Heart
Produces hormone atriopeptin, which
reduces blood volume and pressure

Stomach

Makes hormones that stimulate
production or release of enzymes that
aid digestion

Adrenal gland

Produces hormones that regulate
metabolism of glucose, sodium, and
potassium; also makes epinephrine

Kidney

Secretes erythropoietin, which
stimulates production of red blood
cells in bone marrow

Pancreas
Produces insulin and glucagon, which
raise and lower blood glucose levels

Intestines

Manufactures hormones that
stimulate production or release of
enzymes that aid digestion

Ovary
Produces female sex hormones
estrogen and progesterone

Feedback mechanisms are also used to NEGATIVE FEEDBACK

trigger rare homeostatic functions, such

In response to a rise in blood glucose, the hypothalamus
triggers a chain reaction of reduced hormone production
as contractions during labor. that results in a fall in glucose levels, which restores balance.

Pineal gland
Pea-sized gland
that makes
melatonin,

a hormone
crucially
involved

with the sleep—
wake cycle

Hypothalamus
The vital link
between the
nervous system
and endocrine
system; produces
two of its own
hormones

HORMONE PRODUCERS

Each part of the neuroendocrine system
has a unique role to play, synthesizing
specific hormones for specific purposes.
The action of these hormones helps
maintain an optimal internal environment.

| |



HUNGER

The body maintains its weight at a set point
by using hormones to trigger the sensations of
either hunger or satiety. To stimulate the
appetite, the stomach produces the hormone
ghrelin, while fat tissues decrease their
production of leptin and insulin. These
changes signal to specific neurons (referred
to as neuron type B on the chart below) to
start producing more neuropeptide (NPY)
and agouti-related peptide (AgRP), which
stimulate eating. The production of these
peptides also causes other neurons (referred
to below as neuron type A) to inhibit the
production of the hormone melanocortin,
which usually works to suppress the appetite.
These signals are transmitted to the lateral

hypothalamic nucleus (via other neurons),
which generates the sensation of hunger.

To suppress the appetite, the body’s fat
tissues increase production of leptin and
insulin. These hormones signal to neuron
type B to inhibit production of NPY and
AgRP. At the same time, the increased leptin
and insulin trigger neuron type A to produce
melanocortin. These signals reach the
ventromedial nucleus in the hypothalamus,
which creates the feeling of satiety.

' B
Lateral hypothalamic
nucleus creates sensation
of hunger

|

s D
Neurons pass on stimulus
& o

|

. . )
[ Neuron type A inhibits production of melanocortin J{Neuron i s i [preel eon © el IepEsiet

(NPY) and agouti-related peptide (AgRP)

KEY THE SENSATION OF HUNGER

* INHIBITS Feeling hungry is caused by a chain

W) STIMULATES  reaction that begins in fat tissues,
which reduce the production of
leptin and insulin, and in the
stomach, which increases
production of the hormone ghrelin.

i : i

~
Increased production of Decreased production
ghrelin of leptin and insulin )

: i : i

~
( Stomach J [ Fat tissues
J

SUGAR ADDICTION

As a "reward” for performing functions essential for
the survival of both the individual and the species, such
as eating or reproducing, the brain releases opiates,
which create sensations of pleasure. Sugar-rich diets
generate heightened reward signals, so that the more
sugar you have, the more you want. This can override
self-control mechanisms and lead to addiction.

Nucleus Basal ganglia

accumbens

Dopamine
flow h

Ventral S
tegmental T =
area (VTA)

REWARD SYSTEM

The VTA in the midbrain processes information about how
well various needs are being met and transfers this data
to the nucleus accumbens in the basal ganglia, via the
neurotransmitter dopamine. The more dopamine, the
greater the pleasure, and the more likely the action will

be repeated in the future.

THIRST

When the body’s water levels fall, salt concentration increases and
blood volume decreases. Pressure receptors in the cardiovascular
system and salt-concentration-sensitive cells in the hypothalamus
detect these changes. In response, the pituitary gland releases
antidiuretic hormone (ADH), which acts on the kidneys to retain
water and produce less urine. The kidneys secrete the enzyme renin
into the blood which, through a series of reactions, forms the hormone
angiotensin 11. This is detected by the subfornical organ, which is
connected to the hypothalamus, which in turn activates more ADH-
producing cells and creates the sensation of thirst, leading to drinking.

WATER LEVEL
[ WATER DEPRIVATION ] [ BALANCED J

. 1

WATER
Blood volume decreases,
DEPRIVATION [salt concentration increasesJ [ Ll J
The decrease in
blood volume and 'v A

increase in salt
concentration

that are caused by
dehydration have a
detrimental effect
on the body’s
biochemistry. The |
neuroendocrine w Y
system responds |
swiftly with a series

HYPOTHALAMUS

Activates ADH-producing cells;
lateral hypothalamic area
creates sensation of thirst

Detects these changes and
brings about release of ADH
from pituitary gland

SLEEP-WAKE CYCLES
The suprachiasmatic nucleus
(SCN) in the hypothalamus
plays a key role in sleep—wake
cycles. Light levels are sensed
by the retina, and this
information is relayed to the
SCN, which then sends a signal
to the pineal gland. This triggers
the release of melatonin, the
hormone that tells the body
when to sleep. At this point, the
brain becomes less alert and

fatigue starts to take over. When

PINEAL GLAND
The circle on this lateral MRI scan of the

melatonin levels fall in response

. . . brain pinpoints the pineal gland, a pea-sized
to increased hght, the Waklng glandﬁoczted benezth thegthalamuz. Itis
part of the Cycle begins. responsible for the secretion of melatonin.
MELATONIN 300 -

Falling levels of
light trigger the
production of
melatonin, which 200 | Jt S L] — I
forms a link
between the
external I\
100

nNA A

environment
and the brain's

of chain reactions
that stimulate the
sensation of thirst
in an effort to
restore balance
in the body.

Kidneys retain water
and secrete renin into
blood. This, via a chain

of reactions, forms
hormone angiotensin |l

Subfornical organ (which has
cells that project into the
hypothalamus) detects
angiotensin Il and stimulates
lateral hypothalamic area

sleep-wake cycles.
KEY

NIGHT
DAY
=== MELATONIN LEVELS

% OF AVERAGE MELATONIN LEVEL

VANAVAS

i T T T T 1
0 24 48 72 96 120 144

TIME IN HOURS
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PLANNING A MOVEMENT

MOVEMENTS MAY BE PLANNED EITHER CONSCIOUSLY OR UNCONSCIOUSLY, AND BOTH TYPES MAY PRODUCE
COMPLEX ACTIONS THAT LOOK VERY MUCH ALIKE. ALL PLANNED MOVEMENTS INVOLVE THE BRAIN, ALTHOUGH
CONSCIOUS MOVEMENTS ARE HATCHED IN A DIFFERENT AREA FROM UNCONSCIOUS MOVEMENTS. THE MORE
SKILLED WE ARE AT MAKING A PARTICULAR MOVEMENT, THE LESS LIKELY IT IS TO REQUIRE CONSCIOUS PLANNING.

CONSCIOUS AND
UNCONSCIOUS MOVEMENT

Many of our actions are conscious—thinking
about picking up an object, for example, and then
actually picking it up. However, there are many
actions that take place without our awareness,
such as blinking. Some unconscious actions may
be triggered directly by environmental stimuli—the
sight of food may trigger an automatic reaching
movement, for example. Whether a complex
movement is conscious or unconscious depends
largely on the individual’s level of skill. As an
action becomes increasingly familiar, it can
become "automatic.” However, these movements
can also be performed consciously if the
individual turns attention to them.

LOOKING FOR THE TURN | LOOKING FOR THE TURN | LOOKING FOR THE TURN

CHECK MIRROR CHECK MIRROR CHECK MIRROR

CHANGE GEAR CHANGE GEAR CHANGE GEAR

TURN WHEEL TURN WHEEL TURN WHEEL

REFLEX ACTIONS

Reflex actions are motor actions that are programmed into the spinal
cord. The brain is not involved, and the actions cannot be controlled
consciously. Most reflex actions protect the body by producing rapid
reactions to escape from potentially damaging stimuli. In each case,
the stimulus causes sensory nerve endings to fire; these signals

pass through the nerve fibers to the spine, and trigger firing
in the adjacent motor neurons, which then feed back to the
relevant area and cause it to move.

Sensory nerve fiber
Each sensory nerve
impulse is sent directly
to the spinal cord

Stimulus *I

muscle

Direction
of kick

Thigh  Fiber ends of sensory neurons
Relay impulses from sensory
nerve endings in muscle

and tendon directly to motor
neuron via synapses

COMPLICATED ACTIONS

Even advanced movements, such as
juggling and unicycling simultaneously,
can be performed unconsciously.

SKILL AND FAMILIARITY

The chart to the left shows that a skilled
driver on a familiar route will carry out

all of the individual actions involved with
turning the car unconsciously, while a
learner will be conscious of all the actions.
A skilled driver on an unfamiliar route will
only be conscious of looking for the turn.

KEY

CONSCIOUS UNCONSCIOUS

Spinal cord

Nerve
rootlets

Cell body of motor neuron
Receives impulses from
sensory fibers; starts its own
impulses, which pass along
fiber and back to muscle

PATELLAR SPINAL REFLEX

; (rectus
Patellar fermoris)
tendon

The “knee jerk” is a well-known example of a reflex action. It
is used by doctors to test spinal-nerve function. Tapping the
tendon just under the patella (kneecap) stretches the thigh
muscle above, causing the lower leg to kick automatically.

COMPLEX PLANNING
Some actions require lengthy
conscious deliberation.

If a person is highly skilled at
doing something—a professional
golfer putting a ball, for
example—the execution of

the action will be relegated

to unconscious areas of the
brain. This “frees up” higher
cognitive regions to concentrate
on planning where to strike the
ball and how hard to strike it.




BRAIN AREAS AND MOVEMENTS

Both conscious and unconscious actions involve the primary motor cortex,
which sends the “go” signals that contract the muscles (via the spinal cord
and motor nerves). However, while unconscious movements are planned
by areas in the parietal lobe, conscious actions involve “higher” frontal
brain areas, including the premotor and supplementary motor cortices.
They may also involve prefrontal areas, such as the dorsolateral

prefrontal cortex, where actions are consciously assessed. It may

feel as though conscious actions result from a decision. In fact,
unconscious areas of the

brain plan and start to

READINESS
POTENTIAL
Unconscious activity
in the SMA and PMA
starts two seconds

execute movements before
we consciously decide to do

ACTIVITY

them. The “decision” may,

Posterior parietal
cortex

Supplementary
motor area (SMA)

Part of the
dorsolateral prefrontal
cortex

Premotor area

(PMA)

s
/ Primary motor
cortex

Somatosensory
cortex

therefore, merely be the

o=

before an action. -3 2 1

The "decision” to SECONDS
act occurs only a
fraction of a second
before the action.

conscious recognition of

what the unconscious
. PREMOTOR AREA (PMA)

mind is planning to do.

THE BASAL GANGLIA

KEY . SUPPLEMENTARY MOTOR AREA (SMA)

CORTICAL INVOLVEMENT
Unconscious and conscious actions
involve slightly different areas; the
former uses parietal regions, while
the latter uses the supplementary

j motor area and prefrontal cortex.

| LNJWN3IAOWN V SNINNVId
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Action plans that are made in the parietal and

frontal brain areas are fed down to the basal Putamen

Receives
signals from
frontal cortex

ganglia and then routed, via the thalamus, back Glob lid

up to the SMA and PMA before execution. obus patlicus
/ ) § Relays information

The basal ganglia are thought to act as a filter, 10 the thalamus

blocking plans that are inappropriate, for example,

inhibiting automatic, environment-triggered

responses such as grasping food.

RESPONSE
CONTROL

) Thalamus
As action plans are :

Passes signals

routed around the basal | | 1o 5mA
ganglia, the information
is made more or less
potent—and thus likely Substantia
to be executed—by nigra

Modulates actions,
making them
stronger or weaker

the action of various
neurotransmitters.

KEY

e BASAL GANGLIA

Toor Subthalamic

nucleus

=== MODULATING  A|so responsible for

y . LOCATION OF
I BASAL GANGLIA

SMA

2

Frontal cortex _/

CIRCUITS modulating actions

THE CEREBELLUM

For the body to make any complex movement, the sequence
and duration of each of its elements must be coordinated very
precisely. This is controlled by the cerebellum, via a circuit
that connects it to the motor cortex. It also modulates the
signals that the motor cortex subsequently sends to the o
motor neurons. The cerebellum ensures that when one
set of muscles initiates a movement, the opposing set

acts as a brake, so that the body part in question

arrives accurately at its target.

Primary motor

PRECISE TIMING cortex Red nucleus
The cerebellar circuits Receives
include a system that 3 feedback from
i ~YV ./ bell
measures time. It feeds / Iy ’ cerebellum

its calculations to the B LT et
primary motor cortex, o — %
which sends the signals * | s ¥
to the muscles.

Pontine nucleus

KEY 4 Receives signals
- SIGNALS FROM ) about impending :
CEREBELLUM % movement and Dentate nucleus Cerebellar cortex
s SIGNALS TO E= sends them to Sends signals back Motor programs are
CEREBELLUM \ cerebellum to motor cortex stored here
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MOVEMENT AND CONTROL | EXECUTING A MOVEMENT

from the red nucleus in the midbrain, and helps to produce fine
movements. The vestibulospinal and reticulospinal tracts
start lower down in the brainstem and help control
balance and orientation.
* Primary motor cortex
b The starting point for the
s ot lateral corticospinal tract
4 _“' Thalamus L
h L "‘.

EXECUTING A MOVEMENT

ONCE A MOVEMENT HAS BEEN PLANNED, THE BRAIN AREAS RESPONSIBLE SEND SIGNALS TO THE
MUSCLES TO EXECUTE THE ACTION. SOME OF THESE SIGNALS ARE SENT FIRST TO THE MOTOR
CORTEX, AND THEN ONWARD THROUGH THE SPINAL CORD. OTHERS TRAVEL BY MORE DIRECT ROUTES.
MOVEMENT OCCURS WHEN THE SIGNALS REACH THE MUSCLE FIBERS, CAUSING THEM TO CONTRACT.

SPINAL TRACTS

Action plans generated in the supplementary, premotor, and parietal cortices are
forwarded to the motor cortex for execution. The motor cortex is made up of about
one million neurons, which send long axons down the spinal cord. These are bundled
together, along with axons that come directly from the somatosensory cortex,

to form the lateral corticospinal tract. Just before entering the spinal cord, the (
nerves from each hemisphere of the brain separate and cross over, so
the fibers from the left hemisphere of the cortex go down the right side
of the spinal cord, and vice versa. The rubrospinal tract originates

Inferior colliculus

Red nucleus

Reticular formation ‘

Vestibular nucleus \~ )
» i

Pyramidal decussation — -

Lateral corticospinal tract »

branches cross over here e

Spinal cord "

Most nerve fibers from SS— L

the brain synapse i

onto motor neurons TN may

in the spinal cord

LIMB CONTROL . "
KEY The lateral corticospinal tract o
=== VESTIBULOSPINAL TRACT is the only spinal tract to ~

s RUBROSPINAL TRACT originate in the cerebral cortex >,
= LATERAL CORTICOSPINAL TRACT and is mostly responsible for & r,
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« BALANCING ACT

The reticulospinal and
vestibulospinal tracts

help control balance and
orientation, and neutralize
the effects of gravity.




SPINE TO MUSCLE

The axons of the motor neurons, which receive signals from the spinal
tracts, emerge from between the vertebrae and travel to the muscles.
The nerve endings infiltrate the muscle fibers at neuromuscular
junctions, and when they fire they release the neurotransmitter
acetylcholine. This diffuses across the narrow “synaptic cleft”
connecting the muscle to the nerve and binds to acetylcholine
receptors in the muscle cell membrane, which, by a series of reactions,
makes the specific muscle contract. Muscles required to carry

out fine movements have correspondingly higher numbers of

neurons than those required to perform gross movements.

muscle fiber

TGl motor neuron
7 JUNCTION
When stimulated by a
) motor nerve, electrical
{ } changes in the muscle
cause the release of
calcium ions inside the
muscle. This causes
“ the filaments of
g the muscle to slide
against each other
and contract.
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PRECISE SEQUENCE

After receiving the order to move
from the primary motor cortex, a
rapid, precisely timed sequence of
motor-neuron firings causes specific
muscles to contract.

MOTOR DISORDERS

Motor disorders can be divided into two principal groups:
hyperkinesia (overactivity) and hypokinesia (too little movement).
The former includes a wide range of motor disorders, from
involuntary, slow shaking of various body parts to tics, which
are uncontrollable, rapid, disjointed movements and/or sounds.
Sudden, shocklike muscle contractions are symptoms of
myoclonus, while quick, random, usually jerky limb movements
are caused by chorea and ballism. Hyperkinesia disorders include:
general slowness of movement (bradykinesia); “freezing” or
inability to begin a movement or involuntary arrest of a movement;
rigidity—an increase in muscle tension when a limb encounters
force; and postural instability, which is the loss of ability to
maintain an upright posture.

Primary motor cortex Supplementary
Damage may cause motor area
paralysis or weakness Injury here
on opposite side of may prevent
body from lesion planning of

movements;
"blocked”
pathways from
here to motor

Parietal cortex
Damage here

may cause cortex may
misjudgements cause forms
of distance, of paralysis
position, or

speed of objects

Midbrain
Damage here may cause
tics or block voluntary
movements; injury to
substantia nigra in
midbrain reduces ability
to initiate movement

Cerebellum
Injury can prevent fine
timing of movements;
can also cause tremors

AREAS AFFECTED

Much of the brain is involved with
movement and so many different brain
injuries can lead to motor disorders.

Spinal cord

Damage may produce
paralysis or loss of motor
control (spasticity)

MOTOR RECOVERY

STROKE

This CT scan
shows the
extent of
internal
bleeding in the
brain caused
by a stroke.

Movement disorders may result
from damage to many different
areas of the brain, and it is very
common for one of these to follow
a stroke. Damage to the motor
cortex, for example, may cause
whole or partial paralysis of the
opposite side of the body, and
strokes in subcortical areas may
lead to loss of control of voluntary
movements. The affected neural
pathways can, however, rebuild

to a certain extent, reducing the
long-term effect of the damage.
Studies show that damaged
midbrain-cortical motor pathways
form new connections in as

little as three months after
remedial therapy.

STROKE REHABILITATION

The neural pathways damaged by a
stroke do rebuild themselves to a
limited degree. Physical therapy
encourages the rewiring of motor
circuits, and recovery is often directly
related to the intensity of the therapy.
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MOVEMENT AND CONTROL

UNCONSCIOUS ACTION

THE BRAIN REGISTERS EVENTS VIA THE SENSE ORGANS ALMOST IMMEDIATELY, BUT IT
TAKES UP TO HALF A SECOND TO BECOME CONSCIOUS OF THEM. IN ORDER TO GENERATE
EFFECTIVE RESPONSES IN A FAST-CHANGING ENVIRONMENT, THE BRAIN MUST PLAN AND
EXECUTE MOMENT-BY-MOMENT ACTIONS UNCONSCIOUSLY.

REACTION PATHWAYS

It takes up to 400 milliseconds (ms) for the brain
to process incoming information to the stage
where it may become conscious. It takes a similar
length of time to prepare the body for action. So
if we waited to be conscious of a sight or sound

before starting to respond to it, our behavior would
lag almost a second behind the events to which

we are responding. By the time we leapt out of

the path of a speeding car, it is likely to have run

us over. The brain speeds up our physical responses
by fast-tracking sensory information to the motor-

RETURNING A SERVE

Professional tennis players

can plan and initiate the
complex moves required

to return a fast service
before they are consciously
aware that the ball is on its
way. Unlike novice players,
they do not have to think
consciously about each
muscle movement because
practice has turned the
relevant action sequences
into automated motor
programs that are stored
20-30 milliseconds.

LOCKING ON
The thalamus _
directs attention #
to the target,
while the
frontal lobes
inhibit
distracting

and run unconsciously.
Familiarity with their

opponents’ body language
also allows them to make
well-informed unconscious
predictions about where the

ball will land.

SERVER

1-.0ms Attention

The player’s brain prepares for action
by focusing attention on his opponent.
This prevents the brain from responding
to irrelevant stimuli and amplifies
information coming from the part of
the visual field containing the target
of attention. If the player is familiar
with the opponent’s playing style, his
brain will register the movements
made by the opponent as he serves
and compare them with previous
observations to help predict where

the ball will land. Attention to such
cues may speed up reactions by

\

Ventral (lower)

Dorsal (upper)
pathway

pathway cortex

DORSAL AND VENTRAL ROUTES

Visual stimuli are processed along parallel
pathways. The unconscious dorsal route
generates physical responses while the
ventral route creates conscious perception.

EVENTS IN RECEIVER'S BRAIN

70ms Body memory

The ball is not yet consciously visible to the

about his opponent’s movements to decide

information from his opponent’s movements
activates the player’s parietal cortex, which i
turn calls up relevant procedural memories.
These are learned actions —such as how to

Bzl lobes return a serve—that have become encoded

as automatic motor programs. They are
Thalamus K p‘ 8 X Y
stored in an unconscious brain module

called the putamen, which replays them

as the situation demands.

MOVEMENT MEMORY

Part of the basal ganglia, the
putamen acts as a store of memories
about deeply ingrained habits of
movement. Signals from the putamen
are passed to the parietal cortex.

player, but unconsciously his brain is already
planning the actions he must make to return
it. At this stage he is mainly using information

how his own body should move. A skilled player
processes fewer visual cues than an inexperienced
one because the brain identifies irrelevant signals
at a very early stage and ignores them. The visual

Signals are sent
from putamen to
parietal cortex
along a complex
loop of nerves

Parietal
cortex

Putamen

n




planning areas along an unconscious pathway. A

visual stlrr?u'lus such as a moving objécF pbrompts. TENNIS PLAYERS UNDER OBSERVATION
neural activity that works out where it is in relation

to the body. Various parts of the occipital and Tennis players watching a video of WATCHING A MOVING BALL TR A
parietal cortex, between them, calculate the another player serving a ball imagine
biect’s sh . lati . d traiect themselves making the action. These
) ].ec‘ ss ape‘, 31z.e, relative motion, and trajectory. fMRI images show that watching a
This information is then brought together and moving ball (left) activates areas of
used to form an action plan, which might involve the brain that track visual objects,

but watching someone serve a ball
- ] ) e (right) activates visual areas plus
(ducking or jumping out of the way of a missile), large parts of the parietal cortex.
or grabbing (a falling fruit or a stumbling child). The additional activation shows the
viewer's brain is “acting out” the
moves seen in the video. This
information helps the viewer

hit a speeding ball while an unpracticed player predict where the ball will go.

hitting (swatting a fly, for example), avoidance

The chosen response is largely learned; for
example, a skilled athlete is likely to catch or

might just duck it.

‘ 250ms Action plan

The receiving player’s brain brings together

the information that has been registered

so far to construct a response to the fast-
approaching ball. The plan is informed by
information gathered from the opponent’s body
movements, the (still unconscious) knowledge
of the ball's speed and trajectory, and the
procedural memories triggered by these stimuli.

355ms Sending signals Motor cortex

The action plan held in the premotor
cortex is transmitted to the neighboring
motor cortex. The neurons in this strip
of brain connect via the spine to
skeletal muscles, and when they fire
they cause the muscles to contract.

In this case, the firing of neurons
about halfway down the right

side of the motor strip move

the player’s left arm and hand

to position the racket to connect

with the ball. Other neurons control
the rest of the body. The sequence
Whsusl @eries in which these neurons fire—and

therefore the sequence of limb that occurs when a person steps

movement—is controlled by the | forward onto what the brain predicted
REHEARSAL cerebellum. / A was flat ground, but which is actually
Unconscious 7 AR ) a downward step. The resultant physical
knowledge is Saral e e caiE ! N catastrophe, in both cases, triggers a

et togethgr travels to player’s hand N Y el i\ I ' further cascade of signals that may
to create an action ; o5

plan. This is INSTRUCTION TO MOVE
formed and Neural signals from the motor \
rehearsed in the cortex are sent along the ! ; and a feeling of failure.
premotor area, spine, causing muscles to /

adjacent to the contract and leading to overt

motor cortex. movement.

. 500ms Conscious act

If the player’s conscious perception

of the ball’s trajectory differs markedly
Cerebellum from his earlier, unconscious prediction
he may veto the earlier action plan

and start to construct an alternative,

or try to adjust the current plan to

take into account the new information.
It takes another 200-300ms, however,
to incorporate the new, conscious
information into a revised action plan
and by then the ball has traveled too
far for any player to be able to return it.
The situation is similar to the one

The plan is held in the premotor area, which lies
just in front of the motor cortex. This is like a
rehearsal stage, allowing action to be played out
as a pattern of neuronal activity without affecting
the muscles.

Motor

generate a wide range of emotions,
including anger, embarrassment,

285ms Conscious thought starts

The player’s brain becomes consciously aware—belatedly—of

the ball moving away from the opponent’s racket. But his brain
has already (unconsciously) predicted its real-time position, and —
providing the two information streams do not clash—the player is

Ball comes into
conscious view likely to think he sees the ball where it really is. ,.;)

RECEIVER
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MIRROR NEURONS

MOVEMENT AND CONTROL
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MIRROR NEURONS

CERTAIN NEURONS ARE ACTIVATED WHEN YOU MOVE, AND ALSO WHEN YOU SEE SOMEONE
ELSE MOVING. THIS MEANS WE UNCONSCIOUSLY MIMIC THE ACTIONS OF OTHERS, AND THUS
SHARE, TO SOME EXTENT, THEIR EXPERIENCE. MIRROR NEURONS ALSO ALLOW US TO KNOW
WHAT ANOTHER PERSON IS FEELING, WITHOUT HAVING TO THINK ABOUT IT. THESE FINDINGS
ARE AMONG THE MOST SIGNIFICANT NEUORSCIENTIFIC DISCOVERIES IN RECENT YEARS.

WHAT ARE THEY?

HOW THEY WERE DISCOVERED

Mirror neurons were discovered in a
monkey whose brain was wired up to show
which nerve cells lit up as it reached out to
grasp food. When laboratory staff made
the same movement while the monkeys sat
and watched, the same neurons lit up.

MIRRORING TOUCH

Mirror neurons also seem to operate in the somatosensory cortex—
the area of the brain that registers touch. In one study, subjects’
brains were scanned, first while their leg was brushed, and then
while they watched a video of someone else’s leg being touched.
Activity in their brains revealed that some parts of the somatosensory
areas are activated only by direct touch and others are activated

by the sight of another being touched. A third group of neurons,
however, are activated both by direct touch and by seeing others
being touched. These mirror neurons—shown in white on the scans
below—were limited to the left hemisphere in this study, though in
other experiments they have been detected in both hemispheres.

Somatosensory areas
in left hemisphere
activated by both
touch and vision-
of-touch

Activity only arises in
the right hemisphere
from direct touch, but
mirror neurons have
been detected here
in similar experiments

ACTIVATED AREAS
These MRI scans are
coronal sections taken
from the same brain.
They show the areas
KEY stimulated by touch,

B AREAS ACTIVATED BY TOUCH watching another being
[l AREAS ACTIVATED BY VISION-OF-TOUCH touched, and the

overlap between
|:| AREAS ACTIVATED BY BOTH the two.

Mirror neurons were first discovered in the motor-planning area in
the brains of macaques (a species of monkey) and subsequent brain-
imaging studies suggest that they exist in humans too. The human
mirror system seems to be broader in scope than that of monkeys,

in that mirror neurons exist not only in movement areas, but also in

Lower part of
premotor cortex

Primary
motor cortex

Part of
2 Broca’s area

Inferior parietal
cortex

areas concerned with emotions, sensations, and even intentions. They

WHERE THEY ARE

In humans, mirror neurons seem to extend
into the areas of the frontal lobe that are
concerned with intentions, such as part of
the premotor cortex. They are also found
in the parietal lobe, which is involved with
sensations. However, the full extent of
these neurons is still being researched.

provide people with immediate
knowledge of what is going on
in another’s mind; this ability
to know what another person
is feeling or doing is thought
to be the basis of mimicry.

MIRRORING SPEECH

Mirror neurons may help people communicate by “syncing”

their brains when they talk together. Partners in a conversation
unconsciously imitate one another, adopting a similar rate of speaking
and the same sort of grammatical structures. This helps one person
predict what the other is going to say next, making communication
quicker and smoother. Speech is combined with body movements and
facial expressions to convey full meaning, and these tiny movements
amplify the perception of another’s voice. Watching a speaker’s face

is equivalent in effect to turning up the volume by 15 decibels.

BODY LANGUAGE

As well as mirroring speech patterns and speed, people unconsciously
adapt their body language to match whoever they are speaking to.
Partners in a conversation focus on each other’s faces, picking up
minute movements that help express meaning.



MIRRORING EMOTIONS
When one person sees another expressing an emotion, the areas of the
brain that are associated with feeling that emotion are activated, making
emotions transmittable. In one study, volunteers inhaled a disgusting smell,
and later, watched a video of someone else smelling something and
expressing disgust. Both produced neuronal activity in the area of the

brain associated with feeling disgust. Emotion mirroring is thought to

be the basis of
empathy. Autistic
people, who tend to
lack empathy, have
been found to show less
mirror-neuron activity.

SNOJYNIN JOUIIN

HORROR MOVIE

Seeing someone else
looking frightened makes
you feel scared yourself.
Mirror neurons, therefore,
help whip up emotion

in audiences.
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KNOWING HOW IT FEELS MIRRORING INTENTIONS

To mirror another’s actions, the ] ) ) ) )
brain must “know” how it feels Two movements may be identical, but may signal very different things
to do it. For example, to mirror in different contexts. Human mirror neurons seem to take this into

expert dance moves, you would Lo .
I 1 - of how account. When one person sees another picking up a cup in order to

to go about doing them, even drink from it, a different set of neurons are activated from those that
if you could not reproduce

B ety light up at the sight of a person making the identical movement but

in a context that suggests they are clearing the cup away. Hence, the
observer’s brain does not just generate a faint idea of what the other
person is doing with their body, but also an echo of their intention

in doing it. This allows

us to get a glimpse of
another individual’s plans
and thought processes
without consciously

MIRRORING MOVEMENT

Recent studies have found that a certain, as yet unknown,

having to work it out.

proportion of mirror neurons are active both when moving and

when watching movement. Neurons in the premotor cortex

concerned with planning to move the legs are activated when you
watch a person running, for example. In other words, when you ;
see someone doing something, in your brain you do it too. However, DRINKING AND CLEANING UP

in order to mirror another’s action, the sight of the action must The top image shows a table set for
breakfast, while the image at the bottom
shows the table after the meal has been
finished. The action of grasping the cup can
be exactly the same in both, but our brains
take into account the difference in contexts
and therefore we automatically “know” that
each one signals a different intention.

“resonate” with a motor program that the brain has already learned.

07 Drinking
0.6 - ~
0.5 - =
( 04 - Cleaning | pvey oF
E 03 ACTIVITY
% 02 The increased
< - '\ activity associated
g 01+ with watching the
2 o intention to drink
WATCHING CHEWING ACTING ON AN OBJECT z o \/ \j is thought to be
Simply watching another person chewing When the movement involves acting on 1 because it is more
shows activity in both the premotor cortex an object—biting an apple, for example, 0.2 - commonly practiced
and the part of the primary motor cortex rather than just simply chewing—areas 0.3 than the intention

concerned with mouth and jaw movements.  of the parietal cortex also light up. INTENTION to clear up.




EMOTIONS CAN BE THOUGHT OF AS BODY CHANGES
THAT PROMPT US TO ACT. THEY HAVE EVOLVED TO GET
US TO DO WHAT WE HAVE TO IN ORDER TO SURVIVE

AND PASS OUR GENES ON TO THE NEXT GENERATION.

TO REINFORCE THEIR EFFECTIVENESS, EMOTIONALLY
TRIGGERED ACTIONS ARE ASSOCIATED WITH PLEASANT
OR UNPLEASANT CONSCIOUS FEELINGS. EMOTIONS TEND
TO BE SHORT-LIVED, LASTING A FEW HOURS AT MOST,

BUT THEY CAN LEAD TO MORE PERSISTENT CONDITIONS
CALLED MOODS.



EMOTIONS $F

AND FEELINGS




THE EMOTIONAL BRAIN

EMOTIONS AND FEELINGS

/“i.

THE EMOTIONAL
BRAIN

EMOTIONS MAY SEEM TO BE CONSCIOUS FEELINGS, BUT THEY
ARE, IN FACT, "INNER MOTIONS"—PHYSIOLOGICAL RESPONSES
TO STIMULI, DESIGNED TO PUSH US AWAY FROM DANGER AND
TOWARD REWARD. EMOTIONS ARE GENERATED CONSTANTLY,
BUT MUCH OF THE TIME WE ARE UNAWARE OF THEM.

Cingulate cortex

This part of the cortex is closest to the

limbic system. Performing difficult tasks, or
experiencing intense love, anger, or lust, causes
activity in the anterior cingulate cortex (ACC) to
increase; this area has been found to be active
when mothers hear infants cry. The ACC contains
unusual neurons called spindle cells (right), which
may be particularly concerned with detecting
how others feel and reacting to their emotions.

ANATOMY OF EMOTION

Emotions are generated in the limbic system: a cluster of structures

that lies beneath the cortex. The system evolved very early in

mammalian history. In humans, it is closely connected with the more

recently evolved cortical areas. The two-way traffic between the

limbic system and the cortex allows emotions to be consciously felt

and conscious thoughts to affect emotions. Each emotion is produced

by a different network of brain modules, including the hypothalamus

and pituitary gland; these control the hormones that produce physical

reactions such as increased heart rate and muscle contraction.

Stria terminalis

This is part of the network of pathways that
link the amygdala to other parts of the
brain. The stria terminalis plays a part in
anxiety and stress responses. Cell density
differs in men and women, and may play a
part in gender identification—for example,
transsexuals have been found to have a cell
structure that matches the typical pattern
of the sex to which they are changing.

Frontal cortex

Information from the limbic system is fed

to the frontal cortex to produce conscious
feelings, while conscious knowledge about
the environment is fed from the cortex back
to the limbic system in a continuous loop. The
effect of emotion on thought is stronger than
vice versa, probably because there are more
nerve tracts carrying signals up from the limbic
system than passing signals back down.

Olfactory complex

The olfactory bulbs carry messages
about smell straight to the limbic
areas—unlike the pathways serving
the other senses, which pass signals
via the thalamus to the cortex for
processing. This is why scents create
such an intense, instant emotional
response. The olfactory complex is
thought to be the brain’s original
“emotional” center, and probably
evolved before sight and hearing.

Nasal bones

Thalamus

The thalamus acts as a distribution
center for incoming information and
is therefore involved in more or less
every activity. However, some of the
thalamic nuclei (dark green) have

a particularly strong influence on
emotions because they shunt
emotionally salient stimuli to the
appropriate limbic areas, such as
the amygdala and the olfactory
cortex, for further processing.

Medial dorsal
nucleus

Lateral Medial ventral
nucleus  posterior nucleus

Hippocampus
The hippocampus is mainly concerned
with encoding and retrieving memories.

Personal or “episodic” memories include ¥

an emotional component, so the
hippocampus, by calling these up,
creates a replay of emotions from the
past. These may blend with current
emotions, or they may override them—as
when a sudden memory of something
sad “blights” a happy moment.

Corpus callosum

The corpus callosum (CC) plays

an important role in transmitting
emotions between the left and right
hemispheres. Women, on average,
have a greater density of fibers in
the CC than men; this may account
for some differences between the
sexes in emotional response.

Hypothalamus and

mammillary body

The hypothalamus is a tiny part

of the brain but it has complex

and widespread effects. It acts as a
hormonal signaler and transmitter,
affecting bodily reactions to the
environment and causing the
sensations we feel as emotion. It also
mediates the fear reaction made by
the amygdala. The mammillary bodies,
which connect to the hippocampus
via the fornix, lie at the interface
between memory and emotion.

Amygdala

The amygdala is a tiny
part of the brain that

is most centrally and
exclusively concerned
with emotion. This area
assesses both external
and internal information
for threat level and : '
emotional significance Hypothalamus Mammillary
(see opposite page). body




AMYGDALA

The amygdala “tastes” all stimuli

and signals other areas to produce
appropriate emotional reactions. It
contains distinct regions called nuclei,
which generate different kinds of
responses to fear. The central nucleus

MEDIATING

AMYGDALA RESPONSE
The amygdala is activated
by frightening stimuli (left).
However, the hormone
oxytocin, secreted by the
hippocampus, damps down
amygdala activity (right) and
with it the feeling of fright.

generates the fear response of freezing, while the basal nucleus

generates the fear response of flight. The nuclei are affected by
sex hormones, and are therefore different in men and women.

POSITIVE EMOTION

Limbic system structures next to the amygdala are
involved in feelings of pleasure, mainly by reducing
activity in the amygdala and in cortical areas
concerned with anxiety. Anticipation and pleasure-
seeking are influenced by the “reward” circuit. This
acts on the hypothalamus and amygdala: it secretes
dopamine, which provides anticipation and drive,
and GABA, which inhibits neurons from firing.

Activation of the amygdala can be modulated by the
hypothalamus (see right).

CORE OF EMOTION
Emotions engage widespread areas

of the brain but the “core” network is
centered on the red parts shown here—
the amygdala and the dorsomedial and
orbitofrontal cortices.

core limbic areas

PLEASURE AND
THE BRAIN
Pleasurable stimuli,
such as watching
your soccer team
score a goal, activate
brain areas close to
the limbic system.

WITH OXYTOCIN

FEELING FEAR

The amygdala acts as a store for good and bad
memories, especially emotional traumas. It is also
"hard-wired"” to fear certain stimuli, such as low-flying
birds, spiders, and snakes. For a phobia to develop,
however, there also needs to be an environmental
trigger, such as a nasty encounter with a “hard-wired”
stimulus, or the sight of someone else being frightened
by it. It is often very hard to get rid of a phobia because
the amygdala is not under conscious control. It can,
however, “learn” to reduce its reaction to the stimulus.

PANIC RESPONSES

The autonomic nervous system,
responsible for automatic body
functions, produces the physical
responses felt in a phobic reaction.

Eyes
Pupils dilate

Heart
Beats faster and
more forcefully

Lungs
Hyperventilation
(quick, deep
breathing)
occurs

Stomach
Reduces output
of digestive
enzymes,
producing
nausea

Bowel
Movement of

Bl v |
food slows down ood vessels

Vessels supplying
muscles dilate

. Bladder while those to
Sphincter mugcle internal organs
constricts narrow; blood

pressure rises

UNCONSCIOUS EMOTION

We have evolved a conscious emotional
system, but we retain the primitive,
automatic responses at the heart of emotion.
A frightening sight or sound, for example,
registers in the amygdala before we are

even conscious of it. While the sensory
information is sent to the cortex to be made
conscious, the amygdala sends messages to
the hypothalamus, which triggers changes
that ready the body for flight, fight, or
appeasement. This “quick and dirty” route

allows us to take instant action to save
ourselves. When we “start” at a loud noise,

FACES OF FEAR

This series of images shows the onset of fear.
The amygdala registers the emotional facial
expressions of others, and produces a reaction
before we even know we have seen them.

then relax on realizing that it is harmless, we
are experiencing both stages—unconscious
reaction and conscious response.

CONSCIOUS AND UNCONSCIOUS ROUTES
The amygdala picks up on emotional stimuli
before we are also aware of them. This allows
the body to react very quickly to threat or
reward. Emotional stimuli are processed along
a second route that does not involve the
amygdala. This takes the information through
cortical areas that produce conscious
awareness and a more thoughtful response.

Hippocampus

Information that is
consciously perceived
is encoded in the
hippocampus to form
memories. The
hippocampus also feeds
back stored information
confirming or modifying
the initial response.

Sensory cortex

Sensory information
is transmitted along
this route to the
sensory cortex for
recognition. More
information is
extracted along L
this path, but it B
takes longer.

Thalamus

Sensory information
is directed to the
amygdala for quick
assessment and
action, and also to
cortical areas for
| processing to
conscious awareness.

Amygdala Hypothalamus

The amygdala instantly Signals from the
assesses incoming amygdala are used to
information for emotional trigger hormonal changes
| content, and sends that make the body ready
— signals to other areas for ’ to take action in response
immediate body action. It to emotional stimuli;
operates unconsciously, these responses include
and is thus liable to muscle contraction and
produce errors. an increase in heart rate.

KEY

SLOW AND
ACCURATE ROUTE

QUICK AND

DIRTY ROUTE . o \ 4
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CONSCIOUS EMOTION

EMOTIONS AND FEELINGS

CONSCIOUS EMOTION

EMOTIONS ARE GENERATED IN THE LIMBIC SYSTEM, WHICH DOES NOT SUPPORT CONSCIOUSNESS
ITSELF. INTENSE EMOTIONS CREATE “"KNOCK-ON" ACTIVITY IN THE CORTEX, ESPECIALLY IN THE
FRONTAL LOBES, WHICH WE EXPERIENCE AS A CONSCIOUS “FEELING” OR MOOD. SOMETIMES, AN
EMOTION IS CLEARLY LINKED TO AN EXPERIENCE. AT OTHER TIMES, THE CAUSE IS NOT OBVIOUS,
BUT BEING AWARE OF THE EMOTION MAKES IT EASIER TO UNDERSTAND WHAT IS HAPPENING TO US.

FEELING EMOTION

Emotions are primarily unconscious physical reactions to threat or
opportunity. The sight of a snake, for example, automatically prepares
the body for flight. In humans, emotions are consciously experienced
as powerful “feelings” that give our lives meaning and value. The
unconscious physiological component of emotion is generated in deep
brain areas as signals that are then sent to the body to prepare it for
action. Some signals travel upward to activate cortical areas, and this

activation produces the feeling of emotion. The type of emotion
experienced depends on which parts of the cortical areas are activated. ~ EMOTIONS INITIATED CONSCIOUS EXPRESSION

Emotions arise in the amygdala, brainstem, and  The amygdala and hypothalamus (blue)
hypothalamus (blue). Conscious feelings (red)  are active in expressing emotion, while the
involve the orbitofrontal and cingulate cortex.  thalamus (green) maintains consciousness.

RIGHT HEMISPHERE

The right hemisphere generates more negative emotions than the left, and
recognition and consciousness of sadness and fear depend on signals from
the right hemisphere being received and processed by the left hemisphere.

If the signals do not get through, a person may remain unconscious of their
emotions, even though their behavior
may be affected by them.

INCREASED ACTIVITY

This PET scan shows brain activity in a
volunteer who is watching a person display
various emotional facial expressions and

gestures. These stimulate far more activity EMOTIONS BECOME CONSCIOUS DISGUST
in the right frontal cortex (targeted) than Large areas of the frontal and parietal lobes This cutaway shows the insula (red—also in
in the same area in the left hemisphere. (green) are involved in making emotions top scan), part of which is active during the
conscious and mediating their intensity. generation of emotion, particularly disgust.
EMOTION CIRCUITS Dorsal FEELING HATRED
. . lateral Each emotion sparks a slightly different
Information from the environment, and from the rest of the  prefrontal Dorsal anterior Ventral pattern of qctivilty 0 Cermti’n b};ain
body, is constantly “tasted” for emotional content. The main | crtex  cingulate cortex striatum Thalamus  arcas. Hatred, for example, activates
emotion “sensor” is the amygdala, which is particularly the amygdala (which responds to all
sensitive to threat and loss. The amygdala takes in ey : o, negative emotion), the insula (which
. . . 4 = — — is associated with disgust and rejection),
information both directly from the sense organs and = / )
) . £ — and also areas of the brain concerned
via the sensory cortices, and connects to the cortex ’ f\ with action and caleulation.
and also to the hypothalamus, creating a circuit. L |-
. . . . St
When the amygdala is activated, it sends signals
around this circuit. These trigger body changes ,/ \f \ 4
as they pass through the hypothalamus, and Y
create conscious recognition of the emotion .
as they pass through the frontal lobe. Positive : b
emotions are passed along a slightly separate y
circuit, which takes in an area of the S
brainstem that produces the mood- |
e . . Ventral lateral 4 N
lifting neurotransmitter dopamine. 'y Rostral | Amygdld =
-3 cortex anterior " Hippocampus
PROCESSING EMOTION dingulate HATE CIRCUITS
Information about the identification and orientation Medial cortex Feeling hatred involves areas

linked to calculation (shown in
the left fMRI scan) and action

(top). This pattern may reflect
plotting, followed by attack.

of emotion travels from the thalamus, ventral
striatum, and amygdala to the rostral (lower) anterior
cingulate cortex. Regulatory signals travel from areas
of the frontal and prefrontal cortices to meet them.

A prefrontal
cortex



TIMING EMOTION

Things that we find emotionally moving grab our attention
rapidly (see illustrations, right) compared with things that
we do not. The sight of something that poses a threat, for
example, is brought to conscious awareness faster than a
nonemotional stimulus. This may be because the amygdala
unconsciously picks up the threat and primes the conscious
brain to “expect” an important perception. Good things

also attract attention fast. Research shows that people
Orbitofrontal

react as quickly to an image of a smiling baby as they cortox

do to one of an angry face—both elicit quicker reactions Amygdala

than nonemotional stimuli.

WEARING YOUR EMOTIONS

Scientists have developed clothing that can project the emotion
of the wearer. Biometric sensors that pick up minute changes or
detect EEG signals are being incorporated into garments next
to the skin. The clothes then change color according to the
information received. This futuristic dress developed by Philips
shines bright white when the wearer is happy but turns blue when
she is sad. It has a corset layer containing sensors that send

information to an outer skirt layer causing it to change color. Orbitofrontal

cortex

Amygdala

Insula

p 4 N
Orbitofrontal
cortex -
- Amygdala
HAPPY SAD Response signal

from body

Superior
colliculus

colliculus

Fusiform gyrus

colliculus

Fusiform gyrus

Primary visual cortex

350ms
Full awareness

After about 350 milliseconds, the
emotional meaning of a stimulus has been
evaluated by the brain. Signals from the

Primary visual cortex

Less than 100ms

Initial awareness

Responses to emotional visual stimuli
can travel in less than one-tenth of a
second from the superior zcolliculus in the
brainstem to the frontal cortex, where
the emotion is consciously experienced.

Superior temporal

100-200ms

Further information

A little later, information comes in from
the sensory cortices and association
areas—such as the face-recognition area
in the fusiform gyrus—providing more
detailed input to emotion-inducing parts
of the brain, such as the amygdala.

Superior temporal

amygdala trigger a conscious response in
the body, which in turn feeds back to arecas
such as the insula.

EMOTIONS AND FEELINGS

An emotion is usually transient and arises in

EMOTION OR
response to the thoughts, activities, and social FEELING
situations of the day. Emotions act as cues that
prompt adaptive behavior (see table, right). Moods, Anger
in contrast, may last for hours, days, or even
months, in the case of some illnesses. Thus, the
emotional state of distress, when extended over Fear
time, is called sadness; if it persists, unrelenting,
for a period of weeks, it is referred to as depression
(see p.239). Moods can be initiated very quickly Sadness
by things that we are not even aware of. One study,
for instance, found that flashing pictures of a
disgusting nature for a split second—too fast to be Disgust
seen consciously—made those who were subjected
to them more sensitive to other stimuli of a similar T | |NG THE DIEFERENCE .
nature afterwards. The feelings elicited by these Emotions are sudden, intense reactions Surprise

to events, such as unexpected bad news,
whereas moods are more diffuse and
tend to last longer.

unconscious stimuli were described by the
volunteers as “moods” rather than emotions.

POSSIBLE
STIMULUS

Challenging
behavior from
another person

Threat from
stronger or
dominant person

Loss of loved one

Unwholesome
object (e.g. rotting
food or unclean
surroundings)

Novel or
unexpected
event

ADAPTIVE BEHAVIOR

“Fight” reaction prompts
dominant and threatening
stance or action

Flight, to avoid the threat,
or appeasement, to show
a lack of challenge to the

dominant person

Backward-looking state
of mind and passivity, to
avoid additional challenge

Aversion behavior—
remove oneself from the
unhealthy environment

Focus attention on the
object of surprise, ensuring
maximum information input
to guide further actions
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DESIRE AND REWARD

EMOTIONS AND FEELINGS

DESIRE AND REWARD

DESIRE IS HARD TO DEFINE PRECISELY, BUT IT CAN BEST BE DESCRIBED AS WANTING OR YEARNING FOR
SOMETHING THAT YOU FEEL WILL BRING PLEASURE OR SATISFACTION ONCE YOU OBTAIN IT. THERE ARE
SPECIFIC BRAIN CIRCUITS LINKED TO DESIRE AND REWARD (PLEASURE). DESIRE FOR FOOD AND SEX HAS
A SURVIVAL VALUE, BUT DESIRE CAN ALSO BE DESTRUCTIVE IF IT FUELS AN ADDICTION.

DESIRE

Desire is a complex drive that strongly reflects personal preferences.
It is made up of two different components—Iliking and wanting. Put
simply, liking is linked to getting pleasure, while wanting is linked to
an actual need for something. With some activities, such as eating,
sleeping, and sexual activity, liking and wanting overlap, and the
resulting desire has survival value. However, an individual with an
addiction may want and “need” a drug, but not particularly like or
enjoy it, so the resulting pleasure is tainted with destruction. Liking
and wanting seem to use somewhat different brain circuits, although
dopamine is the most important neurotransmitter in both cases.

s B
1. Stimulus This can originate
outside the body, for
example the sight of food, or
from within, for example
falling glucose levels.

|

2. Urge The incoming
stimulus is registerred by the ‘
limbic system, which creates

an urge.

5. Reward The activity triggers
signals back to the limbic
system, which releases
opioid-like neurotransmitters.
\ J \.

STIMULUS AND REWARD

An external or internal stimulus is
registered by the limbic system, which
creates a feeling of desire; the cortex acts
on this, and the resultant activity sends
messages back to the limbic system, which
creates a reward and sense of satisfaction.

3. Desire The urge is
registered as a conscious
desire in the cortex, which

then instructs the body to act.

6. Satisfaction The
- neurotransmitters raise
circulating dopamine levels and

create a feeling of satisfaction.

-

| 4. Action On instructions from
the cortex, the body acts to
achieve its desire.

ANTICIPATION

Learning and memory clearly play an important role in shaping
desires and preferences. This leads to the possibility of anticipation,
which is the expectation of a reward. Anticipation has been studied
by researchers using a game of chance. In the anticipation phase,
where participants were told they might win money, fMRI scans
showed that cerebral blood flow in the amygdala and orbitofrontal
cortex increased, indicating activity
in the nucleus accumbens and the
hypothalamus—all rich in dopamine
receptors. The bigger the potential
reward, the greater the brain activity.

REWARD ANTICIPATION

This fMRI scan shows activity in the left intraparietal
cortex. Activity in the anterior cingulate cortex and
intraparietal cortex show that greater attention is

LEFT INTRAPARIETAL CORTEX

paid to a task when a person is anticipating a reward. of cell firing. i

COMPLICATED GRIEF

Losing a loved one is hard, but most people do recover in time. For about
10 to 20 percent of bereaved people, grief endures and is referred to as
“complicated.” In one fMRI study, it was revealed that in such people,
reminders of the deceased activate a brain area associated with reward
processing, pleasure, and addiction. A group of women were shown pictures
and words linked to a loved one lost to breast cancer. Brain networks
associated with social pain became activated in all women, but in those

with complicated grief, the reminders also excited the nucleus accumbens,
suggesting that grief was linked, somehow, with pleasure.

PLEASURE-SEEKING AND ADDICTION

Addictive substances can activate the dopamine reward system, providing
pleasure, even though the substances are not essential to survival.
Chronic exposure to drugs leads to the suppression of reward circuits,
increasing the amounts needed to get the same effect. The opiate system
is involved in pain and anxiety relief. Heroin and morphine lock onto the
opiate receptors, creating a sense
of euphoria. The cholinergic
circuits—where nicotine acts—are
involved in memory and learning.
Cocaine acts at the noradrenergic
receptors, which are involved in
stress responses and anxiety.

CULTURAL EXPOSURE

Smoking is regarded as a highly social
activity in many cultures. Prolonged
exposure to addictive substances may lead
to increasing dependence, drug-seeking
behavior, and withdrawal problems.

Nucleus
accumbens
Releases dopamine

Prefrontal cortex
Involved in the
conscious experience
of pleasure

REWARD SYSTEM
The reward pathway
starts in the ventral
tegmental area, and
dopamine release
is triggered in the
nucleus accumbens.
From there the

Q

DOPAMINE INCREASED
reward pathway RELEASE CELL FIRING
extends to the
prefrontal cortex. Opioids Opioids
Some drugs act A
dey t,—iggeringm Stimulants Ethanol Ventral
opamine, while | tegmental area
others work by also Ethanol [ Dopamine
increasing the rate Nicotine produced here
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PR B THRILL SEEKERS e dalk
& Thrilling or dangerous experiences
vy il can cause a rush of epinephrine and

4 dopamine in brain circuits. This rush
o & may lead us to seek out such activities
as an easy way of generating intense
feelings of pleasure, be it through
extreme sports or fairground rides.
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HUMANS ARE EXCEPTIONALLY SOCIAL CREATURES.

WE NEED EACH OTHER FOR MUTUAL SUPPORT AND
PROTECTION, AND TO THIS END WE HAVE EVOLVED BRAINS
THAT ARE EXQUISITELY SENSITIVE TO OTHERS OF OUR KIND.
THE SOCIAL BRAIN IS A SET OF FUNCTIONS THAT BETWEEN
THEM ENSURE THAT WE CAN OPERATE IN A TIGHTLY KNIT
COMMUNITY. IT INCLUDES THE ABILITY TO COMMUNICATE
WITH AND TO UNDERSTAND OTHER PEOPLE, AND TO KEEP
TRACK OF OUR SOCIAL POSITION IN RELATION TO THEM.

IN ORDER TO ACHIEVE THIS, WE ALSO NEED TO BE ABLE

TO GENERATE A SENSE OF BEING A DISTINCT SELF.
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THE SOCIAL BRAIN
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SEX, LOVE, AND SURVIVAL

SEX' HAS A SURVIVAL VALUE IN THAT IT DRIVES REPRODUCTION. SEXUAL ACTIVITY STIMULATES THE ‘ '
BRAIN'S REWARD SYSTEM—IF IT DID NOT, PEOPLE MIGHT NOT BOTHER WITH IT AND HUMANITY WOULD
DIE OUT. RECENT RESEARCH HAS SHED LIGHT ON THE BRAIN CIRCUITS INVOLVED IN SEX AND LOVE.
ROMANTIC LOVE, WHICH BRINGS COUPLES TOGETHER, AND MATERNAL LOVE, WHICH BINDS MOTHER
AND CHILD, ALSO HAVE SURVIVAL VALUE.

DIFFERENT TYPES OF LOVE

Love is a complex phenomenon, encompassing sex,

LIKING
INTIMACY

friendship, intimacy, and commitment. Not only does
it have a survival value for the individual as well as the
species, but it also adds greatly to quality of life. As far
as sex is concerned, humans engage in it whenever they
wish, unlike most other species who undertake sex
only when the female is ready to conceive. Therefore,

sex has become disconnected from reproduction in y . CONSUMMATE
humans. Romantic love, which is what many people { LOVE
mean by “love,” has a survival advantage because it _ 4 INTIMACY + PASSION + -
, , , ) i ’ COMMITMENT w
promotes pair bonding—an ideal setting for the care INFATUATION | £ .| EMPTY LOVE
and protection of young children. Friendship and ‘ !
.P y g. p . PASSION FATUOUS LOVE COMMITMENT
social networks are also important for promoting PASSION AND COMMITMENT
health and w‘ell—be?ng. We know a‘httl‘e about” the LOVE.TRIANGLE THEORY
neurotransmitters involved in “falling in love, Love has three components—
but not much about corresponding brain circuits. passion, intimacy, and

commitment—which can be
Phenylethylamine and dopamine are involved in the  pjended in various ways to

initial euphoria, which probably act in the pathways  produce the spectrum of human
. . . love experiences. Passion was a
between the limbic system (concerned largely with
strong factor between archetypal

emotions) and cortical areas (concerned with reason).  lovers Romeo and Juliet (right).

FEMALE

SEXUAL ATTRACTION

An individual’s face is an important element in how attractive they
appear to others and whether they are instinctively considered a good
mating prospect. The degree of symmetry, which is linked to how

MACAQUE

masculine or feminine they appear, has been shown to be an
important aspect of facial attractiveness. A recent study shows that

these properties are involved in sexual pairings in groups of Europeans,
HIGH SYMMETRY LOW SYMMETRY HIGH SYMMETRY HOW SYMMETRY African hunter-gatherers, and one group of nonhuman primates (see
below and left). Because the relationship is common to two human
groups and one primate group, it may be universal. It seems,
therefore, that symmetry and how masculine or feminine a face appears

are linked to an underlying biological mechanism that could advertise

EUROPEAN

a person’s level of attractiveness and genetic fitness as a mate.

100-
90-
80
70-

HIGH SYMMETRY LOW SYMMETRY HIGH SYMMETRY LOW SYMMETRY

FACIAL
SYMMETRY

This graph charts
high and low levels
of facial symmetry
in two human and
one primate group.
Ratings of faces

as more or less

HADZA
CHOSEN AS MOST SEX-TYPICAL (%)
a
o
I

HIGH SYMMETRY LOW SYMMETRY HIGH SYMMETRY LOW SYMMETRY - o2
masculine or MALE FEMALE MALE FEMALE MALE FEMALE
GENDER AND SYMMETRY feminine depends ; : |
These composite faces, from photos of individuals from three on the degree of MACAQUE EUROPEAN HADZA
groups, represent high- and low-symmetry faces for each group. symmetry KEY
High-symmetry faces are often selected as most gender-typical. measured. I SYMMETRICAL FACE I ASYMMETRICAL FACE



TWO-WAY BOND
Cuddling triggers oxytocin release in
both babies and parents, forming a
_,)‘ mutual bond. Physical intimacy is vital
for a baby. Those reared without it—in
some orphanages, for example—may

|| suffer long-term emotional problems.

THE DARK SIDE OF OXYTOCIN

Oxytocin creates trust and kindness among

OXYTOCIN—THE
FEEL-GOOD FACTOR

Oxytocin is a hormone produced by the

“bonded” individuals, but it amplifies distrust
hypothalamus and released by stimulation of the and aggression toward those outside a bonded
sex and reproductive organs, during orgasm and group. Experiments show that volunteers who are
in the final stages of childbirth. It produces a given a dose of oxytocin before playing a trading
pleasurable feeling that promotes bonding. This game are more generous than others to those

could be because, like the closely related hormone \ players who “play fair” but more punitive to

vassopressin, oxytocin helps the processing - | others who try to cheat. And one effect of
of social cues involved in the recognition of military “bonding sessions”—in which oxytocin
individuals and may play a role in laying down is probably engaged—is to make teams of soldiers

shared memories. It is possible that oxytocin has fight enemies more fiercely.
a somewhat “addictive” effect, like dopamine. )
This may explain why people feel anguish at being
parted from loved ones—they miss the oxytocin

“rush” involved in being with them.

FEELING CLOSE
Kissing and
cuddling trigger the
release of oxytocin
into the bloodstream.

- This may help X
Pg’ﬂ'l;‘AgY OXYTOCIN heighten feelings e
This light micrograph shows oxytocin of closeness and BONDING SESSION
crystals. In women, this hormone is strengthen the Soliders who train together form a tight social bond, which is
secreted naturally by the pituitary gland bond between likely to engage oxytocin. This helps forge trust among the
during childbirth, breastfeeding, and sex. partners. unit but also increases aggression toward perceived outsiders.

SElL



EXPRESSION

THE SOCIAL BRAIN

EXPRESSION

HUMANS ARE HIGHLY INTERDEPENDENT—WHAT ONE DOES INVARIABLY AFFECTS WHAT
HAPPENS TO OTHERS. IT IS THEREFORE VERY USEFUL FOR US TO BE ABLE TO READ EACH
OTHERS' EMOTIONS IN ORDER TO PREDICT WHAT SOMEONE MIGHT DO NEXT. WE ALSO NEED
TO SIGNAL OUR OWN EMOTIONS IN ORDER TO NUDGE OTHERS TO DO WHAT WE WANT.

EXPRESSING EMOTION characteristic ways. There are six basic, or universal, emotions (see
Expressions are more than just signals; they are an extension of bottom). Recent studies have looked at the range of expressions used
the emotion itself. When we feel something, the neural activation by people who have been blind since birth and found that they are
pattern associated with the emotion includes the firing of neurons, similar or identical to those displayed by sighted people. This

which, if not inhibited, cause face and body muscles to contract in suggests that learning plays quite a small part in expression.

MICROEXPRESSIONS

As well as making the obvious “macro”
expressions, people make facial
changes that are tiny or momentary (or
both) and that they can't easily control
and are probably unaware of. These
“micro” and “subtle” expressions occur
when people are trying not to show
what they are thinking or feeling. Itis
easy to miss these fleeting giveaways,
but when you know what to look for,
you can learn to spot and decode
them. Microexpressions come and go

. - 2 in a fraction of a second, while subtle
TRUE EXPRESSION? RIGHT AND RIGHT LEFT AND LEFT expressions may last throughout a

The IAeft hgmisphere controls‘movement on  The two right sides of former US president The two left hglves together gi\{e a clegrer conversation, but the muscular changes
the right side of the face, while the more Richard Nixon’s face hint at his unconscious  picture of the intended or “social” facial may be so slight as to be barely visible.
emotional right brain controls the left side. | feelings. Here the eyes appear less engaging. expression that looks more eager to please.
SURPRISE ANGER DISGUST FEAR
Brows Cheeks .
lowered = raised Raised brows

Eyes

Eyes bulgi
yes buiging widened

brows , wrinkled
Eyes open
wide

Arched Nose / A L

Mouth open

Upper lip
raised

Jaw Lips pressed

dropped

SIX EMOTIONS N
Surprise, anger, disgust, fear,
happiness, and sadness are all
universal emotions. Each produces
a distinct facial expression, which is -
almost identical across every culture.



ANATOMY OF A SMILE

There are two fairly distinct types of human smile: the conscious “social” smile, and
the genuine “Duchenne” smile, which is named after the French neurologist Guillame
Duchenne, who first described it. The first involves consciously activating the muscles
that stretch the mouth sideways. The second involves an additional set of muscles,
which are mainly controlled by unconscious brain processes. These muscles make the
lower lids of the eyes swell and the edges crinkle into “crow’s-feet”. Expressions not
only show what a person is feeling but they can also actually bring about the feeling
that they are associated with. In laboratory tests, consciously producing a smile was
found to produce a weak but detectable sense of happiness in those who displayed it.
So, even producing a “fake” social smile can promote a faint but real sensation of
happiness in the person expressing it.

When we read

READING EMOTIONS
somebody’s expression, /((Q K
we automatically make it \l_ i /
ourselves. We can hide this

echo by consciously inhibiting

the muscular change. Because
expressions cause, as well as
transmit, our feelings, this mimicry
creates an echo of the emotion we
see and tells us how the other
person is feeling. This is shown by
experiments in which people are
stopped from echoing expressions
by temporarily paralyzing an area of
the motor cortex with transcranial
magnetic stimulation. When
volunteers were unable to mimic

expressions, they were less accurate
at reading them in others.

TMS coil

Induced
current

Motor
area

HAPPINESS SADNESS

Raised
inner brows

Lowered

Raised mouth

mouth
corners

SMILING

A heartfelt smile is hard to
produce on demand because
it requires and is controlled by
emotion. The real smile, with
both mouth and eye areas (top)
activated, is usually a true
reflection of a happy mood.

In “genuine” smile, signals
are sent from areas of brain,
such as amygdala, and are
transmitted to motor cortex

surrounding eye socket
to contract, creating
characteristic “wrinkles”

In “social” smile we
are aware of signals
being sent to premotor

Signal bypasses eyes

pulling lips sideways

Motor cortex

Orbicularis occuli,
controls eyelid
movement

NOISS3dd X3

I

without awareness Amygdala

Signal causes
small muscles

NIvyg TVIDO0S IHL

Premotor cortex

Motor cortex

and motor cortex
Frontal cortex

Zygomaticus

) minor muscle
Signal causes large

muscles around

Zygomaticus
mouth to contract,

major muscle

CONFLICTING EMOTIONS

Expressions have a direct effect on those who see them (see
pp.122-123), so they are useful to get others to serve our needs.
However, in social situations, we sometimes have to make

a conscious effort to stop making the expression that matches
either what we spontaneously feel or what we see in others.
Because expressing an emotion creates that emotion, when we
do this, we have to override one emotion with another, creating
emotional conflict. Humans are probably unique in using facial
expressions dishonestly, and we have become experts at doing
so, but we are also very good at scrutinizing the expressions of
others to discern the genuine from the fake.

Insula
Suggests
Supplementary emotional
motor cortex effort
Constructs
alternative
expression
Superior
temporal gyrus
Monitors effecF of Orbitofrontal
forced expression cortex
May inhibit

natural mimicry

AREAS OF CONFLICT

Trying to override natural mimicry of an
emotion by expressing a conflicting one
engages various brain areas.

LEL



THE SELF AND OTHERS
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THE SELF AND OTHERS

THE HUMAN ANIMAL IS AN INTENSELY SOCIAL SPECIES, AND OUR SURVIVAL DEPENDS LARGELY ON
SUCCESSFUL INTERACTIONS WITH OUR NEIGHBORS. AS WITH OTHER SOCIAL ANIMALS, WE HAVE EVOLVED
DISTINCT BRAIN CIRCUITS DEDICATED TO BONDING, COOPERATION, AND PREDICTING THE ACTIONS OF
OTHERS. WE CAN ALSO RECOGNIZE THAT OTHER PEOPLE HAVE THEIR OWN THOUGHTS AND FEELINGS.

MADE TO BE SOCIABLE

One of the most distinctive features of the human brain is the large
area of neocortex, its relatively recently developed outer layer. The
frontal cortex (the part of the neocortex that surrounds the frontal lobe)
is responsible for abstract reasoning, conscious thought and emotion,
planning, and organization, and is highly developed in humans. One
reason for the substantial growth of the neocortex may be that humans
adapted this way in response to the demands of living in large, close-
knit groups. Social living creates challenges such as moderating one’s
own behavior in order to accommodate others, competing subtly for
reproductive rights, and predicting how others will behave, all of which
need neocortical activity. Spending time in social activity also seems to
grow the areas of the brain responsible for understanding and dealing
with others. People

100 - .
80 + . v who have large numbers
60 - o/ . .
20 % of friends on social
N ! “ networking sites have
w ’
@ 201 ; .
s . g correspondingly large
& 101 social brain regions.
w g | [ ] ® “ KEY
[C] [} S0
s 64 LA / @® MONKEYS
& . ; —
< e® O GROUP SIZE MATTERS
2 ,"I O APES In primates, the size of the
i == neocortex relative to other brain
1 Vi areas increases in almost direct
2 3 4 5 6 proportion to the average size
NEOCORTEX RATIO of the social group.

SOCIAL ANIMAL

Animals that live in large groups
are socially smarter than those
that don't. A study found that
ring-tailed lemurs, which live

in big groups, learned to steal
food from people only when
they were not looking. Other
animals with comparable
intelligence failed to do this.

CONTAGIOUS YAWNING

Social behaviors can be deliberate
or unconscious. For example,

it is thought that “catching” a
yawn is an unconscious way of
synchronizing group behavior.
One theory about yawning is

that, when one person does it, it
signals that it is time for the entire
group to sleep. By mimicking the
yawn, other members implicitly
agree. Another theory is that
yawning keeps the brain alert.

Its contagious nature ensures

that each member of the group
sharpens up.

SOCIAL AWARENESS

Social awareness covers a wide range of cognition that generates

a sense of a “self” as well as of that self in a social context. For
example, we adapt our behavior to cooperate with others, we predict
what other people are likely to do and their reasons for doing it,

we understand that others may hold different ideas and beliefs

from our own, we are able to imagine how other people see us,

and we can scrutinize our own minds. The range and diversity

of skills required means that several areas of the brain are involved.

Anterior cingulate cortex
Selects actions, correcting

?—Am
intentions according to 1 | /

social context; registers
social rejection __

o

Medial
prefrontal cortex
Controls own
emotions in social
situations

THE SELF-AWARE AND SOCIAL BRAIN
The "self” is sensed in different ways: we are aware of
ourselves as physical beings, as agents of our actions,
as objects in the world, and as components of a social
system. Each type of self-awareness is generated

by activity in different areas, and the information is
combined to decide on socially appropriate actions.

THE INSULA
The insula may be responsible for humans
experiencing the feeling of a “self” and having a
sense of the boundary of that self, allowing for the
distinction between “me” and “you.” According to

a school of thought known as “embodied cognition,”
which proposes that rational thought cannot be
separated from emotions and their impact on

the body, the insula
detects body states
that are induced by
emotions as part of a
process that brings our

OBSERVING PAIN

Tests using fMRI scans
show insula activity (green)
in participants watching a
person in pain, suggesting
that the insula triggers
empathic feelings.

emotional experiences
into our consciousness.

A



THE PAIN OF REJECTION

In one study, fMRI scans were conducted on people playing a virtual ball

CONGRUENCE

Our brains are highly sensitive to the movements of

THEORY OF MIND
Theory of mind (ToM) refers to

other animals, especially other humans. The mirror . ;
the instinctive “knowledge” that

game from which they were progressively excluded. Upon awareness of

rejection, the anterior cingulate cortex (ACC) was activated, an area that neuron system (see pp.122-23) automatically makes
also registers body pain, suggesting that the emotional impact of the two is us mirror the actions of others. The effect is so
similar. Part of the prefrontal cortex that helps control emotions was also

activated, which seemed to reduce feelings of rejection.

other people may hold different

strong that when one person notices another not beliefs than one’s own, and that

mirroring their own actions, it often makes them .. .
et ) e . it is those beliefs, not the facts
falter in their own actions. This “interference effect

applies only to biological motion—when participants of a situation, that inform and
observe a robot, no such interference occurs, even if | determine their behavior. One

the actions are humanlike.

Human
MIRRORING ’

way to test for ToM is the
Sally-Ann test (see diagram,

below). Recent studies have
A person is =

discomfited if J\ = shown that infants as young

as 10 months may “pass”
F\__ yp
j

someone fails

to mirror their

actions, but Robot
whether or not
a robot does
interacts with the ACC, which seems so has no ||| THIS IS
to reduce the pain of social rejection.  effect. i SALLY

the Sally-Ann test.

ANTERIOR CINGULATE CORTEX

PREFRONTAL CORTEX

Social rejection causes the same type  The ventral prefrontal cortex then
of activity in the anterior cingulate
cortex (ACC) as physical pain.

1

= THIS IS
‘_ ; ANN
2 SALLY HAS A BALL. SHE PUTS
IT INTO HER BASKET

B A

3 SALLY GOES OUT FOR A
WALK. ANN TAKES THE BALL
OUT OF THE BASKET

el
Temperoparietal junction Q

Holds a “map” of body

Motor cortex

Controls physical actions
(making physical actions
confirms sense of self)

q tant| it 4 ANN PUTS THE BALL
and constantly monitors IN THE BOX
physical self in relation to
rest of world r/;
5 NOW SALLY COMES BACK.

SHE WANTS TO PLAY WITH
THE BALL. WHERE WILL SALLY
LOOK FOR THE BALL?

Posterior —
temporal sulcus u
A sense of one's own

presence is triggered
by activity here SALLY-ANN TEST

If children indicate that, on her return, Sally
will look in the place she expects the ball to

be (in the basket), they appear to have ToM.

Insula
Activity here
correlates with

self-reflection

AUTISM AND THE MIND
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Ag‘gg;ﬂ: Autism is marked by the absence of
emotion in self NONEXPRESSIVE ToM. Rather than just “knowing” why
and others Fusiform face area Neutral Sally acts according to a false belief,

Face-recognition area within
fusiform gyrus recognizes
familiar faces, and analyzes
faces for emotional signals

expressions
produce less
amygdala activity.
The circuit from
amygdala to
face-recognition Face-
area is toned down recognition
and the brain takes area
in less information.

EXPRESSIVE

The amygdala
reacts to facial
expressions by
“mirroring” the
emotion. A smile,
for example,
triggers signals that
begin the process Face-
of smiling back. recognition area

Amygdala

RESPONDING TO EMOTION

Facial expression is a signal—of intention and state of mind—
and also a means of achieving empathy between people.
Expressions are initially processed unconsciously by the
amygdala, which monitors incoming data for emotional content.
It responds by generating the emotion that has been observed.
A fearful expression, for example, produces amygdala activation
that triggers fear in the observer. Soon after the amygdala
activation, the expression registers in the face-recognition area Amygdala
situated in the fusiform gyrus. Studies suggest that if a face
expresses emotion, the amygdala signals this area to scrutinize
it for meaning.

people with Asperger’s syndrome

(a form of autism) consciously “work
out” what is happening using part
of the brain (yellow) that is thought
to be more recently evolved than
the area that generates ToM (red).
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THE SOCIAL BRAIN
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THE MORAL BRAIN

NORMAL PEOPLE BROUGHT UP IN A NORMAL ENVIRONMENT DEVELOP AN INSTINCTIVE SENSE
OF RIGHT AND WRONG THAT SEEMS TO BE, AT LEAST IN PART, "HARDWIRED"” INTO THE BRAIN.
THIS NATURAL “MORALITY” IS NOT NECESSARILY RATIONAL OR FAIR, AND PROBABLY EVOLVED
BECAUSE BEHAVIOR PROMOTING SOCIAL COHESION ALSO, INDIRECTLY, AIDS SELF-SURVIVAL.

EMPATHY AND SYMPATHY

“Feeling” for another person—experiencing a faint version of their
sorrow or flinching when you see them hurt—seems to be largely
instinctive. It depends partly on theory of mind (see pp.138-139),
which ensures that we “know” what is likely to be going on in other
people’s minds. Empathy goes a step further, in that it also involves
“echoing” the emotions of another person. When a person is told a
story about someone experiencing
emotional trauma, the activated
areas in the listener’s brain come
into play when he or she is in such
a situation.

SYMPATHETIC STANCE

Being able to put yourself into someone

else’s situation, to experience an echo of
what they feel, and sympathize with them
appears to be an instinctive human trait.

Parietal lobe

Physically significant
movements, such as acts
of aggression, are
registered here and in
superior temporal sulcus

MORALITY

Our sense of right and wrong permeates

all our social perceptions and interactions.
Moral decision-making is partly learned,
but it also depends on emotions, which
give “value” to actions and experiences.
When making moral judgments, two
overlapping but distinct brain circuits
come into play. One is a “rational” circuit,
which weighs up the pros and cons of

an action objectively. The other circuit is Posterior superior

temporal sulcus
Works with parietal
lobe in signaling
significant action

emotional. It generates a fast and instinctive
sense of what is right and wrong. The two
circuits do not always arrive at the same
conclusion, because emotions are biased
toward self-survival and/or protecting

those who are loved or related to oneself.
Emotional bias in moral judgments seems
to rely on activity in the ventromedial and
orbitofrontal prefrontal cortex. Studies of
people with damage to this area have found
that their moral judgments are more rational
than those of others, suggesting that human

WITNESSING INTENTIONAL INJURY

WITNESSING ACCIDENTAL PAIN
This fMRI scan shows that seeing someone  When witnessing someone hurt intentionally,

hurt by accident produces similar brain brain areas concerned with judgments and
activity as if the viewer was accidentally hurt. moral reasoning (above) are also activated.

Dorsolateral
prefrontal cortex
Working memory;
holds current
situation in mind
while drawing on
memories to decide
on course of action

Ventromedial
prefrontal cortex
Imparts emotional
bias to moral
judgments

Temporal pole

Gives emotional tone
to memories, which
contributes to judging
current moral situations

Amygdala
Registers emotions
in self and others

EXTERNAL BRAIN AREAS

™, Medial frontal
gyrus

Integrates emotion
into decision-
making

“morality” is hardwired into the brain and
evolved more to protect ourselves than
to “do good.”

MORAL JUDGMENT CIRCUITS

Emotions play a crucial role in moral decision-making
(see p.169). In order to arrive at moral decisions, areas
of the brain associated with emotional experience work
alongside those that register facts and consider possible
actions and outcomes.

Posterior
cingulate cortex
Integrates emotion
and perception to
construct

Orbitofrontal prefrontal

meaningful so_ual cortex
narratives This and ventromedial prefrontal
- cortex introduce emotional

values into social judgments
and also evaluate personal

INTERNAL BRAIN AREAS reward and punishment



ALTRUSI M Emotional
conflict
The notion of altruism assumes that people can do things for others with no
BRAIN DAMAGE
Emotion AFFECTS MORALS

Damage to any one of

motivation of a direct reward for themselves. However, brain scans show that

doing “good” things is personally rewarding. One fMRI study was conducted }

while participants made or withheld donations to real charities. The participants “'é,_a }f\ L several brain areas can
. -8 affect moral judgment.
could keep any donations they refused to make. The result showed that both |V They include: areas
‘ L ‘ e » < - : INTERNAL BRAIN AREAS 'Y |50 °F
keeping the money and giving it away activated the brain’s “reward” pathways. . involved in feeling

emotion and assessing

Giving away money also emotional intent and

e —
r & enhanced activity in areas & - conflict; the frontal
concerned with belonging /[ > areas involved in

thinking about current
situations and
assessing action; and
the area at the
junction of the parietal

and group bonding.

\ l\{ P - D
\ [y~ }\\ Cognition
\

REWARD AREAS
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Giving and receiving activate areas
linked to pleasure and satisfaction.
Areas linked to bonding and social

RECEIVING GIVING

PHINEAS GAGE

The idea that our moral sense may have a biological basis in
the brain arose largely as a result of a freak accident in 1848. A
railroad worker named Phineas Gage blew a hole in the front Tamping
of his brain with a tamping rod. He survived with little damage et
to most of his faculties, but his behavior changed dramatically.
From being polite and thoughtful, Gage was described by his
doctor as "fitful, irreverent, indulging at times in the grossest
profanity (which was not previously his custom), manifesting
but little deference for his fellows, impatient of restraint of
advice when it conflicts
with his desires, at times
pertinaciously obstinent,
yet capricious and
vacillating... his mind was
radically changed, so
decidedly that his friends
and acquaintances said
he was ‘'no longer Gage.'”

Frontal
lobe

Entry

RECONSTRUCTION point
Computer-generated images
reveal the exact location of the
damage to Phineas Gage's brain.
Apart from going blind in one eye,
he suffered few physical effects, but
his behavior changed dramatically.

PSYCHOPATHY

Psychopaths are marked by an abnormal lack of empathy, to the extent
that some even enjoy seeing others suffer. They may, however, be charming,
intelligent, and capable of mimicking normal emotions so well that

they are difficult to spot. Psychopathic behavior is linked to risk-taking,
irresponsible, and generally selfish behavior, but those with high intelligence
can curb these tendencies and become very successful. A large number
of leading businesspeople show psychopathic tendencies, as well as a
large proportion of criminals. The brains of people who have psychopathic
tendencies show less emotional response to images of people being hurt,
and the emotional parts of their brains have fewer connections with the
frontal areas that consciously “feel” for others.

PSYCHOPATHIC BRAINS

Psychologist James Fallon studied psychopathic prisoners and
scanned their brains (bottom right) as they viewed emotional images.
Professor Fallon found that his own brain has psychopathic markers,
which he acknowledges reflects his lack of empathy. His intelligence
and insight allow him to overcome his emotional dysfunctions.

cohesion are active when giving.

Understanding
intention

EXTERNAL BRAIN
AREAS

Strong
connected \
activity in ™
frontal
lobes

NORMAL BRAIN

No activity
in frontal
lobe

PSYCHOPATHIC BRAIN

and temporal lobes,
which allows for
understanding others’
intentions.

Activity
in limbic
system

No activity

in limbic
system
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WE SIGNAL OUR INTENTIONS TO EACH OTHER IN VARIOUS
WAYS. A SURPRISINGLY LARGE AMOUNT OF INFORMATION
CAN BE TRANSMITTED BY GESTURES AND BODY LANGUAGE.
THIS IS AN ABILITY THAT HUMANS SHARE WITH MANY
OTHER ANIMALS, BUT WE CAN ALSO COMMUNICATE IN
WAYS THAT ARE UNIQUE TO OUR SPECIES. ONLY THE
HUMAN BRAIN HAS AREAS DEDICATED TO LANGUAGE. WE
USE THESE TO SPEAK AND TO READ AND WRITE. ALTHOUGH
READING AND WRITING HAVE TO BE LEARNED, WE SEEM
TO BE BORN WITH THE ABILITY TO SPEAK AND TO FOLLOW
COMPLEX RULES OF GRAMMAR.



LANGUAGE AND

COMMUNICATION




GESTURES AND BODY

MIRRORING PARENTS

LA N G U AG E By three months old, babies have the ability to

follow another person’s eye gaze, and they are
quick to pick up any emotion contained in a
look. Experiments show that if a parent looks

WE SIGNAL OUR THOUGHTS, FEELINGS, AND INTENTIONS BY GESTURE AND BODY

LANGUAGE AS WELL AS BY SPEECH. HALF OF OUR COMMUNICATION IS TYPICALLY toward something and displays fear, for
NONVERBAL, AND WHEN THEY CONFLICT, GESTURES “SPEAK” LOUDER THAN WORDS. EEpLE, by lelrig) 1Rl &y, e dile

very likely to mirror this reaction and be scared
too, even if the object is clearly harmless.

EYE TALK

Human eyes convey information through facial

GESTURES AND BODY LANGUAGE

expression and movement. Unlike in most species,

the visible white of the human eye makes it easy
to see in which direction a person is looking and
thus where their attention is directed. People have a
strong instinct to follow another’s eye gaze, and this

simple mechanism ensures that when someone is in

sight of another person, they can manipulate each STRONG SIGNALERS

Pupils dilate when a person has an emotional reaction.
Some drugs have a similar effect—belladonna was once
having to communicate with words. used by women to send signals of sexual excitement.

other’s attention and share information without even

BODY LANGUAGE Orbitofrontal

cortex
Body language is mostly instinctive, consisting largely of unconscious
BRAIN PROCESSES
Giveaway eye, mouth,
hand, and body
movements, as well
as deliberate gestures,
are registered in the
superior temporal
sulcus, a brain area
concerned with the self

LANGUAGE AND COMMUNICATION

“breakthrough” acts. Some of these are remnants of primitive reflexes, when
other living things were often seen primarily as either predator or prey.
These ancient reflexes program us to approach small, soft stimuli, which
suggest prey, and to withdraw from strong, hard stimuli, which suggest

a predator. Aggression is usually shown through tensed muscles and an

upright or forward-leaning stance, indicating that a predator is ready to Superior
temporal >

pounce. Fear is displayed by a softer body contour and backward stance, gyrus == in relation to others.
indicating that the prey is preparing to flee. When emotions are mixed, The amygdala notes
k id Amygdala N SSSS the emotional content,
EXPRESSION AND BODY LANGUAGE STUDY & person may take up a midway and the orbitofrontal
When body language and facial expression do stance from which they can cortex analyzes it.

not match each other, we are biased toward
the emotion signaled by the body, rather
than the expression on the face. to another.

shift quickly from one posture

REACTING TO BODY LANGUAGE

Body language showing fear or anger sparks activity in
brain areas involved in movement, while that expressing
happiness stirs activity in the visual cortex. In one study,
subjects’ brains were scanned while they were shown
images of actors with blurred faces in fearful, happy, or
neutral poses. Happy gestures, such as arms spread in
welcome, spurred activity in the visual cortex. Fearful ones,
like cowering, caused activity in emotional centers and in
areas involved in movement. This might explain how fear
spreads in a crowd and prepares the body to flee.

-

ANGRY EXPRESSION; FEARFUL EXPRESSION; ANGRY EXPRESSION; FEARFUL EXPRESSION; HAPPINESS FEAR
ANGRY BODY LANGUAGE ANGRY BODY LANGUAGE FEARFUL BODY LANGUAGE FEARFUL BODY LANGUAGE




GESTURES

Although body language is mostly unconsciously performed,
we have a greater degree of conscious control over its more
refined form—gestures. Many parts of the body can be
involved with making gestures, but most tend to include hand
and finger movements, which can display complex spatial
relations, issue directions, and show the shape of imagined
objects. They can help convey emotions and thoughts, insults,
and invitations. Gestures are used throughout the world,
although they by no means have universal meanings. Even
simple gestures, such
THREE MAIN CATEGORIES as pointing at a
“Natural” gestures tend to be used for
three main purposes: to tell a story, to
convey a feeling or idea, or to emphasize
a spoken statement. Invented gestures,
such as the Masonic handshake, may be

completely arbitrary or developed from
natural body language.

person, which is
commonly used in
many parts of the
world, can be highly

This hand
movement may
either be
comforting or

an attempt to
suppress a scream

Arms wide and
hands open,
with the body
exposed says:
“I'm not hiding
anything or
deceiving you”

PROTESTING INNOCENCE

Raising to full
height with
clenched fists
suggests victory

&

N
i

JUBILATION

offensive in parts of Asia.

INTRICATE GESTURES

Statues of Hindu deities often convey symbolic
meanings through the specific positioning of their
hands. With his outward-facing palm, the god
Shiva is assuring protection.

suggests anger
or rejection of
another person

SHOCK

Hands may convey

a more precise
measurement than the
speaker might be able
to get across verbally

MEASURING WITH HANDS

THE GRAMMAR

Aggressive, rigid
hand movement

Pulling fingertips
together suggests
accuracy,
cohesion, and
concentration;
may be used to
focus listener’s
attention on words

OF GESTURE

Unlike the rules of speech,
which vary from language to
language, gesturing seems

to have a universal “grammar”.
Asked to communicate a simple
statement using words of their
native languages, English,
Chinese, and Spanish speakers
started with the subject, then
the verb and finally the object,
whereas Turkish speakers used
the subject, object, then the
verb. However, when just using
gestures, speakers of all of these
languages placed the subject,
object, and verb in that order.

ANNOYANCE

REINFORCING A POINT
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THE ORIGINS OF LANGUAGE

LANGUAGE AND COMMUNICATION

THE ORIGINS OF LANGUAGE

HUMANS HAVE AN INNATE CAPACITY FOR LANGUAGE—A FACULTY THAT SEEMS TO
RELY ON ONE OR MORE GENES THAT ARE UNIQUE TO OUR SPECIES. IT IS NOT KNOWN,
THOUGH, WHETHER LANGUAGE AROSE AS A DIRECT RESULT OF GENETIC MUTATION
OR AS A RESULT OF THE INTERACTION BETWEEN SUBTLE BIOLOGICAL CHANGES AND

ENVIRONMENTAL PRESSURES.

HEMISPHERE SPECIALIZATION

Compared to the brains of other species, human brains are
less symmetrical in terms of functions. Language is the most
obvious example of this lopsidedness, and the vast majority
of people have the main language areas on the left side of
the brain, although a few seem to have language functions
distributed on both sides, and some have it only on the right.
Generally, language is associated with the “dominant” side of
the brain—that is, the one that controls the most competent
hand. Language is thought by
some to be the mechanism
that elevates the brain to full
consciousness, and before
language evolved, it is
possible that our ancestors
were not consciously

aware of themselves.

Because language is so
important, disruptions

have awful consequences,

so brain surgeons have

to be very careful to avoid
damaging the language

areas. This is one of the
HEMISPHERE

reasons for the Wada test. HEMISPHERE

LANGUAGE FUNCTIONS

The three principal language areas are usually found
in the left hemisphere, while four other important
language areas are located in the right hemisphere.

HEMISPHERE FUNCTION

Left Articulating language

Left Comprehending language
Left Word recognition

Right Recognizing tone

Right Rhythm, stress, and intonation
Right Recognizing the speaker
Right Recognizing gestures

AREAS INVOLVED

The main language skills of recognizing,
understanding, and generating speech are
situated in the left hemisphere in most people.
The right hemisphere, however, processes
aspects of language that are needed to obtain
“full” comprehension.

THE WADA TEST

The Wada test, named after Canadian
neurologist Juhn Wada, involves
anesthetizing one hemisphere of the brain
while leaving the other fully active. This is
possible because each hemisphere of the
brain has its own blood supply. If the
patient is able to speak when one brain
hemisphere is asleep, the principal
language areas must be on the conscious
side. This information is vital for surgeons
to plan operations. The Wada test will
eventually be replaced by advanced
scanning techniques.

Left internal
carotid artery

Right internal
carotid artery

¢
CAROTID ARTERIES
This colored magnetic resonance angiogram
(MRA) shows the arteries that supply the
head and neck. The Wada test involves
injecting one of the internal carotid arteries
to put one brain hemisphere to sleep.

SILBO LANGUAGE

-

>

Most languages use words—that
is, noises made by exercising
muscles in the throat and mouth
that chop up (articulate) and vary
the sound of the passage of air
from the lungs. Silbo, however, is
a language made up entirely of
whistles, used by the inhabitants
of La Gomera in the Canary
Islands. Brain-imaging studies
show that Silbo-users process the
whistles in the main language areas
of their brains, whereas those who
do not know the language process
the whistles simply as a collection
of sounds, which are registered in
other areas of the brain.

WHISTLE WHILE YOU WORK

Silbo developed among islanders who
needed to communicate in a landscape
where deep ravines made shouting
impractical—their whistles carry farther
than words and with less distortion.

WHAT IS LANGUAGE?

Language is not just a matter of stringing symbols together to convey

do not make any sense.

do not engage language areas in the same
way that words that form part of a language
do—the brain just treats them as noises.
Some theorists believe that the overarching
rules of language—the structure that is
common to them all—is embedded in the
human brain and is instinctive rather than
learned. Although primates have learned

objects and some can understand sign
language, it has not been possible to teach
another species spoken language.

SENTENCES AND CONSONANT STRINGS

Several areas in the brain’s left hemisphere become
active when people hear a familiar language spoken to
them, compared to a small area of the right hemisphere
that is active when they hear strings of consonants that

meaning. Language is governed by a complex set of rules, known as
grammar. The details of these rules differ from language to language,
but they share a similar type of complexity. Simple, wordlike sounds

LEFT HEMISPHERE

how to link visual symbols on keyboards to

RIGHT HEMISPHERE



THE EVOLUTION OF LANGUAGE

Spoken language leaves no traces in the historic record, so

we shall probably never know how or even exactly when it
originated. The ability to generate speech and understand
language is something only humans possess, although some
primates’ brains have regions that may function as primitive
language areas. An important factor in the evolution of language
took place in the throat and larynx, around the time that our
ancestors started walking upright. These changes affected the
variety and intricacy of the sounds they could produce. This
improved ability to communicate probably increased the chances
of survival for those who used it most effectively and therefore
the chances of it being passed on to subsequent generations.

Tongue

THE ANATOMY |
OF SPEECH [
The altered larynx

in upright hominids
allowed them to make
more inventive noises.
It also meant they could

no longer swallow and A
breathe at the same time,

leading to an increased

risk of choking. The ]
descended hyoid bone y
is also thought to facilitate f
the production of awide <
range of sounds.

Hyoid
bone

Vocal cords

Larynx

Fiber tract
Fiber tract (precursor to
(precursor arcuate Temporal Arcuate
to arcuate fasciculus) lobe fasciculus
Frontal fasciculus) Te |
lobe empora
lobe
Frontal
Frontal = I lobe
lobe
J 1o Y /
— 5 - ;
P » o= L /
e — R
Temporal
lobe

MACAQUE FIBER TRACT

Macaques have simple language areas. A crucial part of
this region is a thick bundle of fibers, which links the areas
associated with understanding language in the temporal
lobe with the areas that generate it, in the frontal lobe.

CHIMPANZEE FIBER TRACT

The connections between the frontal lobe and the temporal
lobe are more advanced than in macaques, allowing for
improved cognitive abilities, but they do not have such
prominent temporal-lobe projections of the fiber tract.

HUMAN FIBER TRACT

In the human brain, the tract is known as the arcuate
fasciculus, connecting two areas crucial for speech
and comprehension. It is one of the specializations
thought to have led to the evolution of language.

< Hie

LANGUAGE GENES

Hundreds of genes combine to make
language possible, but one gene in
particular is associated with the normal
development of speech and language.
FOXP2 is a gene that helps to connect
the many brain areas that work together
to produce fluent speech. People with

a particular mutation on this gene have
a condition known as childhood apraxia
of speech. Those affected have problems
producing words and in some cases
may also have difficulty understanding
speech. Animals that communicate
through sound, including songbirds,
mice, whales, and other primates, also
have the FOXP2 gene. However, in
humans, it is thought to have evolved
further and faster, resulting in the
formation of more complex connections
in the brain. Certain mutations to the
FOXP2 gene—in both the human and
animal versions—may produce
comparable problems, however. In
mice, for instance, a particular change
in the gene makes them “stutter”

in their squeaking “songs,”just as

it does in people.

LANGUAGE AND PERCEPTION

Language is much more than just a way of signaling things to one another—evidence shows that

it shapes the way we perceive the world. If your language makes a distinction between blue and
green, for example, you will be less likely to confuse a blue color chip with a green one when
recalling them, because you will have been able to attach a mental label to each of them. If a
language does not distinguish between colors in the same way, it will be more difficult to recall
which is which. Similarly, the Amazonian Piraha tribe do not have words for numbers above two
and are unable to reliably tell the difference between four and five objects placed in a row.

COLOR STUDY
Areas of the

brain involved in
recognition and
word retrieval
(circled, left) are
engaged more
when people
distinguish between
colors that have
different names
than between colors
that share a name,
even if they are
visually distinctive.
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THE LANGUAGE AREAS

LANGUAGE AND COMMUNICATION

THE LANGUAGE AREAS

THE HUMAN BRAIN DIFFERS FROM THAT OF OTHER SPECIES BY
HAVING A REGION THAT IS DEDICATED TO LANGUAGE ALONE.
IN THE VAST MAJORITY OF PEOPLE, THIS IS SITUATED IN THE =
LEFT HEMISPHERE, BUT IN ABOUT 20 PERCENT OF LEFT- s
HANDED PEOPLE, IT IS IN THE RIGHT HEMISPHERE.

MAIN LANGUAGE AREAS

Language processing occurs mainly in Broca’s
and Wernicke’s areas. Broadly speaking, words
are comprehended by Wernicke’s area and
articulated by Broca’s. A thick band of tissue
called the arcuate fasciculus connects these
two areas. Wernicke’s area is surrounded
by an area known as Geschwind’s territory.
When a person hears words spoken,
Wernicke’s area matches the sounds to their
meaning, and special neurons in Geschwind’s
territory are thought to assist by combining
the many different properties of words
(sound, sight, and meaning) to provide full
comprehension. When a person speaks, the
process happens in reverse: Wernicke’s area
finds the correct words to match the thought
that is to be expressed. The chosen words
then pass to Broca’s area via the arcuate
fasciculus (or, possibly, via a more circuitous
route through Geschwind’s territory). Broca’s
area then turns the words into sounds by
moving the tongue, mouth, and jaw into the
required position and by activating the larynx.
Wernicke's

Part of area
Broca's area

Part of
visual cortex

SEEING WORDS PASSIVELY LISTENING TO WORDS

Area activated
includes part of
Broca's area

AREAS ACTIVATED IN
DIFFERENT TASKS
These fMRI scans show
distinct patterns of
activity in the three
main language areas,
depending on whether
the person undertaking
the task is listening to
speech or pronouncing
words. Simply looking
at words passively
does not involve

much activity

in the language areas.

PRONOUNCING WORDS

Geschwind's
territory

Arcuate fasciculus
Nerve fibers linking
Wernicke's and Broca's
areas; thicker than in
other primates.

Geschwind's territory
Located in lower part

of parietal lobe, where
information from sound,
sight, and body sensation
come together; is one

of last parts of brain

to mature.

Broca’s area
Lies in frontal lobe;
back region moves

mouth to form words,
while front part is
thought to be
concerned with aspects

of word meaning. Wernicke’s area

Lies in upper temporal lobe, (

adjacent to occipital and parietal cortices; .
heard and seen words are understood
here and also selected for articulation.

LOCATING LANGUAGE AREAS

Together, the main language areas generate
comprehension and articulation, but full language
appreciation requires input from areas concerned with

tone, emotion, and rhythm.
SHIFTING GROUND

LANGUAGE TASKS
Different types of language tasks activate
a number of different areas of the brain.

Wernicke's and Broca's areas are now well defined,
but immediately around them lie large regions of the
cortex that become active during a variety of different
language studies. Their precise functions remain
unclear, and their shapes and locations differ from
person to person. Even with a single individual, the
peripheral areas engaged in language may shift over
the course of that person’s life.

However, the key language areas only
become active when language is turned
into meaning. So merely looking at words
as marks on a page involves areas of the
brain such as the visual cortex, which is

. L . Areas activated
responsible for processing incoming

Areas around
visual information, whereas listening to . - Wernicke's
7 L ° activated >~ e
spoken words triggers activity in around - -

Wernicke’s area and Geschwinds’s Broca's 1
territory, signifying that the sounds S~
are being turned into meaningful v g
information. Broca’s area is significantly (
.

involved in listening, too, because

understanding words involves, to some -

=N
extent, articulating them “in your head” =
(also referred to as “sounding out”).
VARIATION
The colored areas
show regions of the
cortex activated around :
Broca's area, Wernicke's area, RS
and Geschwind's territory during
language tasks in different studies.

Broca’s area is strongly activated when
the task involves pronouncing words,
while generating words involves both
Wernicke’s and Broca’s areas, as

well as Geschwind’s territory.



Dorsolateral

THE MULTILINGUAL BRAIN Caudate
) ) ) ) prefrontal nucleus Dorsolateral
Being fluent in two languages, particularly from early childhood, cortex Broca’s (within gray _ Prefrontal

area cortex

enhances various cognitive skills and might also protect against the matter)

onset of dementia and other age-related cognitive decline. One
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language; areas in green are activated when
bilingual speakers switch languages. The caudate
nucleus is also activated during the switch.

individuals when
hearing the
same language.

Areas activated in bilinguals
% when switching languages

BILINGUALS

MONOLINGUALS

reason for this may be that speaking a second language builds =Y
more connections between neurons. Studies show that P C\ j
. . . e
bilingual adults have denser gray matter, especially in the N 3
inferior frontal cortex of the brain’s left hemisphere, where A \ ; -
most language and communication skills are controlled. ) 1 ) ( { -
. . . . ~ /] il —
The increased density was most pronounced in people \ ’/ >
i e p— z
who learned a second language before the age of five. nferior | % F £ o
frontal | S a-_“"n'/‘&-.l J,Mﬁd"_a St Inferior (=
frontal >
cortex [a)
Caudate = = cortex m
nucleus N o T >
(within gray Z
CONTRASTING matter) LEFT HEMISPHERE RIGHT HEMISPHERE lw)
ACTIVATION 0
These scans show KEY NEURAL SIGNATURE OF BILINGUALISM O
the brains of bilingual . Areas used when speaking The pyrple area i; ysed by both mono- §
and monolingual one language and bilingual individuals when speaking one c
z
o
>
d
O
z

LANGUAGE PROBLEMS T\
There are a wide range of speech and language problems that can arise from STUTTERING

a correspondingly varied number of injuries and impairments. Some problems
About 1 percent of people (75 percent of them

men) stutter. In most cases, stuttering (also known as
stammering) begins between the ages of two and six.
Imaging studies have shown that the brains of stutterers
behave differently from those of non-stutterers when
processing speech, in that many more areas of the brain
are activated
during speech
production. It
may be that
these interfere
with one another
and cause the
stuttering, or it
may be the result
of stuttering.

affect only comprehension, whereas others specifically hinder expression; learning
disabilities, such as dyslexia (see p.153) and specific language impairment (see p.248),
can affect both. Traumatic brain injuries and strokes can lead to aphasia, which is the
loss of the ability to produce and/or comprehend language. By contrast, dysphasia is
the partial loss of the ability to communicate, although these terms are often

incorrectly used interchangeably.
N

Conduction

Production aphasia =
’ aphasia

(also called
Broca’s aphasia)

Sensory
aphasia
(also called
Wernicke's

/ v—ﬁ; aphasia)
N |

NON-STUTTERER STUTTERER BEFORE

Transcortical

TREATMENT
motor 1
aphasia P _ TREATMENT FOR
<N Al ‘?' STUTTERING
N \ \ \ Speech therapy is
S 3 - N ) often successful,
AFFECTED AREAS X \ o - Transcortical as these PET scans
There are six principal types = - Olsreess sensory show. As treatment
of aphasia, each of which " { aphasia progresses, brain

involves injury (usually
lesions) to a certain area of
the brain. Many of these are
caused by strokes.

activity during
speech dies down
to near normal.

Global
aphasia S

LATER STAGE OF
TREATMENT

EARLY STAGE OF
TREATMENT

TYPES OF APHASIA

Aphasia is usually associated with a
brain injury (such as a stroke), which
affects the brain’s language areas.
Depending on the type of damage
the area affected (see right), and the
extent of damage, those suffering
from aphasia may be able to speak,
yet have little or no comprehension
of what they or others are saying. Or
they may be able to understand
language yet be unable to speak.
Sometimes, sufferers can sing but
not speak or write but not read.

Production aphasia (damage to Broca's
area) Inability to articulate words or
string them together; if words can be
uttered, they tend to be verbs or nouns,
with abnormal tone and rhythm.

Conduction aphasia (damage to link
between Wernicke's and Broca's areas)
Speech errors include substituting
sounds, but good comprehension

and fluent speech production.

Global aphasia (widespread damage)
General deficits in comprehension,
repetition, naming, and speech
production; automatic phrases (e.g.
reeling off numbers) may be spared.

Transcortical sensory aphasia (damage
to temporal-occipital-parietal junction)
Inability to comprehend, name, read, or
write, but with normal ability to recite
previously learned passages.

Transcortical motor aphasia (damage
around Broca's) Good comprehension
but nonfluent speech, often limited to
two words at a time. Sufferers retain
the ability to repeat words and phrases.

Sensory aphasia (damage to
Wernicke's area) Inability to understand
language, often combined with
general comprehension problems and
lack of awareness of own deficiency.




A CONVERSATION

LANGUAGE AND COMMUNICATION

A CONVERSATION

CONVERSATION COMES NATURALLY TO MOST OF US, BUT IN TERMS OF BRAIN
FUNCTION IT IS ONE OF THE MOST COMPLICATED CEREBRAL ACTIVITIES WE ENGAGE
IN. BOTH SPEAKING AND LISTENING INVOLVE WIDESPREAD AREAS OF THE BRAIN,
REFLECTING MANY DIFFERENT TYPES AND LEVELS OF COGNITION.

LISTENING
The sound of spoken words take a short time—about 150 milliseconds—to pass from the speaker’s
mouth to the listener’s ear, for the ear to turn this stimulus into electrical signals, and for this to
be processed as sound by the auditory cortex. Words are decoded in Wernicke’s area in the left MORE THAN WORDS

. . . . . Face-to-face conversations involve more
hemisphere, but other areas are also at work to provide full comprehension, including parts of than just decoding words—tone and body
the right hemisphere concerned with tone, body language, and rhythm. If any of these areas are language are also part of “understanding.”

damaged, a person may be left with an incomplete understanding of what is being communicated.

@3 250-350 MS

STRUCTURE OF WORD STREAM ANALYZED

AND MEANING OF WORDS EXTRACTED
@1 50-150 MS Speech is decoded in Wernicke's area (orange,
AFTER WORDS ARE SPOKEN below right) in the left hemisphere. Then, the
SOUND REGISTERED . anterior temporal lobe (brown, below left) and
Sound from the speaker registers inferior frontal cortex (purple, below left) in
in the auditory cortex and both hemispheres start to extract the meaning
is distributed to areas

of the words.
concerned with decoding
the words and other
areas of the brain
involved with
emotion, tone,
and rhythm. .

Wernicke's
area

LEFT
HEMISPHERE

©®4 400-550 MS
MEANING CONSCIOUSLY
COMPREHENDED
Turning the sound of speech
into a stream of meaning
requires more than just
decoding the words—they
also have to be associated
with memories to give full
comprehension. This takes
place in part of the
frontal lobe.

)2 150-200 MS

EMOTIONAL TONE

REGISTERED THE LISTENER

The amygdala is quick to pick The illustration above

up on the emotional tone of highlights the areas of the
the speech and subsequently brain involved in listening.
produces an appropriate Zero represents the time at

emotional reaction. which the words are spoken.

The rest of the times are
measured in milliseconds
(ms) after that. It takes just
over half a second for the
brain to comprehend

the meaning of the words.



SPEAKING

The speech process starts about a quarter of a second before words
are actually uttered. This is when the brain starts to select the words
that are to convey whatever the person wants to say. The words then
have to be turned into sounds, and are finally articulated. Most of
this complicated activity occurs in specific language areas, which in
most people are on the left side of the brain. However, in a minority
of people they are situated in the right, or spread between both
hemispheres. Right-hemisphere language dominance is more
prevalent among left-handers (see p.199).

CRUCIAL PATHWAY

"Prepared” words are transmitted to
Broca’s area via a bundle of nerve fibers
called the arcuate fasciculus. It is much
thicker and better developed in humans
than in other species, and is thought to
be key to the development of language.

2 200 MS
WORDS TO
PHONOLOGY

Shortly after they have been
retrieved from memory, the
words are matched to the
sounds in Wernicke's area,
which is adjacent to the
auditory cortex, where
sounds are distinguished.

1-250MS _ /

BEFORE SPEAKING
CONCEPTS TO WORDS
Words are attached to memories
and ideas and act as “handles”

by which the brain can grasp the
correct ones to express an idea.
The matching of words to concepts
happens in the temporal lobe.

THE SPEAKER

SHIFTING FUNCTIONS

Speech and comprehension
problems often result from strokes,
which damage the language areas.
If the damage happens early in life,
the speech functions may shift

to the opposite hemisphere. In
older people, this is less likely to
be successful, but undamaged
areas can still take on some
functions of the damaged areas.

SPEECH AND LANGUAGE THERAPY
It is possible for people who suffer from
aphasia as a result of a stroke to recover
some language functions through
intense speech and language therapy.

The illustration above highlights the six crucial
brain areas that are activated immediately
before speaking. Zero is the point on the
timescale when words are actually uttered; the
timings of the stages before this are therefore
indicated by negative values.

@3 -150 MS
PHONOLOGY TO SYLLABLES
Broca's area is the part of the
brain most closely associated
with speech. It matches the
sounds of words to the specific
mouth, tongue, and throat
movements required to
actually voice them.

~_®4 -100 MS
ARTICULATION

The mouth, tongue, and
throat movements needed
to articulate the selected
words are directed by the
part of the motor cortex

that controls these parts
of the body.

FINE CONTROL OF
ARTICULATION

The cerebellum is concerned
with orchestrating the timing

of speech production. The right
cerebellar hemisphere connects
to the left cerebral hemisphere,
and this shows greatest activation
during speech, whereas the left
cerebellar hemisphere is more
active during singing.
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READING AND WRITING

LANGUAGE AND COMMUNICATION

READING AND WRITING

OUR ABILITY TO SPEAK AND TO UNDERSTAND THE SPOKEN WORD HAS EVOLVED SO
THAT OUR BRAINS ARE WIRED FOR SPEECH. READING AND WRITING, HOWEVER, DO NOT
NATURALLY COME TO US IN THE SAME WAY. IN ORDER TO LEARN TO READ AND WRITE,
EACH INDIVIDUAL HAS TO TRAIN THE BRAIN TO DEVELOP THE NECESSARY SKILLS.

LEARNING TO READ AND WRITE

To learn how to read and write, a child has to translate the shapes
of letters on the page into the sounds they make if they are spoken
aloud. The word “cat,” for instance, must be broken down into its
phonological components—"kuh,” “aah,” and

“tuh.” Only when the word on the page
is translated into the sound that is heard
when the word is spoken can the child match
it to its meaning. Learning to write uses
even more of the brain. In addition

to the language areas concerned with
comprehension, and the visual areas
concerned with decoding text, writing
involves integrating the activity in

VISUAL DISTINCTIONS

these areas with those concerned Distinguishing between written letters
uses a part of the brain that evolved to
make detailed visual distinctions between
natural objects. This may be why many

letters resemble shapes seen in nature.

with manual dexterity, including the
cerebellum, which is involved with
intricate hand movements.

THE AUDITORY CORTEX

Written words are broken into their
phonological elements and “sounded
out” so they can be “heard”; the auditory
cortex allows the reader to recognize
each word by the way it sounds.

BROCA'S AREA

Once a word has
been recognized, it is
also “sounded out” in
Broca's area, linking the
written word to the
spoken word.

THE TEMPORAL A
LOBE b
This area helps match the
words to their meanings
by retrieving memories.
Full appreciation of
written text—especially
fiction—may involve
recalling personal
memories from the
hippocampus.

Hippocampus

THE VISUAL WORD-
RECOGNITION AREA
\ This area, which evolved to

i make fine visual distinctions 7

between different objects, -

is "hijacked” by the reader’s

brain when it is trained to

recognize written text.

BRAIN AREAS
USED IN READING
Reading uses
various areas across
the brain, from the
visual cortex at

the back to areas
of the frontal

lobes so that the
sound, spelling, and
meaning of a word
are linked together.

1 THE VISUAL CORTEX
The text is initially
processed in the visual cortex,
which sends the information
along the recognition—
processing route toward the
language areas of the brain.

SKILLED READERS

While we are learning to read, our brains
have to work very hard to translate the
symbols on the page into sounds. This
activates an area in the upper rear of the
temporal lobe, in which sounds and
vision are brought together. The process
becomes automatic with practice, and
the brain becomes more concerned
with the meaning of the words. Hence,
the areas concerned with meaning are
more active in a skilled reader’s brain

(usually an adult’s) during reading.

20-23 YEARS

READING DEVELOPMENT

These fMRI scans show that children
learning to read rely on a brain area that
matches written symbols to sounds (top).
As skill develops, areas involving meaning
(middle and bottom) become more active.

HOW LITERACY
AFFECTS THE BRAIN

Learning to read and write
involves building complex new
neural connections in many
different parts of the brain. This
improves a person’s ability to
distinguish speech sounds and
encourages more and wider
mental connections, effectively
increasing imagination. Reading
people-based fiction has also
been found to improve empathy.




DYSLEXIA

Dyslexia is a language-development disorder with a genetic basis.

It may affect 5 percent of the population and is most obvious

when a language, such as English, has a complex mapping system

between speech sounds and letters of the alphabet. One explanation

for dyslexia, known as the phonological deficit hypothesis, is that

dyslexics cannot analyze and remember the sounds contained in

words. This slows down the learning of spoken language and makes

it very difficult to map sounds to their corresponding letters of the

alphabet when learning to read.

HOW DYSLEXICS
DIFFER

Dyslexics differ
mostly in the brain
area in which words
are translated from
visual symbols into
sounds (shown in
green on this fMRI

HYPERLEXIA

Hyperlexic children exhibit
extremely advanced reading
and writing skills but may
experience difficulty in
understanding spoken
words. They often have
problems with social
interaction and may have
symptoms of autism. Some
hyperlexics learn to spell
fairly long words before the
age of two and to read
sentences by three. Brain
scans of one such child
suggest that hyperlexia

is neurologically opposite
to dyslexia in that, when the
child was reading, brain areas
that are sluggish in dyslexic

- —
PRECOCIOUS READERS
Hyperlexic children are fascinated by

letters and numbers and learn how to
read from an early age but sometimes

ONILIYM ANV DNIAVIY

scan). Research has children were overactive.
found that dyslexics
have more gray

matterinthisarea | ANGUAGE DIFFERENCES
than nondyslexics,

but the significance English speakers have a particularly hard time learning to read. English

find it hard to understand spoken language.

NOILVOINNANINOD ANV IDVNONV

of this finding is not  spelling rules are notoriously difficult to master, and skilled readers know
fully understood.

that they cannot rely on letter-to-sound decoding rules, as there are too many
exceptions—for example, “i” is pronounced differently in “ice” and “ink.” For
TREATING DYSLEXIA?

There is no cure for dyslexia, but dyslexics

dyslexics, these exceptions are difficult to master, and learning to read and
spell takes years longer than it does for nondyslexics.

can improve reading skills through
compensatory learning, using the help

of specialist teachers to find ways to
remember spellings. While reading

is likely to remain slow and spelling
error-prone, audio books, spell-checkers,
and voice-recognition programs can help
circumvent the problems of dyslexia.

VISUAL TECHNIQUES

Some cases of dyslexia are thought to be
improved by using colored glasses or by
wearing a patch over one eye.

L5

T : =
STATE DAL
Temporo- Temporo- REMEDIATION = YOWA STATE DA LY
Frontal parietal Frontal parietal Early studies suggest
region region region region that a process of |istening

to slowed-down sounds
can aid dyslexics. The
circles in the left-hand
scan show inactivity in
crucial reading areas

of a dyslexic's brain; the
more detailed right-
hand scan shows greater
activity in reading areas
after training.
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ENGLISH-SPEAKING DYSLEXICS ITALIAN-SPEAKING DYSLEXICS

Learning to read English can be challenging Italian dyslexics are more accurate at word
for dyslexics due to the number of words recognition than their English counterparts,
that do not follow standard spelling rules.  since Italian spelling rules are less complex.

DEVELOPMENTAL DYSLEXIC

DEVELOPMENTAL DYSLEXIC AFTER TRAINING

DYSGRAPHIA

Some people have great difficulty writing, even though they
may read well. Known as dysgraphia, this may be language-
or motor-based. The first is due to difficulty turning sounds
into visual marks, while the second is a problem making the
fine movements needed to write or difficulty flowing from
one such movement to another. Both show up as wobbly,
indistinct, or mangled handwriting—far worse than normal.
Some letter reversal is normal in young children, but it usually
disappears well before adulthood.

TRAw 2i 2iNT
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ESSHIENIYY

MIRROR WRITING

Fluent mirror writing, in which all the
letters are reversed, is very rare and
extremely difficult for normal writers to
do. It may reflect an abnormal layout of
language areas in the brain.




MOST OF OUR MOMENT-TO-MOMENT EXPERIENCES PASS
RAPIDLY INTO OBLIVION, BUT A TINY FEW ARE ENCODED

IN THE BRAIN AS MEMORIES. WHEN WE REMEMBER AN EVENT,
THE NEURONS INVOLVED IN GENERATING THE ORIGINAL
EXPERIENCE ARE REACTIVATED. HOWEVER, RECOLLECTIONS
ARE NOT REPLAYS OF THE PAST, BUT RECONSTRUCTIONS

OF IT. THE PRIMARY PURPOSE OF MEMORY IS TO PROVIDE
INFORMATION TO GUIDE OUR ACTIONS IN THE PRESENT, AND
TO DO THIS EFFICIENTLY WE GENERALLY RETAIN ONLY THOSE
EXPERIENCES THAT ARE IN SOME WAY USEFUL. OUR RECALL
OF THE PAST IS THEREFORE SELECTIVE AND UNRELIABLE.






: | THE PRINCIPLES fmmemmacnss
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o
= The process of memory formation has several natural stages, from the initial selection and
w
s O F M E M O RY retention of information to recollection and, sometimes, eventual change or loss of the
w memory. Each stage has particular characteristics—and things that can go wrong.
o
-
o OF DIFFERENT BRAIN FUNCTIONS. THE COMMON FEATURE Selection The brain is designed to store Important events are neglected
O information that will be useful or irrelevant ones retrieved. You
E OF THESE FUNCTIONS IS THE RE-CREATION OF PAST at a later date and allow the rest might fail to recall a person’s
x EXPERIENCES BY THE SYNCHRONOUS FIRING OF NEURONS to pass by unnoted. s B el
T THAT WERE INVOLVED IN THE ORIGINAL EXPERIENCE. . ; -
P Lay-down Experience selected for Information may be “mis-filed,”
memorizing is stored so that with faulty links between items.
- it is associated with relevant Or new items are not laid down,
> WHAT |S M E M O RY7 pre-existing memories and so it is hard to learn or to retain
= - . retained for an appropriate period. new memories.
g A memory may be the ability to recall a poem or recognize a face on
o demand; a vague vision of some long past event; the skill required Recollection ~ Current events should st|mg|ate Current events fail to prompt
s the recollection of appropriate useful memories, such as words,
to ride a bike; or the knowledge that your car keys are on the table. memori;Sf—i-e. information that names, events?yougmow the
. . . i t cti o i tion is t t
What all these phenomena have in common is that they involve can guide Tuitre actions Icna:r:rgtag;z;;it_ e pyer
learnlng,.and. total or parFlal reFonStrucnon of a past experience. Change Each time a memory is recalled it Alteration may create false
Learnlng 1S a process 1n which neurons that fire together to is altered slightly to accommodate ~ memories.

produce a particular experience are altered so that they have newinformation.

a tendency to fire together again. The subsequent combined firing

of the neurons reconstructs the original experience, producing Forgetting Items start to be forgotten Important or useful information
a “recollection” of it. The act of recollecting makes the neurons as soon as they have been SEERREN. AMSTENEY)

registered, unless they are unnecessary or even damaging
involved even more likely to fire again in the future, so repeatedly regularly refreshed. Unnecessary memories are not.

. . . information is deleted.
reconstructing an event makes it increasingly easy to recall.

SHORT- AND LONG-TERM MEMORY

Caudate nucleus Mamillary body . .
Associated with Manmillary bodies are Short-term memories generally stay with us only
Parietal lobe ~ memories of associated with - as long as we need them. A telephone number you
Associated with instinctive skills episodic memories . ) ]
spatial memories Frontal lobe use just once is an example. Short-term memories
Thalamus ;e;;giyworkmg are held in the mind by a process of “working”
Directs - r . .
attention < memory (see opposite page). Long-term memories,

‘QW'_, n B i - ' in contrast, can be recalled years or even decades
P = later. The address of your childhood home may
be such a memory. In between these extremes,
we have many medium-term memories, which
may last for months or years and finally fade away.
Many different factors determine whether an
experience or item of knowledge is destined to
be a short- or a long-term memory. These include
their emotional content, novelty, and the amount

of effort that we make to practice recalling them.

100
Putamen 2 801
Associated with g
procedural skills § 60 -
;
i 40 -
&
Amygdala MEMORY AREAS 20 -
Emotional Memory involves
memories may a wide range of' A
be stored here  facets and functions, 0 2 4 6 8 10 12 14 16 18 20
from deeply rooted
S - WORD POSITION
Hippocampus Temporal lobe ]l(nstlncltsk to clorjcnous
/ Experiences Holds general actual knowle ge- FIRST AND LAST
Cerebellum f / are turned into knowledge These are associated If we are asked to learn a list of words, we are more likely to
Associated with | ﬂ/ memories here with different areas remember the first and last items than those in the middle. This
conditioned ‘ | throughout the brain. is thought to be because we give the first greater attention, so
memories—events | [ it “sticks,” while the last may be repeated more than the others
linked by time i because we can do this without another item crowding in behind.




TYPES OF MEMORY

We have five different types of memory, for particular purposes.
Episodic memory comprises reconstructions of past experiences,
including sensations and emotions; these usually unfold like a
movie and are experienced from one’s own point of view. Semantic
memory is non-personal, factual knowledge that “stands alone.”
Working memory is the capacity to hold information in mind for just
long enough to use it. Procedural “body” memories comprise learned
actions, such as walking, swimming, or riding a bicycle. Implicit
memories are those we don’t know we have. They affect our actions
in subtle ways; for example, you might take an inexplicable dislike
to a new person because they remind you of someone nasty.

Frontal lobe

Activity here ensures that

episodic memories are not
mistaken for real life

Cortical areas

Episodic memories activate
the areas originally involved
in the experience that is
being recalled

Hippocampus
Events are turned
into memories here

EPISODIC MEMORY

The parts of the brain involved in episodic memories
depend on the content of the original experience.
Highly visual experiences, for example, will activate
visual areas of the brain, while remembering a
person’s voice will activate the auditory cortex.

Language scratch pad
Uses Broca's area as
“inner voice” that
repeats information

Central executive
Holds entire plan,
including language
component

Visual scratch pad

Maintains an image of what
needs to be done, by activating
areas near visual cortex

e
P %

Phonological
loop

“Inner ear” where
the sounds
of words are
kept in mind

LEFT SIDE

WORKING MEMORY

One part of the frontal lobes, the central executive,
holds a plan of action while calling up items from the
rest of the brain. There are also two neural loops, for
visual data and for language; these act as scratch pads,
temporarily holding data until it is erased by the next job.

RIGHT SIDE

LEARNING IS GOOD FOR YOU

Learning involves making new connections between clusters of neurons
in different parts of the brain. This builds up the brain, making it fitter.
For example, practicing spatial skills such as finding your
way around a city has been shown to increase the size
of the rear hippocampus. The more connections
you create, the
better you can
use what you
learn and the
longer it takes
you to forget it.

ENLARGED AREAS

This image shows areas to do

with implicit learning (red) and
explicit skills (yellow) that have
grown denser with practice.

Frontal lobe

Semantic memories are
activated by frontal lobe
areas that draw on stored
knowledge to guide
current behavior

Temporal lobe

The temporal lobes encode
factual information, and
activity here is a marker

of facts being recalled

SEMANTIC MEMORY

Semantic memories are facts that may once have

had a personal context but now stand as simple
knowledge. The fact that a man once walked on the
Moon, for example, may once have been part of your
personal experience, but now it is just “knowledge.”

Caudate nucleus
Instinctive actions such as

Central executive grooming are stored here

Holds entire plan,
including visual
element

Putamen
Learned skills
such as riding
a bike are

stored here

Cerebellum
Body skills
depend on the
cerebellum to
direct timing and
coordination

PROCEDURAL MEMORY
“Body” memories allow us to carry out
ordinary motor actions automatically,
once we have learned them. Such skills
are stored in brain areas that lie beneath
the cortex. They can be recalled to mind,
but usually remain unconscious.
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THE MEMORY WEB

MEMORIES ARE STORED IN FRAGMENTS THROUGHOUT THE BRAIN. ONE WAY
TO ENVISAGE THE PATTERN OF MEMORIES IN THE BRAIN IS AS A COMPLEX
WEB, IN WHICH THE THREADS SYMBOLIZE THE VARIOUS ELEMENTS OF A
MEMORY THAT JOIN AT THE NODES, OR INTERSECTION POINTS, TO FORM
A WHOLE, ROUNDED MEMORY OF AN OBJECT, PERSON, OR EVENT.

THE MEMORY WEB

BRAIN-WIDE WEB

“Declarative” memories—episodes and facts you can bring to mind consciously—are

MEMORY

laid down and accessed by the hippocampus but are stored throughout the brain.
Each element of a memory—the sight, sound, word, or emotion that it consists
of—is encoded in the same part of the brain that originally created that
fragment. When you recall the experience, you recreate it in essence by
reactivating the neural patterns generated during the original experience

that was encoded to memory. Take, for example, the memory of a dog

you once owned. Your recall of his color is created by the “color” area of

the visual cortex; the recollection of walking with him is reconstructed

(in part at least) by the motor area
of your brain; his name is stored in
the language area, and so on.

RECALLING MEMORY

The fMRI scan to the left shows activity in
the sensory cortex when sensory aspects
of a memory are recalled. The scan to the
right shows the hippocampus, which plays FACETS OF A MEMORY
a central role in memory management.
Here, the person being scanned is actively
suppressing a memory—note the lack

of activity in the sensory cortex.

Once a memory is sparked
off, the hippocampus triggers
various aspects of it in unison.
If you remember a pet dog,
different brain areas recall a ;
variety of memories of the dog

1 =R 5 .' L and peripheral items such as
| FORMING MEMORIES dog bowls, as well as memories
of things connected to the

The initial perception of an experience N idea of “dog.”
is generated by a subset of neurons e L Neuron
firing together. Synchronous firing M © <
makes the neurons involved more /\ '\]_7_\7 Existing
o g X P \ ' synapse
inclined to fire together again in Input \ ynap DISTRIBUTED MEMORIES
the future, a tendency known as h . o . .
e ol e e s ‘\_j\/k;y( Our memories are distributed throughout the brain, so even if one part
the original experience. If the same Nucleus = of an experience is lost, many others will remain. One benefit of such a
neurons fire together often, they )\ { distributed storage system is that it makes long-term memories more or
eventually become permanently . . . . .
sensitized to each other so that if INPUT less indestructible. If they were held in a single brain area, damage to
one fires, the others do as well. This An external stimulus triggers two that place—for example, from a stroke or head injury—would eradicate

neurons to fire simultaneously. In future,

is known as “long-term potentiation.”
9 P if one fires, the other is likely to fire, too.

the memory completely. As it is, brain trauma and degeneration may
nibble away at memories but rarely destroy them entirely. You may lose

Input New link New link i ‘
Rl forged \/ ,  established a person’s name, for example, but not the memory of their face. Some
\ i N 3 / - D [ . . .
B S D= _A8 . b studies have found that memories persist even when the synapses
TR = ] \ P ynap
) Q5 TR N =p o N, iy P , .
— W< NaT < ~ & = B I < encoding them are broken. This suggests that Neighboring
y F- = - v . - ) i i
A e 4 : AT f Yo neurons themselves may also store certain =~ neuron
b ] g S aspects of memory. One theory is that A Mt
Y | \ Y 2 . T3 O\,
| . /Qg ; ETD%L: a L i dendrites—the branches on neurons v U < Cireuit joins
ncreasin : — \ - il . . . AT 7 WU
acﬁvis 21 2% Faciitated that receive information from other ‘ A Y ) network of
> S synapse 7 < synapse o Input | . / /_neurons
b p. /I\ : cells—change sensitivity if they are L‘\/ e o
g i repeatedly stimulated. New 0 e\
CIRCUIT FORMATION INCREASING ACTIVITY neuron an . W ?'_M ) o,
A third neuron fires. One of the initial The three neurons are now sensitized assimilated g\ ™ ™~ 7 f_:)-
pair is stimulated to fire with it, triggering  to one another, so that if one fires, the EXPANDING WEB : A 17K
the second, so the three become linked.  other two are likely to fire as well. The memory web spreads through the n

brain as existing neurons make connections  ~ .
with new neurons by firing together.




ACCESSING MEMORIES

Events that are destined to be recalled are more strongly encoded
to begin with than events that are later forgotten. In one study, 16
people viewed 120 photographs and answered which pictures were
taken indoors or outdoors. Each image was then shown once again.
After 15 minutes, the subjects were shown the photos again, along
with some new ones, and asked if they remembered them. Scans
taken during the test show strong activation of the hippocampus in
response to recalled photos at the first viewing but less activity in
this area when the photos were repeated. This pattern is a
“marker” for familiarity (see below).

0.5+
0.4
0.34
0.24

0.1

HIPPOCAMPUS ACTIVITY

.01
0 2 4 6 8 10 12 14
TIME (SECONDS)
e NOVEL REMEMBERED e NOVEL FORGOTTEN
REPEATED REMEMBERED ~— REPEATED FORGOTTEN

HIPPOCAMPAL ACTIVITY AND MEMORY FORMATION
Things that get remembered are marked by high activity in
the hippocampus when they are first experienced but less
activity when they are seen a second time. This distinguishes
the recalled scenes from those that are new or forgotten.

PARAHIPPOCAMPAL ACTIVITY

When you recall an episode from your life, the
hippocampus and the area around it (shown in
yellow on this fMRI scan) are activated. During
memory recall, the hippocampus is busy pulling
together the various facets of the memory from
widely distributed areas of the brain.

INABILITY TO STORE

In 1953 surgery was performed on a patient known as HM

. . . . L f
to relieve the symptoms of severe epileptic seizures. The arge areas o

hippocampus removed

operation involved removing a large part of the hippocampus. from HM’s brain in

This controlled the seizures, but it also produced a severe both hemispheres

memory deficit. From the time HM woke up from the operation,

he was unable to lay down conscious memories. Day-to-day | 3%in
events remained in his mind for only a few seconds or minutes. (8cm)

When he met someone, even a person he had seen many

times a day, year after year, he did not recognize them. HM ,
believed himself to be
a young man right
into his 80s, because
the years since his
operation did not,

THE MISSING PIECE

The hippocampus is embedded deep
in the temporal lobes. Experiences
“flow through it" constantly, and

effectively, exist for some of them are encoded in memory

him. His case shows through a process of long-term Hippocampus
how essential the potentiation. Thereafter, the

hippocampus is for hippocampus is involved in

memory storage. retrieving most types of memory. SIDE VIEW VIEW FROM BELOW
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: LAYING DOWN A MEMORY

=

w

2 MOST EXPERIENCES LEAVE NO PERMANENT TRACE. A FEW, THOUGH, ARE SO STRIKING THAT

: THEY ALTER THE STRUCTURE OF THE BRAIN BY FORGING NEW CONNECTIONS BETWEEN

g NEURONS. THESE CHANGES MAKE IT POSSIBLE FOR THE NEURAL ACTIVITY THAT GENERATED

o THE INITIAL EXPERIENCE TO BE RECONSTRUCTED, OR “RECOLLECTED,” AT A LATER DATE. Somatosensory

O cortex Gusta.to!'y

2 association cortex
S } .

< THE ANATOMY OF MEMORY Visual associavion Auditory

- Only experiences giving rise to unusually prolonged and/or intense Hippocampus association cortex
z neural activity become encoded as memories. It takes up to two years The hippocampus

o to consolidate the changes that create a long-term memory (see encodes new

S memories and helps Amvadala

; sequence below), but, once encoded, that memory may remain recall some others y9

available for life. Long-term memories include events from a person’s
life (episodic memories) and impersonal facts (semantic memories). MEMORY MAKERS

Together, these are termed “declarative memories,” since they can be ~ Experiences that

. « » . become memories are
recalled consciously (“declared”). Procedural (body) memories and usually prolonged or
emotionally charged
and register strongly

] in the sensory cortices
and hippocampus.

implicit (unconscious) memories may also be stored long term.

FORMING A LONG-TERM MEMORY

0.25 seconds Emotion

Intensely emotional experiences, such as the birth

0.2 seconds Attention

Auditory
M
The brain can absorb only a finite amount otor

cortex

Frontal
area

of sensory input at any point. It can sample of a child, are more likely to be laid down in memory

a little input about several events at once or
focus attention on one event and extract lots
of information from that alone. Attention causes
the neurons that register the event to fire more
frequently. Such activity makes the experience
more intense; it also increases the likelihood that
the event will be encoded as a memory. This is
because the more a neuron fires, the stronger
connections it makes

taking a snapshot.

Thalamus Frontal lobe
Maintains activity in Keeps attention
brain regarding locked to target by

because emotion increases attention. The emotional
information from a stimulus is processed initially along
an unconscious pathway that leads to the amygdala;
this can produce an emotional response even before

the person knows what they are reacting to, as in the
“fight or flight” response. Some traumatic events may be
permanently stored
in the amygdala.

EMOTIONAL EVENTS

Zooming in on an event keep an emptlonal
helps capture it as a Personal interactions and other SREENES live" by
memory, like a camera emotional events “grab” attention replaying itin a loop,

which begins the

so are more likely to be stored. !
encoding of a memory.

Amygdala {

with other brain cells. Triggers
instant
EMOTION PATHWAY omor
MEMORABLE EVENT . The amygdala helps reaction

0.2—0.5 SeCOI'IdS Sensation Sensory cortices Sensory signal

Perceptions start Information flows

to be formed in oMo aeampls
sights, sounds, and other sensory experiences. The sensory cortices

target of attention inhibiting distractions

Most memories derive from events that included

INTENSE FOCUS
Attention helps us
memorize events by
intensifying our experience
of them.

more intense the sensations, the more likely it is that

the experience is remembered. The sensational parts of

such “episodic” memories may later be forgotten, leaving

only a residue of factual knowledge. For example, a person’s

first experience of seeing the Washington Monument may

be reduced to the simple “fact” of what the tower looks like.
When it is recalled, it
triggers a ghost of a visual
image, encoded in the

[- f"‘\ sight area of the brain.

i <

A
TASTE FORMING PERCEPTIONS
Sensory perceptions, such as  Sensations are combined in
taste, sight, or smell, form the association areas, to form

raw material of memories. conscious perceptions.




THE LOCATION OF MEMORIES

HIPPOCAMPUS REPLACEMENT After consolidation, long-term memories are stored
throughout the brain as groups of neurons that are

Hippocampus

Auditory area

Neuroscientists from the University of Southern primed to fire together in the same pattern that

California, in Los Angeles, have developed an artificial o _ ) ” ) Amygdala
hippocampus that may one day help people with created the original experience. “Whole” memories
dementia halt memory loss. A small pilot study in are divided into their components (sensations,

which people were fitted with the implant showed that
their memory for images improved over their previous
performance by nearly 40 percent. The researchers first
devised a model of how the hippocampus performs of neurons in the visual cortex, for instance, will
by observing the input-output patterns of the real thing. encode a sight, and neurons in the amygdala will
Then they built the model into a silicon chip designed to
interface with the brain, taking the place of damaged o )
tissue. One side of the chip records the electrical activity these groups constructs the memory in its entirety.
coming in from the rest of the brain, while the other sends
appropriate electrical instructions back out to the brain.

emotions, thoughts, and so on); each component
is stored in the brain area that initiated it. Groups

AYOININ V NMOA SNIAV1

store an emotion. The simultaneous firing of all

AYOWIN

LASTING
IMPRESSION
Some memories
seem to be cast
in stone. In fact,
no recollection
is ever perfectly
sharp or
complete.

MEMORY CHIP

The chip is designed to be
spliced into the hippocampus
and communicate with the brain
through two arrays of electrodes,
placed on either side of the
damaged area.

MEMORY STORE

Memories are encoded in the neurons
that created them: for example,
sounds in the auditory cortex and
emotions in the amygdala. The
hippocampus pulls them together.

~

(- "
© 0.5 seconds-10 © 10 minutes-2 years w 2 years onward w

minutes Hippocampal processing onsolidation

WOrking memory Particularly striking experiences “break out” It takes up to two years for a memory to
Short-term, or “working,” memory is like text from working memory and travel to the become firmly consolidated in the brain, and

on a blackboard that is constantly refreshed. It hippocampus where they undergo further even after that, it may be altered or lost. During
begins with an experience and continues as processing. They cause neural activity that this time, the neural firing patterns that encode
that experience is “held in mind” by repetition. loops around coiled layers of tissue; the an experience are played back and forth between
A telephone number, for example, may be hippocampal neurons start to encode this the hippocampus and the cortex. This prolonged,
repeated for as long as it takes to dial. Working information permanently by a process called repetitive “dialogue” causes the pattern to be
memory is thought to involve two neural circuits long-term potentiation (see p.158). The shifted from the hippocampus to the cortex;

(see p.157), around which the information is strongest information “plays back” to the parts this may happen in order to free up hippocampal
kept alive for as long as it is needed. One circuit of the brain that first registered it. A sight, for processing space for new information. The

is for visual and spatial information, and the example, returns to the visual cortex, where dialogue takes place largely during sleep.

siher for seumel. The motties 6o ihe clreuiis it is replayed as an echo of the original event. The “quiet” or slow-wave phase of sleep is
encompass the sensory cortices, where the Hippocampus Entorhinal cortex thought 'to be more important to this process
experience is registered, and the frontal lobes, Information Collects information than rapid eye movement sleep (see p.188).
where it is consciously noted. The flow of circulates here then from many different

returns to brain areas areas of brain
where it originated

information into and around these circuits is
controlled by neurons in the prefrontal cortex.

Visual circuit Frontal lobe 3 — CORTICAL
Loops between Parts of the frontal \ SIGNALS
sensory and prefrontal lobe control flow y 1 — HIPPOCAMPAL
cortices keep and maintenance ; SIGNALS

information “live” of working memory

Auditory
— circuit

MENTAL NOTES
Auditory and visual data
circulates on two
separate memory loops.

Hippocampus




RECALL AND RECOGNITION

MEMORY

RECALL AND RECOGNITION

MEMORIES OCCUR WHEN THE BRAIN “REPLAYS” A PATTERN OF NEURAL ACTIVITY THAT WAS
ORIGINALLY GENERATED IN RESPONSE TO A PARTICULAR EVENT. SO SIMILAR IS THE PATTERN

TO THE ORIGINAL THAT THE MEMORY ECHOES THE BRAIN'S PERCEPTION OF THE REAL EVENT.

BUT THESE REPLAYS ARE NEVER IDENTICAL TO THE ORIGINAL—IF THEY WERE, WE WOULD
NOT KNOW THE DIFFERENCE BETWEEN THE GENUINE EXPERIENCE AND THE MEMORY.

THE NATURE OF MEMORIES

When we recall an event, we reexperience it—but only up to a point. Even
when “lost” in reminiscence, we maintain some awareness of the present
moment, so the neural activity is not identical to the one that produced the

remembered event. Rather, the experience is that

SENSORY MEMORY
Tests using fMRI scans
show that objects we
associate with specific
smells spark activity
in the olfactory cortex
(largest yellow area). In
this way, cues trigger
all senses, conjuring
detailed memories.

of the original mixed with an awareness of the
current situation. This experience of remembering
“overwrites” the memory, so each time an event is
brought to mind it is really a recollection of the last
time we remembered it. Hence, memories gradually
change over the years, until eventually they might

bear very little resemblance to the original event.

LEARNING TEST
CONDITION CONDITION

SOBER E

NUMBER OF WORDS
RECALLED

STATE-DEPENDENT MEMORY

If you learn or experience something when in

a certain state of mind or while concurrently SOBER 14.9

experiencing a particular sensation, you will

subsequently recall it more readily when you are ALCOHOL 107

SOBER I

-
[ ALCOHOL } ALCOHOL } 10.3
.

<

[ ALCOHOL } }

INTOXICATION AND MEMORY

Subjects drank a nonalcoholic or alcoholic beverage prior
to studying a list of words, later recalling them while sober
or intoxicated. Those intoxicated in both phases recalled
more words than those intoxicated in the study phase only.

o

again in that state. For example, if you read a book

on a sunny beach during a vacation, you may seem
to forget it completely when you get home. But

years later, on another sunny beach, the plot may

come flooding back. Similarly, certain behaviors

SOBER 4.6

may be learned when in a particular situation or

state of mind, and subsequently displayed only
when in the same situation or state of mind, and
“forgotten” at other times, giving the impression
that the person has more than one personality.

MEMORY AIDS

Memories of past events are often
“jogged” into consciousness when
we re-encounter some of the
sensations involved in the original
experience. Photographs and similar
memory aids work in this way. Even
if the sensations they trigger are not
identical to the original ones, they
are likely to be similar enough to
jog memories of the same period.

SPATIAL MEMORY

The structure of the human brain reveals just how important spatial

“THE KNOWLEDGE"
orientation and memory are for our species. The whole parietal lobe
Some people have better memories
for places than others. In part, this is
a matter of habit and training—those
whose lives depend on their ability
to find their way around vast tracts
of land naturally attend more closely
to landmarks. London taxi drivers,
for example, are famously adept at
finding their way around the city’s
labyrinthine streets. Their skill is
developed during a two-year
training, known as “the knowledge,”
during which time they “exercise”
the part of the hippocampus
responsible for spatial memory. The
training seems to increase the size of
the hippocampus, much as a muscle
is enlarged by weight training.

of the brain—the area under the crown of the skull—is given over to
“maps” of our bodies and of our
position in space. Also, a sizeable
part of the hippocampus is
concerned with registering the
landscape through which we
travel and laying down memory
maps. Damage to either of these
areas can seriously affect a
person’s ability to find his or her
way around. If the “navigation”
area of the hippocampus is

MAZE-MINDED

affected by stroke or injury, for
People who can find their way out of mazes

use the hippocampus in both hemispheres.
Those who remain lost use one side only.

instance, a person may lose the

ability to remember new routes.

NATURAL NAVIGATORS

A brain-scanning study found that the
rear hippocampus, which encodes
spatial memories, is larger in taxi drivers.



RECOGNITION

Recognizing a person fully involves collating a

huge number of memories. They include different

types of facts about the person—I know him/he

owns a dog/he walked right past me the last time

[ saw him/his name is Bill. At the same time, you

have an emotional reaction to the person based on
memories, which produces the feeling

_of familiarity. Most or all of
{\\ this happens unconsciously—
| you see the person and
immediately “know” who it is.

SITE OF RECOGNITION
= This area processes the sight of a face
(see p.84) by extracting information

FACE-RECOGNITION AREA  about expression and familiarity.

EMOTIONAL RECOGNITION

When you spot someone you know, the

information is first processed by the visual
cortex, and is then shunted through the brain
along different pathways (see pp.84-85) as
shown on this diagram (right). One path
travels through the limbic areas that generate a
sense of familiarity—separate from conscious
recognition—when a familiar person is seen. If
this route is blocked, a person may recognize
consciously that they know a person, but feel
strangely detached from them. Without this
input, even one’s nearest relatives would feel
like strangers.

RECOGNITION PATHWAYS

The cortical path (red) processes data about a person’s
movements and intentions. Another (purple) generates
conscious knowledge of who a person is. The limbic
path (yellow) generates a sense of familiarity.

RECOGNIZING YES
A PERSON ITIS A FACE FAMILIAR MATCH TO FACE
Recognizing a person - PERSON? IN MEMORY
and assigning them
their cor'rect name is NO NO
a complicated process.
When it works properly,
it seems easy, because
it happens unconsciously UNFAMILIAR FAMILIAR—BUT
and apparently instantly. EERESTHOR PERSON WHO IS IT?
. . NOT?
But if the process fails ;
at any stage, recognition
is incomplete. KEY UNCONSCIOUS CONSCIOUS

Frontal
lobe

DEJA VU AND
JAMAIS VU

Déja vu is characterized by

a sudden, intense feeling of
familiarity and the sense that

you have experienced the same
moment before. One explanation
for this is that the new situation
triggers a memory of a similar
experience in the past, but the
recollection is confused with the
present as it is recalled, creating
a sense of recognition without
bringing to mind the previous
event. Research suggests that déja
vu occurs when a new situation is
mistakenly “marked” as familiar
when processed in the limbic
system. Jamais vu, by contrast,
occurs when one is in a situation
that should be familiar, but which
seems strange. You might suddenly
find your own home to be
unfamiliar, for instance. Jamais

vu is thought to be a glitch in
recognition, whereby the emotional
input that usually accompanies
familiar experiences fails to occur.

Cortical path

Emotional and
sensory signals
combined Limbic path

—

et

New signal
compared
with stored

recollection Visual

cortex

Hippocampus
RECOGNITION
ROUTE

NOILINDODJ3d ANV 11VIO3dy

AYONIN

ADD KNOWLEDGE

ABOUT PERSON ATTACH TO NAME

l o 1

KNOW THE
PERSON BUT NOT
THE RIGHT NAME

FULL
RECOGNITION




UNUSUAL MEMORY

"BAD" MEMORY USUALLY MEANS FORGETTING. BUT THERE ARE MANY
OTHER TYPES OF MEMORY PROBLEMS: CLEAR BUT FALSE RECOLLECTION,
BLURRED MEMORIES, AND INTRUSIVE FLASHBACK MEMORIES OF TRAUMATIC
EVENTS. T IS EVEN POSSIBLE TO REMEMBER THINGS TOO CLEARLY.

UNUSUAL MEMORY

FORGETTING

The purpose of human memory is to use past events to guide future actions, and

MEMORY

keeping a perfect and complete record of the past is not a useful way to achieve this. It
is more important to be able to generalize from experience. When you first drive a car,
for example, you learn the pedal positions of the first vehicle you use. Subsequently,
when you get in any car, you assume that the pedal positions are the same. The specific
memory of the layout of one particular car is lost while the general knowledge, the
position of the pedals, is retained. Forgetting specifics is not a fault—it is essential.

FALSE MEMORY

Our brains sometimes lay down memories that are false from the start. This usually
happens because an event is misinterpreted. For example, if you expect to see a particular
thing, something similar may easily be mistaken for it. The memory will be of what was
assumed to be there, rather than what really was. False memories can also be created
during what seems like recall. If a person is persuaded that a given thing happened, the
event may be “patched together” from
scraps of other memories and then
experienced as a ‘real” recollection.

CONFIDENT RECALL

True memory (left) sparks activity in the
hippocampus, which “lays down” memory.
Confident recall of false memory (right)
activates frontal areas associated with
familiarity rather than precise recollections.

HIPPOCAMPAL ACTIVITY FRONTAL AND PARIETAL ACTIVITY

TRAUMATIC MEMORY

Post Traumatic Stress Disorder (PTSD) is a condition in which people have vivid
“flashback” memories of a traumatic experience (see p.233). Such memories can
ambush a person out of the blue—the sound of a car backfiring, for example, may plunge
a soldier back into the middle of a gunfight, complete with the emotions experienced at
the time. Emotionally traumatic experiences are by
their nature more likely to be remembered because

emotion amplifies experience. Yet there is also a SUPER MEMORY

strong incentive to put such events “out of mind,” o
Some people have extraordinarily

clear memories for events that
happened to them or that were
of particular interest to them.

For example, an American woman
can recount details of every TV
program she has seen, and an

and it seems the brain has a mechanism that can
make this possible. Experts have found that the
brain is able to block memories at will (see below).

ACTIVE SUPPRESSION

ACTIVE RECALL

ACTIVE MEMORY
Emotional memory
recall activates the
hippocampus and
amygdala (emotion).
If the memory is
suppressed, there is
less activity in these
areas and in brain
areas that recreate
the sensations
associated with

the recalled event.

Australian woman recalls every
birthday she’s had since she was
one. The condition is called
hyperthymesia, and brain scans of
people who display it often show
markers suggestive of synesthesia
or obsessive-compulsive disorder.
It is also associated with autism,
though not exclusively.
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REMEMBERING IN DETAIL

A small number of people known as
autistic savants remember things in such
detail that they can reproduce them
perfectly, even years later. This drawing
of Westminster and the Thames River, by
Stephen Wiltshire, was produced from
memory after a brief tour of London.




DECIDING WHAT TO DO IN A COMPLEX WORLD TAKES
THOUGHT. BY THINKING WE CAN EXPLORE THE POTENTIAL
CONSEQUENCES OF OUR ACTIONS IN OUR IMAGINATION.
THIS, IN TURN, INVOLVES HOLDING ONE OR MORE IDEAS IN
MIND AND MANIPULATING THEM. THINKING IS AN ACTIVE,
CONSCIOUS, ATTENTION-DEMANDING PROCESS THAT
USUALLY DRAWS ON SEVERAL AREAS OF THE BRAIN.
THINKING UNDERPINS SOME PARTICULARLY HUMAN
ABILITIES AND TENDENCIES, INCLUDING CREATIVITY AND
THE CONSTRUCTION OF IMAGINATIVE EXPLANATIONS

FOR OUR EXPERIENCES.



THINKING




:| INTELLIGENCE

w

O

3 “INTELLIGENCE” REFERS TO THE ABILITY TO LEARN ABOUT, LEARN FROM, UNDERSTAND, Pathway of

w AND INTERACT WITH ONE’S ENVIRONMENT. IT EMBRACES MANY DIFFERENT TYPES OF 2:ﬁ?eﬁ;Tj“obe

= SKILLS, SUCH AS PHYSICAL DEXTERITY, VERBAL FLUENCY, CONCRETE AND ABSTRACT to frontal lobe

- REASONING, SENSORY DISCRIMINATION, EMOTIONAL SENSITIVITY, NUMERACY, AND ALSO bariotallobe
2 THE ABILITY TO FUNCTION WELL IN SOCIETY. erees in both
v Frontal-lobe areas in — emispheres
z both hemispheres p _f/,,k

- THE BRAIN’S SUPERHIGHWAY

these areas affects the ability to concentrate, make sound judgments,

The frontal lobes are thought to be the seat of intelligence, as damage to //-L \

and so on. Yet frontal-lobe damage does not always affect a person’s y.
1O (“intelligence quotient,” measured by testing spatial, verbal, and

mathematical dexterity), so other brain areas must also be involved.
Research suggests that intelligence relies on a neural “superhighway”
linking the frontal lobes, which plan and organize, with the parietal
lobes, which integrate sensory information. The speed at which the
frontal lobes receive ready-to-use data via this route may affect 1Q,
as does the extent to which frontal-lobe activity is enhanced by education.

;‘ WHY WE CAN'T DO TWO THINGS AT ONCE

-
h p > _
: — . . s S - LT
If you try to do something while still working on a previous task, —_—— — 2
your brain stalls. This may be because the prefrontal cortex, which \ Z/-}\ =
disengages attention from one task and switches it to another, cannot [ NS
f s m g m - Frontal-lobe \ .
do so instantly, resulting in a short “processing gap.” The brain is also areas in left s
unable to do two similar things simultaneously because the tasks hemisphere i
compete for the same neurons. For example, listening to speech while
reading words activates overlapping brain areas, so is difficult to
achieve, but listening to speech while looking at a landscape is easy. Parietal-lobe
areas in left
LOCATING INTELLIGENCE hemisphere

JUGGLING TASKS
The brain needs a minimum of 300
milliseconds to switch from one distinct
task to the next. This “processing gap”
makes a task combination such as
talking on a phone while driving
potentially lethal.

There are regions in both sides of the
brain (orange) as well as areas in I
the left hemisphere only (blue) that are

strongly associated with intelligence

and reasoning. The arcuate fasciculus

(green), a thick bundle of nerve fibers,

provides a neural link between the

parietal and frontal lobes.

. . Tests for IQ measure general intelligence rather than quantity of knowledge
health. A study of members of MENSA, a club for people with high 1Q, found a or the level of a specific skill. A score of 100 is average, and the vast majority

disproportionate number suffered mental problems. The reason for the link is iSRS OIS A P e E i B C L e e e
number of both social and physical factors.

THE DARK SIDE OF BEING BRIGHT

Having a high 1Q is generally advantageous, but it is associated with mental ill

not clear—it might be because intelligence often coincides with creativity, which

is associated with abstract thoughts rather than practical matters. Grappling with FACTOR [EFFECT

FO : : i : : Genes There are thought to be about 50 different genes related
big .ldeas. may create streés, Wh.lC.h trlgg.ers some COH.dltIOI’lS. Studies ?ugges.t .hlgh drectly 10103 bt 50 for very fow have beer dontified.
1Q is a sign of hyper brain activity, which also manifests as mental instability. Identical twins raised apart typically have very similar IQs,

even when raised in strikingly different environments.
Brain size Those with bigger brains compared to other members of

SUPERCHARGED ) ) 1 the same sex seem to have a slight intelligence advantage.
Some researchers think high 1Q 50 Overall size, however, may be less important than the size,

may signify a hyperactive brain, R or neural density, of areas concerned with reasoning.

within a hyperactive body. This 40 4
may result in vulnerability to a 5 Signaling The smoothness and speed of neural signaling may
range of conditions. 30 4 efticiency determine how much information is available for action

and how well it can be integrated into plans. Depression,

KEY fatigue, and some types of illness reduce efficiency.

PREVALENCE OF DISORDER (%)

20
B8 AVERAGE IQ, DISORDER A
DIAGNOSED Environment A stimulating social environment in infancy is essential
I HIGH IQ, DISORDER 104 for normal brain development and continues to be
DIAGNOSED 1 ‘— important throughout childhood. Verbal interaction
HIGH 1Q, DISORDER DIAGNOSED o- seems to be especially useful for 1Q.

AND SELF-DIAGNOSED MOOD DISORDERS ANXIETY DISORDERS ATTENTION DISORDERS




MAKING DECISIONS

Intelligence is largely the ability to make sensible decisions, which

involves calculating pros and cons. First, the brain assesses the “goal

value”—the reward expected as a result of the decision. Next, it

calculates the “decision value”—the net outcome, or the reward minus

the cost. Finally, the brain makes a prediction of how likely it is that the

decision will deliver the reward envisaged, which can be compared with

the actual outcome, giving a “prediction error.” The more complex the

problem, the more the frontal areas of the brain are involved.

Step 1 The ~
premotor cortex ‘/‘
!l (where actions
are prepared) is
activated first,
to make basic
decisions about
unconscious
physical
movements.

PREMOTOR
CORTEX

PREMOTOR
CORTEX

THE ROLE OF EMOTIONS

Decision-making and judgment are profoundly affected by
emotions. This is because emotion “drives” action—without
it, the brain is like a car with steering but no power. Moods
may have a profound effect on the
outcome of decision-making. Beingin  MOODS

The ventrolateral
prefrontal cortex is
shown in fMRI scans
to work harder if

a person is in the
“wrong” mood for
a task, perhaps by
stifling emotions.

a pleasant, anxious, or neutral mood,
or experiencing extreme emotion,
can have a significant short-term
influence on areas of the brain

that are critical for reasoning,
intelligence, and other types of
higher cognition.

|| physical action
/' is needed, an
area of cortex

Step 2 If more
than a simple

slightly farther
forward is
brought in, to
plan and refine a
course of action.

Decision
values

LATERAL PREFRONTAL
CORTEX

Active areas

. complicated

Goal
values

Prediction
errors

ACTIVATION MAP

Activity in the medial
orbito-frontal cortex correlates
with goal values (red); activity in
the central orbitofrontal cortex
(yellow) correlates with decision
values; and activity in the
ventral striatum, part of the
caudate nucleus and putamen,
correlates with prediction
errors (green).

Step 3 If the Step 4 Finally,
decision is the most frontal
made in a | area of the

. brain kicks in,

context, B = : —9’ combining all
prefrontal areas ‘ : m the information
concerned with i gathered
comparing past so farinto a
and present single, fully
L FRONTAL ; dol
situations are YORE integrated plan.

activated.

DECISION—OR PREDICTION?

When we make a conscious “decision,” it feels as though
we could have chosen something else instead, in other
words, we seem to be exercising free will. Experiments
show, however, that the conscious decision to do a
voluntary act arises after the brain has unconsciously
computed what to do and sent the appropriate
instructions to the muscles (see p.193). This suggests that

a "decision” marks the moment at which we know what
we are about to do—a prediction rather than a choice.

THE NUMERICAL BRAIN

Number sense seems “hardwired” into the human brain. Babies as

young as six months can spot the difference between one and two.

One study recorded electrical activity from babies’ brains while they

watched a pair of soft toys. The toys were then
momentarily screened, and one was removed then
the screen was lifted to reveal just one toy. The
babies’ brains registered the “error” by activating
the same circuit known to mark error detection in
adults, suggesting that even very young babies are
able to recognize such discrepencies.

Mid-frontal

Intraparietal
sulcus

Superior
temporal sulcus

| NUMBER ACTIVITY
\ Several brain areas
deal with numbers:
estimates come from
~— the intraparietal
sulcus; the superior
temporal sulcus deals
with numerical values
in abstract form; and
the mid-frontal area
notes when numbers
seem wrong.

TESTING BABIES
When two toys in
this test “become”
one, the brains of
babies register an
error, showing they
can discriminate
between one

and two.

TWO STUFFED
TOYS DISPLAYED

FMRI SCANS OF CHILDREN'S BRAINS

545 00 4.

TOYS SCREENED
MOMENTARILY

ONLY ONE TOY IS REVEALED
WHEN SCREEN IS REMOVED

NUMBER DEVIATION
When confronted with

a numerical “error,” such
as the number of items

on view unexpectedly
changing, children’s brains
register the change in

an area that estimates
quantities of what is seen.
Adults engage both this
area and one concerned
with abstract numbers.
This suggests that the
ability to “guesstimate”
develops earlier than the
ability to think of numbers
in the abstract and also
that, as numeracy develops,
our brains deal with
numbers in different ways.
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CREATIVITY AND HUMOR

CREATIVITY IS THE ABILITY TO RECONFIGURE WHAT YOU KNOW, OFTEN

IN THE LIGHT OF NEW INFORMATION, AND COME UP WITH AN ORIGINAL
CONCEPT OR IDEA. IN ORDER TO BE CREATIVE, A PERSON MUST BE CRITICAL,
SELECTIVE, AND GENERALLY INTELLIGENT.

THE CREATIVE PROCESS

Our brains are bombarded with stimuli, much of which is filtered out before it reaches

CREATIVITY AND HUMOR

consciousness. Focusing on immediate tasks is vital in day-to-day life, but to be
creative it is necessary to open our minds to new inputs and memories that may not
seem useful. This process allows us to connect things that otherwise stay apart. The

THINKING

brain state most conducive to kindling new ideas is relaxed attentiveness, or the resting
state (see p.184), characterized by alpha waves (see p.181). Being creative involves
connecting information and reconfiguring it to make something new. The resting state
allows information to flow around the brain. The “eureka moment” that occurs when

several thoughts combine into a new idea is marked
by a change in brain activity involving a shift to the
temporal lobe and anterior cingulate cortex. A period
of critical assessment may follow, marked by a switch
from the resting state to a task-oriented pattern
centered on frontal lobe activity.

Anterior cingulate A""Q ) 3
cortex (ACC) &>~ A \Lf.?r: 3

Right superior
temporal gyrus

WHOLE BRAIN CONNECTIVITY

|| | e —
"EUREKA MOMENT” AREAS O — <4
Activity in the superior temporal sulcus Q:F/ '
in “eureka moments” signifies recognition
of a new association of ideas. Critical
analysis of new ideas sparks ACC activity.

When the brain defocuses, information
flows more freely around its highways
of connecting fibers, as shown in this
DTl scan.

STARRY NIGHT
The artist Van
Gogh worked on
the painting Starry
Night while in an
asylum. He may
have had temporal
lobe epilepsy and/
or bipolar disorder,
both of which are
associated with
high levels of
creativity.

CREATIVE INDIVIDUALS

Everyone is creative, but those who can put their brains into “idle” on
demand are more likely to open up their minds to new possibilities
and generate original ideas. This process only works, however, if the
brain is already “primed” with knowledge that can be combined with
the new material. Artists who have mastered the basics of their
discipline, for instance, have a foundation of knowledge onto which
improvements and changes can be fused. Their expertise allows this

process to operate unconsciously, leaving greater resources available

for processing new stimuli. Creative people also

b Lativels hioh 1 e th CREATIVITY AND MADNESS 3
ave relatively high 1Qs (see p.166), plus the Creativity and some types of insanity 80
ability to snap back to alertness when a new idea share certain features, such as intense
is hatched and to subject that idea to rigorous imagination, a tendency to link things that 70
scrutiny and criticism. Ideas that survive this may seem unconnected to others, and g 60
. . openness to ideas that others may swiftly 9 ;
second creative thought process are likely to be ; e - s
) ) discount. The difference between highly 50 | .
valuable and therefore judged as genuinely new. creative people and those who tip into ‘ ‘ I f
madness is that creative people maintain 40 ‘ ‘ | H | |
insight. They recognize that their 30U | ! ‘ |
MUSICIANS imaginings are not real and remain able
in-i i " : ) ) > N Na \a \a & W N
Brain-imaging to control any bizarre symptoms and é,\o :\OQ. & é‘v&“ SO Qg}“ Qg‘\
studies of musicians channel them into their work. Qgé’ Cbo »z'g’ .80 Qvg" q‘;@&v& S OQQ‘
at work show that 9 ) & ¥ & d{"
frontal areas keep MENTAL-DISORDER TESTING ¢ @
attention targeted Very creative people score highly on tests  key
when they play by for mental disorders but rarely fulfill the ; ADULT CONTROLS mmm HIGHLY CREATIVE

rote, but turn off in
improvization so
ideas can “float.”

diagnostic criteria for these conditions, so
their mental states can be seen as being
somewhere between normal and insane.

mmm SUCCESSFUL WRITERS

WRITERS

mmm PATIENTS WITH
PSYCHOSIS



HUMOR

Alot of humor arises from the juxtaposition of
apparently unconnected ideas, which is similar to
the process underlying creativity. Studies looking at
how humorous interplay between coworkers affects
workplace innovation suggest that keeping workers
laughing may “jump-start” their creative faculties,
perhaps because humor forces people to attend to

JOWNH ANV ALIAILVIYD

“distractions,” making them more open to new

information. Brain-imaging studies have shown that
humor stimulates the brain’s “reward” circuit and
elevates circulating levels of dopamine, which

ONIINIHL

is linked to motivation and pleasurable anticipation.

INCONGRUITY

BRAIN AREAS LINKED TO HUMOR

The first frame sparks activity in brain areas linked to
predicting intention—here, the cartoon character’s. The
next frame activates areas linked to surprise and emotion,
suggesting that such incongruity is central to humor.

EXPECTATION OF INTENTION

TURNING ON CREATIVITY

As soon as we can categorize a stimulus we tend and there is some evidence to suggest that if activity
not to scrutinize it further, but immediately edit  in this area is inhibited, people “take in” more. Tests
it out. So, when we see a dog, we mentally label it using transcranial magnetic stimulation (TMS) to

as "dog” and do not stop to take in every detail.  “turn off” the frontal lobes show that creative skills
The frontal lobes manage this editing process,  can emerge as frontal-lobe activity decreases.

TMS TEST Al APPRECIATION
Vok')?”teeés /r%’ej\% BRAIN IMAGING DURING CARTOON READING
.Sl.l;\/ljse;'.ce |to q p E:ﬁ The top row of fMRI scans show brain areas activated by the
Isplaye Dy first frame of the cartoon above, including the temporal and
gew ;reat;(\{ﬁ (&g parietal areas and the cerebellum. These become active
rawing sxits when, by observing a person’s actions, we “know” what
when frontal-

L their intentions are. When the expectation is subverted, as
lobe activity . . R
in the second frame, it creates activity in the left amygdala
was turned off. PRACTICE BEFORE DURING AFTER ; : L -
(bottom row, circled). The amygdala is active in emotion,
and the left side is particularly linked to pleasant feelings.




BELIEF AND SUPERSTITION

OUR BRAINS ARE CONSTANTLY TRYING TO MAKE SENSE OF THE WORLD IN
ORDER TO GUIDE OUR ACTIONS. ONE WAY OF DOING THIS IS BY CREATING
EXPLANATORY STORIES OR IDEAS INTO WHICH WE FIT OUR EXPERIENCES.
SUCH FRAMEWORKS ARE OFTEN USEFUL BUT MAY NOT ALWAYS BE CORRECT.

BELIEVING IS SEEING

Most people have some kind of belief system, which forms a framework for their experience.

BELIEF AND SUPERSTITION

Some were taught their beliefs, while others arrived at them by examining their experience

and working out their own interpretation. Once a belief system has been formed, it acts
both as an explanation for what has happened in the past and also a “working

hypothesis” that is projected onto the world. For example, if a person believes

THINKING

that the world is governed by a benign supernatural being, they will “see”
events such as coincidences or strokes of good fortune as evidence of this,
while a person with a materialist belief system would interpret them
merely as chance happenings. People who are quick to see meaningful
connections between, for example, random events are more inclined
than others to have a magical or superstitious belief system.

HOLY TOAST

People with a tendency toward magical thinking are

quicker to see patterns like the “face” in this piece of

toast. They are also more likely to see such things as
“meaningful”—perhaps even as signs from God.

PATTERN-

MAKING AUTISM HT&S‘EE—NE ss SUPERSTITION
The ability to “see” Autistic people do ) . Too much pattern-
patterns helps us not see patterns that Failure to recognize making may lead
make sense of the are obvious to most subtle patterns leads to people to “see” things
world and respond of us so get swamped concrete-mindedness, such | 43t are not there or
appropriately. But we by information, all as failure to understand make links between
can be both too good ~ of which seems metaphors (as seen in events that are not FLYING PIG . ;
d1 e equally important. Asperger's syndrome). I o The human brain has evolved to pick up very quickly
andtoo pooratit. eeilElly conneeiee! on visual stimuli that might signal danger or opportunity.
v g = et J Hence faces, human bodies, and animal forms are
.~ among the most likely things to be “seen” in clouds.
RELIGION IN THE BRAIN prerer
.. . . . . . . . Anteri
Religious practice is largely determined by cultural factors. However, studies of identical twins nenor cortex
g p gely y insula

who have been brought up separately suggest that the likelihood of a person experiencing a
religious conversion or spiritual transcendence may be due more to genes than to upbringing.
Spiritual transcendence shares some features with other “weird” experiences, such as out-of-
body experiences, auras, and “the sensed presence” (see opposite page). These are associated
with flurries of unusually high
activity in the temporal lobes.
The areas involved in intense
religious experiences seem to be
more widespread, however. For
example, a study of nuns from a
meditative order showed that, as
they recalled an intense religious

experience, many different areas

Ventromedial
prefrontal
cortex

were activated. So there does not
seem to be a single “God-spot.”

SALEM WITCH TRIALS

Rigid belief systems can lead people to
“see” things that do not exist. During the
Salem witch trials of 1692, for example,
religious bigots “saw” evidence of the devil
in the behavior of entirely ordinary people.

THE BASIS OF BELIEF

Belief and disbelief are driven by parts of the brain to
do with emotions, not reasoning. Belief activates the
ventromedial prefrontal cortex, which processes reward,
emotion, and taste, while disbelief is registered by the
insula, which generates feelings of disgust.




BRAIN CHEMISTRY

=140 High natural levels of the neurotransmitter dopamine may explain why some people are
unusually quick to pick out patterns. Believers are known to be more likely than
skeptics to see a word or face in nonsense images, and skeptics more likely to miss real
faces or words that are partly hidden by visual “noise.” One study found that skeptics’
tendency to see hidden
patterns increased when
they were given L-dopa,
a drug that increases

NOILlILS3¥3dNS ANV 431739

dopamine levels.

SCRAMBLED FACES STUDY
Believers are more likely than
skeptics to see “real” faces
when presented with a rapid
sequence of “scrambled”
faces. Skeptics, by contrast, are
more likely to fail to spot “real”
faces mixed in with the
scrambled ones. SCRAMBLED FACE REAL FACE SCRAMBLED FACE

ONIINIHL

SEEING LITTLE PEOPLE

The content of supernatural “sightings” varies according
to culture. Fairies were once commonly seen, while today
it is more usual for people to report seeing alien beings.
Claims of being abducted by aliens seem to be more
common at times when the magnetic effects of solar
radiation are high. One
theory is that the radiation
causes tiny temporal-lobe PPN e

seizures in susceptible two mischievous children in
people, creating 1917. Many adults believed
hallucinations. that the fairies were real.

THE COTTINGLEY FAIRIES
This faked photograph (part

THE HAUNTED BRAIN

Apparently “supernatural” experiences may be due to disturbances in KEY
: . . . @ TEMPOROPARIETAL

various parts of the brain. Tiny seizures in the temporal lobes are thought JUNCTION (TPJ)
to be responsible for many of the emotional effects reported in such events, @ motor cortex
such as feelings of ecstasy or intense fear. Temporal-lobe disturbance is also @ SOMATOSENSORY

. . L . CORTEX
associated with the sense of an invisible presence that often accompanies

o . . . AUDITORY CORTEX
perceiving ghosts. Distortions of space and embodiment, such as the
. . . . F F EPILEPTIC ACTIVITY
illusion of looking down at oneself, known as an “out-of-body” experience, @ [ e CRILERTIC AC

are linked to a change in activity in the parietal lobes, which normally

maintain a relatively stable sense of space and time. Hallucinations may  ouT.0F-BODY EXPERIENCES (OBES)

result from faulty visual or auditory This diagram shows areas where electrodes : o
. . . were implanted in the brain of an epileptic S
processing or failure to interpret . . %2
: person to evoke responses. Stimulation of the
P sights and sounds normaHy. TPJ (blue dots) was found to induce OBEs.

SO YOU THINK YOU'RE CLAIRVOYANT?

WHITE LADY

Expectation has a Our brains are continually making predictions about

strong effect on the near future, using knowledge of past and present to

what a person guess what will happen next. Sometimes things happen FORESIGHT
sees. Many that the brain can't predict because they are random. Sometimes it
“hauntings” arise Usually, we are alerted to such events by snapping to feels as though
because people attention, but if the change is very fast, we may become welioresantan

event, because
our emotional
reaction to it
occurs before
we consciously
see it happen.

have been led to
expect to see a
ghost in a certain

aware of it unconsciously, before we know consciously
that it has happened, giving the impression that we
place. Any unusual have perceived the event in the future. This “out-of-
sensory effect is sync” brain glitch occurs more often in people who
then interpreted hold superstitious beliefs.

as a specter.




| ILLUSIONS

THINKING

ILLUSIONS

ILLUSIONS OCCUR WHEN SENSORY DATA CLASHES WITH OUR
ASSUMPTIONS ABOUT THE WAY THINGS ARE. THE BRAIN
ATTEMPTS TO MAKE THE INFORMATION “FIT.” THE RESULTING
CONFUSION GIVES US A GLIMPSE OF HOW THE BRAIN WORKS.

EIGHT-YEAR-OLD CHILD FIVE-YEAR-OLD AUTIST LEONARDO DA VINCI

'YPES OF ILLUSION
The brain has certain rules that it applies to incoming information cannot be affected by conscious thought. ARTIST'S EYE
in order to make sense of it quickly. If we hear a voice and at the However, once you know the voice comes The midde drawing is by a

five-year-old autistic savant,

same time see a mouth moving, for example, we assume the voice from the ventriloquist rather than the who probably had no

comes from the mouth. Like all such rules, though, this is only a best ~dummy, a result of higher-level cognition,

concept of a horse at all.
Unlike the normal child, her

guess and can be wrong. Hence it leaves us open to the illusion of the illusion is less convincing. Illusions concepts do not mislead her.

ventriloquy. Low-level illusions—those created in the early stages of =~ may be generated by both conscious and

perception—are unavoidable, but those that arise due to higher-level ~ unconscious assumptions. A child’s concept of how a horse looks, for

cognition are less robust. It is impossible not to see the after-image example, includes four distinct legs (top left), which governs how the
that occurs when you have been looking at a bright light, for horse is visualized. An “expert” viewer of horses—such as the artist
example, because this is created by low-level nerve activity, which Leonardo Da Vinci (top right)—has a more realistic concept.

DISTORTING MIRRO RS Impulse travels
CANALS ON MARS Information from the outside world, including thal;xi‘;%g
. sensations from the rest of the body, is constantly parietal cortex
Until the early 20th century, some compared to a “virtual” world within the brain, which
astronomers believed that Mars )
was crossed by canals. Maps were includes a conceptual map of the body. When the two
made, and for nearly a decade, fail to match up, the brain assumes that something Impulse
Ehe canalls S('atir?e'dl totbe visible outside has changed. It can even be fooled that the trtac:':;:;
o peope wilh Ty £ ond body has shrunk. The shrinking-body illusion involves cord

telescopes. The canals did not

“vanish” until analysis
of the Martian
atmosphere
proved that
life there was
not possible.
Acceptance
that the canals
could not exist
stopped people

St g \ /
e \ ‘
. hite triangle, when it is strapped to it is registering
MARTIAN MAP | W : )
firor sizeliig i =i, G a the most likely explanation wrists cause an actual change
v - for what we see. sensation of arms \ / in body shape.

stimulating the arm muscles with vibrators, to create
the feeling that the limbs are

y moving in, beyond the sides of
; the body. The brain decides

that the body has shrunk.

SHRINKING BODY
The brain’s body
map is encoded in
the parietal cortex,

) the part of the brain
dealing with space.
This illusion activates

the area as though

- {’FI 9‘%‘ IMPOSED TRIANGLE
The brain imposes things
that are not there, like this Vibrators

moving inward

AMBIGUOUS ILLUSIONS

Something strange happens when we look at ambiguous figures. The input

to the brain stays the same, but what we see flips from one thing to another.
This demonstrates that perception is an active process, driven by information -
that is already in our brains as well as information from the outside world. \ \
The switching occurs because the brain is searching for the most meaningful \
interpretation of the image. Normally, the brain settles quickly on a solution N\
by using basic rules such as, “if one thing surrounds another, the surrounded
shape is the object and the other thing is the ground.” Ambiguous figures
confound such rules. For instance, in the vase illusion (left), it is impossible to
see which shape is on top, so the brain tries one way of seeing it then another.

J'

You see both images, but you can never see both of them simultaneously.

SHAPE SHIFTERS MY WIFE AND MY MOTHER-IN-LAW

In the vase—face illusion (top), the figures In this illusion, the figure of either a young
switch between two facing profiles and the woman or an old hag may dominate at
outline of a vase. The bottom figure can be first, but once you have "seen” the

seen as either a rabbit or a duck. alternative, the brain finds it again easily.



DISTORTING ILLUSIONS

Distorting illusions are characterized by visual
images that generate a false impression of an
object’s size, length, or curvature. They generally
exploit the “allowances” the brain normally makes
in order to make sense of what it sees. For example,
the brain “allows” that objects of the same size

will look smaller if they are farther away, and that
larger objects in an array should command greater
attention than small ones. Like other illusions,
distortions may occur at low or high levels of
perception (see opposite page). Those that happen
in the earliest stages, before the brain “recognizes”
what it is looking at, are the most robust because
they cannot be influenced by conscious thought.

PERSPECTIVE ILLUSION

Even though the figures walking
along the road are the same
height, the brain insists that the
one farthest away looks taller.
This is because the rule of

TOWER ILLUSION

These images of the Rockefeller Plaza in New York are identical, but the
one on the right seems to lean to the right. This is because the brain
treats them as a single scene. Usually, if two adjacent towers rise in perspective—things shrink
parallel, their outlines converge due to perspective. When seeing two with distance—is applied at
towers with parallel outlines, the brain assumes the towers are diverging. an early stage of perception.

EBBINGHAUS
ILLUSION

The central circle is
the same size in both
images, but we see
it as bigger when
compared to smaller
circles rather than
larger ones.

PARADOX ILLUSIONS

It is possible to represent objects in two dimensions that cannot actually exist in the
real, three-dimensional world. Paradox illusions are generated by such images, which
are often dependent on the brain’s erroneous assumption that adjacent edges must
join. Although impossible, the best examples are oddly convincing, and the conscious
brain is teased and intrigued by them. As with ambiguous illusions, the brain tries
first one interpretation and then another but is unable to settle because none of the
available views make sense. Brain-imaging scans show that impossible images are
recognized by the brain very early in the process of perception, well before conscious
recognition. Unlike the conscious brain, the unconscious part is not very concerned
with such images and spends less time trying to
process them than it spends on “real” objects.

THE TRIBAR
The Penrose triangle, also
known as the tribar, is a
perspective drawing

that comprises three
three-dimensional

bars that appear
to be connected,
but in reality
could not be.

THE IMPOSSIBLE ELEPHANT

Although it is impossible to determine how
many legs this elephant has, the brain keeps
trying to match up the shaded areas of “legs”
with the apparently detached feet.

M.C. ESCHER

“Mauk"” Escher, a Dutch graphic artist, started drawing
elaborate impossible realities in the 1930s and produced
a huge quantity of now famous illusions. He created the
images from imagination rather than by reference to
observation and incorporated many sophisticated
mathematical concepts into his artworks. His images are
both tantalizing and emotionally charged—some of his
landscapes are witty, while others have a dark, surreal

quality. Several
of his works
show buildings
that could
never actually
be constructed.

RELATIVITY
The scene
shown here is
impossible in
that it could
exist only in

a world in
which gravity
worked in three
directions rather
than one.




HOW DOES THE ELECTRICAL FIRING OF CELLS IN OUR BRAIN
PRODUCE OUR CONSCIOUS EXPERIENCE OF THE WORLD,
AND WITH IT SUCH THINGS AS OUR SENSE OF A PRIVATE
SELF AND OUR ABILITY FOR ABSTRACT THOUGHT AND
REFLECTION? THIS IS A FAMOUSLY DIFFICULT QUESTION.
ANSWERING IT INVOLVES BUILDING A BRIDGE BETWEEN
THE PHYSICAL AND MENTAL WORLDS. AS NEUROSCIENCE
ADVANCES, WE ARE GETTING CLOSER TO UNDERSTANDING
WHAT CONSCIOUSNESS IS AND HOW IT COMES ABOUT.
FOR EXAMPLE, DIFFERENT CONSCIOUS STATES CAN NOW
BE CORRELATED WITH ACTIVITY IN SPECIFIC BRAIN AREAS.
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WHAT IS CONSCIOUSNESS?

CONSCIOUSNESS

WHAT IS CONSCIOUSNESS?

SPANDRELS

This is the name given to the
spaces between arches. Although
we talk of them as objects,
without the arch, they cease to
exist. Consciousness may have
appeared in the same way, as a
result of other evolved features.

CONSCIOUSNESS IS ESSENTIAL—WITHOUT IT,

LIFE WOULD HAVE NO MEANING. WE CAN IDENTIFY
THE SORT OF BRAIN ACTIVITY THAT GENERATES
CONSCIOUS AWARENESS, BUT HOW THIS APPARENTLY
INTANGIBLE PHENOMENON ARISES FROM A PHYSICAL
ORGAN REMAINS A MYSTERY.

THE NATURE OF CONSCIOUSNESS

Consciousness is like nothing else. A thought, feeling, or idea seems
to be a different kind of thing from the physical objects that make up
the rest of the universe. The contents of our minds cannot be located
in space or time. Although they appear to be produced by particular
types of physical activity in the brain, it is not known if this activity
itself forms consciousness (the Monist/materialist view) or if brain
activity correlates with a different thing altogether that we call “the
mind” or consciousness (the dualist view). If consciousness is not
simply brain activity, this suggests that the material universe is just
one aspect of reality and that consciousness is part of a parallel
reality in which entirely different rules apply.

Brain activity

allows mind
to make conscious

Data generates
brain activity that
itself is the conscious

Data generates
brain activity

perception perception
Data about visual Data about visual
stimuli from eyes stimuli from eyes
enters brain enters brain
........... » RPN

MONISM

According to this theory, consciousness is
part of the material universe. It is identical
to the brain activity that correlates with it.
It developed when cognitive mechanisms
evolved, but only as a result of them,
rather than for any purpose of its own.

DUALISM

Consciousness is not physical but exists in
another dimension to the material universe.
Certain brain processes are associated with
it but are not identical to it. Some dualists
believe consciousness may exist without
the brain processes associated with it.

DESCARTES AND THE MIND-BODY PROBLEM

The French philosopher René
Descartes (1596-1650) is generally e
held to have founded modern /i
dualism when he proposed that
matter is separate and distinct from
the mind (things like emotions, \\_". :
thoughts, and perceptions). This R
presented a problem: how can
the two “kinds” of things interact?
Descartes’ solution was that “mind-
stuff” affected the body via the pineal
gland—a small nucleus in the center

Pineal gland

of the brain. His solution to what

has become known as the mind-body
problem is now generally discounted,
especially as the function of the
pineal gland—hormone modulation—
becomes clearer.

THE THIRD EYE

The pineal gland produces melatonin,
a hormone that modulates sleep
cycles. It is sometimes called the third
eye—a reference to the mystical role
attributed to it.

N

VISUALIZING THE MIND
This diagram is a representation of

different states of mind, or modes of

consciousness, framed within a box that represents

the mind itself. The states of mind are positioned within
the box according to the degree of neural activity that
correlates with each, the direction of the focus of its attention
(toward the outer world or inward toward thoughts themselves),
and the level of concentration each state of mind commands.



TYPES AND LEVELS OF CONSCIOUSNESS

Consciousness has different modes, such as emotions, sensations,
thoughts, and perceptions, which are all experienced at different levels
of neural activity, focus, and concentration. The level of neural activity
determines the intensity of consciousness. The direction of focus can be
toward the outside world or the inner world (thinking about thoughts).
Concentration can be loosely targeted, involving a range of objects or

fixed, involving just one particular aspect. Consciousness also divides
into three types of awareness: awareness in the moment—the brain
registers and reacts to moment-by-moment events but does not encode
them in memory; conscious awareness—events are registered

and encoded in memory; and
self-consciousness—events are
registered and remembered, and the

person is conscious of doing this.
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THE THINKER

Most conscious thinking is couched in
| language. Words function as symbolic
“handles,” used to grasp the 