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surface of the human brain
(a) A photograph of the
human brain. (b) In each brain
hemisphere, the cerebral
cortex is divided into four
principal areas: frontal lobe,
parietal lobe, occipital lobe,
and temporal lobe. Below the
cortex sit the cerebellum and
brainstem. The brainstem connects the brain to the spinal
cord below.

Frontal lobe

Temporal lobe
Brainstem

Cerebellum

and those that activate the muscles controlling eye movements—travel directly
to the brain without first making connections in the spinal cord.
Although all vertebrates possess a CNS and PNS, there are big differences
between the nervous systems of different species. Let’s start with the vertebrate
you’re probably most familiar with: the human.
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Figure 2.4 Comparative

anatomy of the brains of several vertebrate species All
vertebrate brains have two hemispheres and a recognizable cortex,
cerebellum, and brainstem, but
species differ in the relative volumes of these areas. In mammals
(such as the human) and birds,
the cortex is much larger than the
cerebellum; in fish and amphibians
(such as the frog), the cortex and
cerebellum are closer in size.

Cerebellum

scientists don’t yet fully understand the relationship between brain size and
functional capacity. Recent studies of intelligence in humans suggest that differences in the size of certain subregions in the frontal and parietal lobes do predict
differences in performance on intelligence tests (Jung & Haier, 2007), indicating that it is not overall brain size that counts but how different brain parts are
structured (Mercado, 2008).
Aside from differences in overall brain volume, different species have different proportions of cerebral cortex. In humans, the cerebral cortex takes up a
much larger percentage of total brain volume than it does in, say, frogs. Whereas
the large human cortex has to be folded up to fit inside the human skull, the frog
cortex can fit quite comfortably in its skull without wrinkling. The relative size
of the human cortex is intriguing because the cerebral cortex is associated with
functions such as language and complex thought—the very things that seem to

Frog
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anatomy of the brains of several vertebrate species All
vertebrate brains have two hemispheres and a recognizable cortex,
cerebellum, and brainstem, but
species differ in the relative volumes of these areas. In mammals
(such as the human) and birds,
the cortex is much larger than the
cerebellum; in fish and amphibians
(such as the frog), the cortex and
cerebellum are closer in size.
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INTELLIGENCE AND BRAIN SIZE?

enchephalization quotient (EQ),
which measures "the ratio
between actual brain mass and
predicted brain mass for an
animal of a given size."

The octopus is an invertebrate,
with a brain very different from
that of mammals and other vertebrates, yet the octopus is a sophisticated learner.
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of changing their function and modifying the way they process information.
These changes, some of which we examine in Section 2.4, are the basis of
learning in the brain.
The prototypical neuron has three main components: (1) dendrites,
which are input areas that receive signals from other neurons; (2) the cell
body, or soma, which integrates signals from the dendrites; and (3) one or
more axons, which transmit information to other neurons (Figure 2.5). For
the most part, information flows in one direction, from dendrites to axons.
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Dendrite
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(a)

Figure 2.5 Neurons, the cells specialized to process

information (a) Brain tissue, stained to make neurons evident
and photographed through a powerful microscope. The pyramidshaped cell bodies and interconnecting branches of several
neurons are visible. (b) The prototypical neuron has three main
components: dendrites for collecting information, a cell body
(soma) that integrates information, and one or more axons that
transmit information to other neurons. Information flows mainly
from dendrites to axon(s).
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circular packets inside the presynaptic neuron. (b) Information is
exchanged across a synapse when
(1) the presynaptic neuron releases
neurotransmitter into the synapse
and (2) the neurotransmitter molecules dock at receptors on the
surface of the postsynaptic neuron.
This may activate the receiving
neuron, passing the message
along.54
Leftover
neurotransmitter
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in the synapse is either (3) broken
down or (4) reabsorbed into the
presynaptic neuron.

dopamine, norepinephrine, epinephrine, serotonin, histamine, and glycine. Table 2.1
summarizes what is known of the functions of each of these neurotransmitters.
In addition, there are about 100 other chemicals in the brain that can serve as
neurotransmitters, and researchers are discovering new ones every year.
Once the chemical signal has been released into the synapse by the presynaptic neuron, the next step is for the postsynaptic neuron to pick it up. Receptors
are molecules embedded in the surface of the postsynaptic neuron that are
specialized to bind with and respond to particular kinds of neurotransmitters.
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Table 2.1
Nine neurotransmitters and their functions

4.
3.

Neurotransmitter

Function

Glutamate

Most prevalent excitatory neurotransmitter

Gamma-aminobutyric acid
(GABA)

Main inhibitory neurotransmitter

Acetylcholine

Connects motor neurons and muscles
Regulates attention and memory

1.
Neurotransmitter
molecules

Axon

Receptors
2.

Synapse

(a)

Associated with voluntary movement
Regulates reward-seeking behavior

Norepinephrine

Increases arousal
Contributes to long-lasting memories

Dendrite of postsynaptic
neuron

Dendrite

NEWART.indd 53

Dopamine

(b)
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Epinephrine

Increases attention and concentration

Serotonin

Regulates sleep, mood, appetite, and aggression

Histamine

Regulates sleep and arousal

Glycine

Decreases neural activity

The effect of a particular neurotransmitter depends on what its corresponding
postsynaptic receptors do when activated. Some receptors open a channel for
the flow of electrically charged molecules into or out of the cell, thus changing the charge characteristics in a small area of the neuron. Similar electrical
changes
2:43 PM may be occurring simultaneously in other locations on the neuron
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In magnetic resonance imaging (MRI)

Researchers, Inc.

cally through the middle of the brain, revealing a cross section of
Cortex
cerebral cortex, cerebellum, and brainstem,
as well as some facial
Cortex
structures. A horizontal slice taken at the level of the eyeballs, as
in Figure 2.6b, shows a different cross section.
Recently,
a new type of MRI called diffusion
tensor imaging
Cerebellum
Nose
Cerebellum
Nose
(DTI) was developed that can measure the diffusion of water
EarEar in
Brainstem the brain—the
brain tissue, permitting bundles of axons throughout
Brainstem
so-called white matter—to be imaged. DTI is better than
convenLeft
Left
tional
MRI at visualization of fiber tracts,Spinal
so it’s particularly
useful
cerebellum
cerebellum
Mouth
Mouth
Spinal
for physicians trying to assess diffuse braincord
injury, as well as diseases
cord
(a)
(a) that specifically target axons. Researchers
such as multiple sclerosis
also use DTI to study how different regions in the brain interact,
by studying the fiber pathways between them.
Structural neuroimaging provides a way not only to directly
observe physical properties of a live person’s brain but also to
Gluck2e_CH02NEWART.indd 48
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track changes in those properties over time. These include changes
that might occur as a function of aging, injury, or disease, as well
as gross structural changes produced by learning experiences. In
Chapter 7, on skill memories, we discuss recent structural neuroimaging work showing that learning to juggle leads to changes in
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CustomMedical
MedicalStock
Stock
Photography
Photography

48 |

Scott Camazine/Photo
Researchers,
Inc.
Scott Camazine/Photo

MRI

can
reveal
changesthe
associated
with
learning,
and we will
examples
of
both
throughout
following
chapters.
Whenever
youpresent
see an image
in which
in the brain
andshowing
constructs
alocations
high-resolution
image
the
both
throughout
chapters.
youfirst
see thing
an image
which ask
a high-resolution
image showing the
patches
of colorthe
arefollowing
superimposed
on Whenever
a brain, the
youinshould
brain’s
interior structures.
patches
are superimposed
on showing
a brain, the
thing in
youstructure,
should ask
brain’s interior structures.
yourselfofis,color
are these
colored regions
me first
variations
or do
Figure 2.6 MRI images
yourself
is,
are
these
colored
regions
showing
me
variations
in
structure,
or
do
they represent variations in function?
Figure
2.6
MRInear
images
(a)
This “slice”
taken
the
theyExperimental
represent variations
function?
studiesinwith
animals permit even more detailed measures of
(a) Thisof“slice”
taken
near athecross
center
the head
shows
Experimental
studies
with
animals
permit even
more
detailed
measures
of
learning-related structural changes. Chemicals
have
been
developed
that essencenter ofthrough
the head
shows
a cross
section
cortex,
cerebellum,
learning-related
structural
changes.
Chemicals
have been
developed
that making
essen- it
section through
cortex,
tially dye neurons
that have
recently
undergone
structural
changes,
brainstem,
and an
uppercerebellum,
portion of
tially
dye to
neurons
thatthe
have
recently
structural
changes,
making
it
brainstem,
an upper
portion
spinal
cord,and
as well
asOF
nose
andof
possible
map out
number
andundergone
distribution
of neurons
that have
changed
THE NEUROSCIENCE
LEARNING
AND MEMORY
spinal
cord,
as
well
as
nose
and
possible
to
map
out
the
number
and
distribution
of
neurons
that
have
changed
mouth cavities. (b) A horizontal
as a function of specific learning experiences. For these techniques, the brain
mouthtaken
cavities.
(b)level
A horizontal
as a function of specific learning experiences. For these techniques, the brain
slice
at the
of the
tissue has to be bathed in the chemicals, and the dyed neurons are only visible
slice taken
at theatlevel
tissue has to be bathed in the chemicals, and the dyed neurons are only visible
eyeballs
(visible
the of
topthe
of the
eyeballs (visible at the top of the
image)
little cortex
on contains
the density
of(since
atoms there. A computer collects all the signals
image) contains little cortex (since
theemitted
slice is so low)
but
captures
and,
as in CT, uses them to generate images that look
the slice is so low)
but captures
Eyes
the low-hanging cerebellum.
Eyes
thelike
low-hanging
cerebellum.
slices.
For example, Figure 2.6a shows a slice taken verti-

Brainstem
Brainstem

Ear Ear

Right
Right
cerebellum
cerebellum
(b) (b)

28/11/12
28/1

When the monkey moved its arm to a slightly different position, point 7, the
neuron let off a more sustained burst of activity, continuing to spike for the duration of the movement. But when the monkey moved its arm directly away from
its body, toward point 1, the neuron really went into action, spiking as fast and
frequently as it could. By contrast, when the monkey moved its arm in the opposite direction, toward its body (point 5), the neuron fell almost silent. Thus, this
neuron’s behavior is correlated with arm movements, and neuroscientists would
say it is specialized, or “tuned,” to fire maximally during movements in a particular direction: away from the body. Georgopoulos and colleagues found that
other neurons in the motor cortex were tuned to fire during movements in other
directions. Given what we know about the motor cortex from functional imaging
and lesion studies, it is reasonable to assume that these neurons may be playing a
direct role in issuing the commands that cause the monkey’s arm to move.

PRIMATE IN VIVO RECORDING
Figure 2.12 Recording

from single neurons (a)
Researchers implanted recording electrodes into the motor
cortex of a monkey, which was
then trained to move a joystick
in different directions. (b) One
recorded neuron showed spiking
behavior (illustrated as vertical
lines) when the monkey moved its
arm. This neuron fired most when
the monkey moved its arm toward
position 1 and least when it
moved its arm toward position 5.
Thus, this neuron is tuned to fire
during movements away from the
monkey’s body. (b) Adapted from
Georgopoulos et al., 1993.
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To record neural activity from
animals as they perform tasks,
researchers surgically implant one
or more electrodes into desired
brain areas. Held in place by a
“head stage” attached to the
animal’s head (a rat is shown
here), the electrodes detect neural
activity as the animal moves
freely; wires transmit this information to a computer, which records
and analyzes the signals.
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Figure 2.14 Long-term
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(a)

potentiation (LTP) (a) In the
original LTP studies, researchers
used one electrode to stimulate
the axons of presynaptic neurons
(here depicted as the axon of a
single neuron A) and a second
electrode to record the activity of
postsynaptic neurons (here shown
as a the dendrite of a single
neuron B). (b) Initially, weak stimulation caused a mild response in
postsynaptic neurons. But after a
burst of high-frequency stimulation, postsynaptic neurons persistently responded more strongly to
the weaker stimulation.

Lømo, 1973). Since that time, LTP has become one of the most intensively
studied phenomena in neuroscience.
Despite intensive study of LTP in the decades since it was initially reported,

enriched
environment
can stru
res
These behavioral improvements
appear
to reflect
young rats and a 20% increase
Standardin an enriched environment have cor
neurons. Rats (a)raised
Similar changes are seen in th
laboratory housing
more and longer dendrites than environments.
their experience-impover
Even the brain
(Figure 2.15). The dendrites of with
rats visual
in theand
enriched
odor cuesenvi
sho
in small plastic
(Tec
more synapses—meaning more alone
connections
withvials
other
what Greenough,
about humans?W
R
Rosenzweig, Bennet, & Diamond,And
1973;
dren
placed
in
“high-quality”
1978). These neural changes occur quickly: as few as 60 da
ences, and teacher interaction
enriched environment can result whose
in a 7%
to 10% increase
day care offers fewer
M o d u l e THE NEUROSCIENCE OF LEARNING AND MEMORY
young rats and a 20% increase inBurchinal,
the number
of synapses
& Clifford,
2001). iJ
(a) Standard
Similar changes are seen in the brains
monkeys
andofcats
to playof
with
and plenty
soc
laboratory housing
engage
environments. Even the brains offewer
fruitopportunities
flies housedto in
larg
evidence
that human
brains u
there was plenty of sensory
stimulation
to explore
and compared
learn.
with
visual and and
odoropportunity
cues show similar
changes,
environmental
enrichment,
For the rats, this meant a alone
large in
cage
filled
withvials
toys(Technau,
to play with
and other rats su
small
plastic
1984).
drivers.
And what
aboutofhumans?
Recent
studies have
shown th
with whom to socialize. A second
group
rats lived
in standard
laboratory
London is a sprawling city w
dren
placed
in “high-quality”
dayancare
(with
lots
of toys,
housing, each rat isolated in
a small
chamber
that contained
nothing
but
aLondon
drinkofficial
license,
taxie
ences,
and teacher
interaction)
better
in elementary
sc
athe
grueling
exam
that requires
ing spout and food cup. The
results?
The rats
housed infare
enriched
environday than
care the
offers
fewer
forLondon
learning
random
addr
ment showed better mazewhose
learning
rats
keptopportunities
inbetween
standard
laboratory
ers
arethe
a group
ofpeople
people who
shari
Burchinal,
&
Clifford,
2001).
Just
like
rats,
housing (Rosenzweig, 1984; Renner & Rosenzweig,
1987). Researcher Eleanor Maguir
(b) Enriched
to
play
with
and
plenty
of
social
interaction changes
fare betterintha
laboratory
environment
These behavioral improvements appear to reflect structural
a group of London taxi drivers
fewer opportunities
to engage their brain. Although there
Figure
2.15 Deprived have cortical
not studiedneurons
the geography
neurons. Rats raised in an enriched
environment
with of
evidenceenvironment
that human
brains undergo
enlargement
similar
vs. enriched
The
only
part
of
the
brain
thatt
more and longer dendrites
than
their
experience-impoverished
counterparts
environment
Representations
environmental enrichment, suggestive
data come
from
a thi
stu
hippocampus:
among
other
of
neurons
from
the cortex
(Figure 2.15). The dendrites
of
rats
in
the
enriched
environment
also
have
drivers. of (a) a rat raised in standard
hippocampal volumes than no
more synapses—meaning more
connections
with
other
neurons
(Globus,
even am
London
is a sprawling
hundreds
ofdiffered
small,
crooke
laboratory
housing and (b) acity
rat with hippocampus
driving
for
more
than
Rosenzweig, Bennet, & an
Diamond,
Greenough,
West,
DeVoogd,
raised
in1973;
an enriched
laboratory
official
license,
London
taxi drivers
must&study
for aupdecad
to t
environment.
Neurons
from
rats
driving
for
only
a
few
years.
1978). These neural changes
occur
quickly:
few as 60
days
housingtoinindicat
an O
a grueling
exam thatasrequires
them,
forofexample,
raised in enriched environments
ferences is that the intensive s
enriched environment canbetween
result typically
in
a have
7%London
toand
10%
increase
in brain
weight
of
random
addresses.
This
means
that license
more
longer
in dendritic
branching
in hippo
dendrites,
and
more
synapses
per
ers arein
a group
of people
an
extensive
fund
of
young rats and a 20% increase
the number
of sharing
synapses
in
the
cortex.
more
room,visual
just
like
thespatia
rat ne
dendrite, than their experience(b)
Enriched
Researcher
Eleanor
Maguire
and
her
colleagues
compare
Similar
changes
are
seen
in
the
brains
of
monkeys
and
cats
raised
in
enriched
impoverished counterparts.
laboratory environment
a groupofoffruit
London
driversinwith
those
of age-matched
environments. Even the brains
fliestaxi
housed
large
communal
cages L
Interim
Summary
Figure
2.15
Deprived
not
studied
the
geography
of
their
city
so
extensively
with visual and odor cues show similar changes, compared
with flies housed(Ma
■ Learning requires physical c
environment vs. enriched
only part
of the brain that differed significantly between
alone in Representations
small plastic vialsThe
(Technau,
1984).
rons’ shape, size, and numbe
environment
hippocampus:
among
other
things,
the
taxi
drivers
had
sligh
can affect
patterns of
neural
Andfromwhat
about humans? Recent studies have shown that
preschool
chilof neurons
the cortex
hippocampal volumes than non–taxi drivers. Further, the si
of dren
(a) a rat placed
raised in standard
in “high-quality” day care (with lots of toys, educational experihippocampus differed even among individual taxi drivers: th

SYNAPSE LEVEL RESEARCH – CELL BIOLOGY
70 |

CHAPTER 2 Introductory

(a) Standard
laboratory housing

■

MOLECULES AND GENETICS

LEARNING AND MEMORY IN EVERYDAY LIFE

Can a Pill Improve Your Memory?

I

f you’ve ever studied for a difficult
exam, you’ve probably wished for a pill
that could make your brain function like
a copy machine. Instead of reading, reviewing, and rehearsing, you could swallow the
pill, read the material once, and have it
encoded in your brain forever (or at least
until the exam is over). Sounds like science
fiction, right?
In fact, several companies, ranging from
pharmaceutical giants to smaller biotech
firms, are looking for a drug to improve
memory in healthy people. Some possible
candidates are currently being tested on
laboratory rats, and a few are even being
tested in small groups of human volunteers. It remains to be seen which, if any, of
these new drugs will be safe and effective.
Until a new generation of memoryboosting drugs becomes available,
researchers continue to examine existing

■

drugs, already approved for the treatment
of other illnesses, to see whether any
might provide a memory boost in normal,
healthy people. For example, several drugs
used in treating Alzheimer’s disease—
including donepezil (Aricept)—increase
brain levels of the neurotransmitter acetylcholine, which is abnormally low in people
with Alzheimer’s. These drugs can produce
modest, temporary memory improvements
in Alzheimer’s patients, raising the possibility that they might also improve memory in healthy (or mildly impaired) adults
(Whitehead et al., 2004). However, there
is little evidence so far to suggest that
the drugs can boost memory in otherwise
healthy people (Beglinger et al., 2004).
Another approach to finding memoryenhancing drugs is based on the fact that
attention and concentration can increase
the storage and retention of new informa-

tion. Perhaps drugs that improve attention
will also improve memory. Such attentionboosting drugs include modafinil (Provigil),
which is used to treat sleep disorders, and
methylphenidate (Ritalin), used to treat
attention deficit hyperactivity disorder
(ADHD). Many college students already
pop Ritalin in an effort to boost studying or
exam performance. But it’s not clear that
boosting attention beyond normal levels
is necessarily good for memory. The jury is
still out on whether these drugs improve
memory in healthy humans (Mehta et al.,
2000; Turner et al., 2003). The bottom line
is that, so far, no pill can substitute for the
hard work of learning. Instead of spending money on “brain-boosting” drugs of
questionable efficacy and safety, healthy
people are best advised to do their learning the old-fashioned way: by devoting the
necessary time to study.

Drugs are chemicals that alter the biochemical functioning of the body.
Drugs that affect the brain generally affect neural activity by increasing or

DEATH AND MAIDEN
SCHUBERT

https://www.youtube.com/watch?v=8fXYjSmR6Bw

MEMORY IN GENERAL

THINK ABOUT THE MEMORY
• Category of Memory
• Formation of Memory

WHAT TYPES OF MEMORY WE HAVE?

Patient H.M.
Henry Molarison

Hippocampus & Parahippocampal gyrus
(Annese et al. 2014; Augustinack et al. 2014)

H.M.’s memory impairment was disabling and affected all
manner of material (scenes, words, faces, etc.)
He proved capable of learning a hand-eye coordination
skill (mirror drawing) over a period of 3 days!!!
(Milner 1962)

WHAT’S THE SYMPTOM OF H.M. PATIENT?
WHAT’S THE MEANING OF THAT?
H.M.’s memory impairment was disabling and affected all
manner of material (scenes, words, faces, etc.)
He proved capable of learning a hand-eye coordination
skill (mirror drawing) over a period of 3 days!!!
(Milner 1962)

Memory is not a single entity!
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HOW DOES THE BRAIN ENCODE?
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How does the brain generate the memory?
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& USE MEMORY?
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(Kaang, Lee & Kim, 2009 The Neuroscientist)

Figure 1. Multistage model of memory. New information is first

Figure 2. D
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