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Neurons develop through 
delicate and carefully cho-
reographed processes that 

take place while an embryo grows. 
Signaling molecules “turn on” certain 
genes and “turn off ” others, initiating 
the formation of immature nerve cells. 
During the next stage — cell division, 
also called proliferation — the pool of 
early-stage brain cells increases by bil-
lions. Finally, during migration, these 
newly formed neurons travel to their 
final destinations. The nervous system 
formed by these processes is active 
throughout life, making new connec-
tions and fine-tuning the way messages 
are sent and received. In this chapter, 
you will learn about the amazing early 
development of your ever-changing 
nervous system. 

THE JOURNEY  
OF NERVE CELLS
Formation and Induction

During the very early stages of 
embryonic development, three layers 
emerge — the ectoderm (outer-most 
layer), mesoderm (middle layer),  
and endoderm (inner-most layer). 
Although the cells in each layer con-
tain identical DNA instructions for 
development, these layers ultimately 
give rise to the rich variety of tissue 
types that make up the human body. 
The explanation for this diversity lies 
in signals produced by surrounding 
tissues. Those signals turn certain 
genes on and others off, thus inducing 
the development of specific cell types. 
Signals from the mesoderm trigger 
some ectoderm cells to become nerve 
tissue, a process called neural induc-
tion. Subsequent signaling interactions 
refine the nerve tissue into the basic 
categories of neurons or glia (support 
cells), and then into subclasses of each 
cell type. 
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The fate of a developing cell is 
largely determined by its proximity 
to various sources of signaling mol-
ecules. The concentration of each 
type of signaling molecule decreases 
farther from its source, creating 
gradients throughout the brain. 
For example, a particular signaling 
molecule, called sonic hedgehog, 
is secreted from mesodermal tissue 
lying beneath the developing spi-
nal cord. As a result of exposure to 
this signal, adjacent nerve cells are 
converted into a specialized class 
of glia. Cells that are farther away 
are exposed to lower concentrations 
of sonic hedgehog, so they become 
motor neurons that control the 
movement of muscles. An even lower 
concentration promotes the forma-
tion of interneurons, which don’t 
relay messages to muscles but to oth-
er neurons. Interestingly, the mech-
anism of this molecular signaling is 
very similar in species as diverse as 
flies and humans. 

Proliferation
In the brain, neurons arise 
from a fairly small pool of neu-

ral stem and progenitor cells, special 
cells that can divide and become a 
variety of mature cell types. Before 
achieving their mature cell fate, this 
pool of cells undergoes a series of 
divisions — increasing the number of 
cells that will ultimately form the 
brain. Early divisions are symmetric 
— the split results in two identical 
daughter cells, both able to keep 
dividing. But as these divisions 
progress, the cells begin to divide 
asymmetrically, giving rise to only one 
daughter cell that keeps proliferating 
and a second that progresses towards 
its ultimate cell fate as a neural or glial 
cell (the exact sequences and ultimate 
fates vary by species). 

This proliferative process permits 
rapid growth during early development 
of the brain, with billions of cells being 
produced in a matter of weeks. After 
that series of divisions is complete, 

only a few neural stem and progenitor 
cells remain within the brain, and neu-
rogenesis in adulthood is limited to a 
few regions of the brain, such as those 
involved with memory. 

Scientists have proposed that 
protein defects causing a premature 
switch from symmetric to asymmetric 
divisions may be a cause of micro-
cephaly. This disorder, characterized 
by a severe reduction in brain size, is 
associated with serious neurological 
disabilities and sometimes death in 
infancy. Similarly, excessive prolifera-
tion of brain cells can lead to a disor-
der called megalencephaly — a brain 
that is abnormally large and heavy — 
which is also associated with a variety 
of neurodevelopmental complications. 

Migration 
After neural induction and pro-

liferation occur, new neurons journey 
from the inner surface of the embry-
onic brain, where they formed, to their 
long-term locations in the brain. This 

After three week’s gestation, the human brain begins to form. The first stage is the neural tube, pictured at left. By four weeks, the individual 
sections of the brain can be recognized. In 6 months, the ridges of the brain can be observed.
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process is called migration, and it be-
gins three to four weeks after a human 
baby is conceived. At this time, the 
ectoderm starts to thicken and build 
up along the midline of the embryo. 
As the cells continue to divide, a flat 
neural plate grows, followed by the 
formation of parallel ridges, some-
what resembling the creases in a paper 
airplane, that rise along either side of 
the midline. These ridges extend from 
the “head end”, where the future brain 
will form, along the length of the em-
bryo where the future spinal cord will 
develop. Within a few days, the ridges 
fold toward each other and fuse into 
a hollow neural tube. The head end 
of the tube thickens into three bulges 
that form the hindbrain, the midbrain, 
and the forebrain. Later in the process, 
at week 7 in humans, the first signs of 
the eyes and the brain’s hemispheres 
appear. As new neurons are produced, 
they move from the neural tube’s ven-

tricular zone, which lies along the inner 
surface of the tube, toward the border 
of the marginal zone, or outer surface. 
After neurons stop dividing, they form 
an intermediate zone where they grad-
ually accumulate as the brain develops. 
A variety of guidance cue neurons to 
migrate to their final destinations. 

The most common guidance 
mechanism, accounting for about  
90 percent of migration in humans,  
is the radial glia, which project 
radially from the intermediate zone 
to the cortex. Neurons use these glia 
as scaffolding, inching along glial 
projections until they reach their final 
destinations. This process of radial 
migration occurs in an “inside-out” 
manner; that is, the cells that arrive 
the earliest (the oldest ones) form the 
deepest layer of the cortex, whereas 
the late-arriving (youngest) neurons 
form the outermost layer. Through a 
different mechanism, other neurons 

migrate sideways, or tangentially 
(rather than radially), moving parallel 
to the brain’s surface and across the 
radial cortical columns. 

Migration is a finely tuned process 
that can be influenced by many fac-
tors. For example, exposure to alcohol, 
cocaine, or radiation, can prevent 
proper migration, resulting in mis-
placement of cells, which can lead to 
intellectual disability or epilepsy. Fur-
thermore, mutations in the genes that 
regulate migration have been shown to 
cause rare genetic forms of intellectual 
disability and epilepsy in humans. 

Making Connections
After neurons reach 
their final locations, 

they begin making the connections 
that will determine how particular 
functions such as vision or hearing can 
occur. Induction, proliferation, and 
migration occur internally during fetal 
development, but the next phases of 
brain development depend increasing-
ly on external experience. After birth, 
factors such as watching a mobile spin, 
listening to a voice, and even proper 
nutrition influence the connections 
formed by neurons. 

Neurons become interconnected 
through their short branches called 
dendrites and long axons — two 
types of processes that extend from 
a neuron’s cell body (soma). Axons 
produce and transmit signals to other 
neurons, and dendrites receive signals 
from the axons that contact them. 
To reach their targets, axons can span 
distances many times the size of their 
cell body, many crossing to the op-
posite side of the brain. The longest 
human axons are in the periphery, 
extending from the lower spinal cord 
all the way to muscles in the toes. 
Given the distance from spinal cord 

New neurons, shown here in the mouse, are born throughout life in a specific region of the 
brain’s hippocampus. This region, known as the dentate gyrus, is involved in pattern  
separation, the ability to discriminate between very similar memories.
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to toes of a basketball player — a 
meter or more — such axons might 
be nearly a million times longer than 
their diameter! 

A developing axon grows by 
the extension of its growth cone, an 
enlargement at the tip of the axon 
that actively explores the environment 
to seek out its precise destination. A 
growth cone is guided to that final 
destination by molecular cues in its 
environment. Some of these molecules 
stud the surfaces of cells, while others 
are secreted into areas near the growth 
cone. Receptors on the growth cone 
enable its responses to these environ-
mental cues. Binding of environmen-
tal molecules tells the growth cone 
whether to move forward, stop, recoil, 
or change direction. Attractive cues lay 
a path growth cones follow, while re-
pellent molecules funnel growth cones 
through precise corridors. Signaling 
molecules include families of proteins 
with names such as netrin, sema-
phorin, and ephrin. 

One truly remarkable finding is 
that most of these proteins are com-
mon to many organisms — worms, 
insects, and mammals including 
humans. Each family of proteins is 
smaller in flies or worms than in mice 
or people, but its functions are very 
similar. As a result, simpler animals 
are highly useful experimental models 
for gaining knowledge that direct-
ly applies to humans. For example, 
netrin was first discovered in a worm, 
where it was found to guide neurons 
around the worm’s “nerve ring.” Later, 
vertebrate netrins were found to guide 
axons around the mammalian spinal 
cord. When receptors for netrins were 
then discovered in worms, this knowl-
edge proved invaluable in finding the 
corresponding, and related, receptors 
in humans. 

Synapse Formation
Once axons reach their targets, 
a specialized connection called 

a synapse begins to form. At the 
synapse, only a tiny space separates 
the signaling portion of the axon 
from the receiving portion of the 
dendrite. Electrical signals that travel 
down the axon trigger the release of 
chemical messages called neurotrans-
mitters, which diffuse across this 

space and are received by receptors on 
the target dendrite. Such chemical 
cues can either promote or hinder the 
generation of a new electrical signal 
in the receiving neuron. The com-
bined effects of such cues from 
thousands of synapses ultimately 
determine how a receiving neuron 
responds. A human brain contains 
trillions of these synapses, which gives 
rise to the brain’s astounding capacity 
for information processing.

For this processing to occur 
properly, the formation of synaptic 
connections must be highly specific. 
Some specificity is the result of the 
mechanisms that guide each axon to 
its proper target. Additional mole-
cules mediate target recognition when 
the axon reaches the proper location. 

Dendrites are also actively involved in 
initiating contact with axons, and both 
sides produce proteins that span the 
space between them and anchor the 
synapse together. 

Once initial contact is established, 
a synapse continues to differentiate. 
On the presynaptic side, the tiny axon 
terminal that contacts the dendrite 
becomes specialized for releasing neu-
rotransmitters, stocking itself with neu-

rotransmitter packets, and proteins that 
enable those packets to be held in place 
and then released. On the dendritic 
— or postsynaptic — side, receptors 
that respond to those neurotransmit-
ters begin to dot the membrane. Both 
processes ensure that a synapse can 
transmit signals quickly and effectively. 

New evidence has implicated a 
third important player in the proper 
formation of a synapse. Astrocytes 
are a type of glial cell in the brain 
previously thought to simply pro-
vide scaffolding and passive support 
to neurons. They are now known to 
exert their own influence on synaptic 
development and function. Many 
synapses in the brain are contacted 
by astrocytes, and studies in rodents 
have found that a single astrocyte can 

A human brain contains trillions of  

these synapses, which gives rise  

to the brain’s astounding capacity  

for information processing.
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contact thousands of synapses across 
multiple neurons. The importance of 
astrocytes in synapse formation is also 
shown in other studies. Some neu-
rons form only a few synapses when 
developing in a culture dish from 
which astrocytes are absent, and recent 
research has discovered that molecules 
secreted by astrocytes regulate aspects 
of synaptic development. 

Scientists are learning that mol-
ecules from multiple sources work 
together to promote proper synapse 
formation. It is now thought that 
defects in such molecules could con-
tribute to disorders such as autism. In 
addition, the loss of certain other mol-
ecules might underlie the degradation 
of synapses that occurs during aging. 

An array of signals determines 
which type of neurotransmitter a neu-
ron will use to communicate. For some 
cells, such as motor neurons, the type 
of neurotransmitter is fixed (acetylcho-
line), but for other neurons, it is not. 
Scientists have found that when cer-
tain immature neurons are maintained 
in a culture dish with no other cell 
types, they produce the neurotransmit-
ter norepinephrine. In contrast, when 
the same neurons are cultured with 
specific cells, such as cardiac tissue, 
they produce the neurotransmitter 
acetylcholine. Just as genetic and 
environmental signals can modulate 
the development of specialized cells, 
a similar process leads to production 
of specific neurotransmitters. Many 
researchers believe that the signal to 
engage the gene, and therefore the 
final determination of the chemical 
messenger a neuron will produce, is 

influenced by factors that come from 
the location of the synapse itself. 

Myelination 
Insulation that covers wires 

preserves the strength of electrical 
signals that travel through them. The 
myelin sheath that covers axons serves 
a similar function. Myelination, the 
fatty wrapping of axons by extensions 
of glia, increases — by as much as 100 
times — the speed at which signals can 
travel along axons. This increase is a 
function of how the sheath is wrapped, 
with somewhat regularly spaced gaps 
called nodes of Ranvier interrupting 
the sheath. The alternating pattern of 
insulation and nodes allows electrical 
signals to move down an axon faster, 
jumping from one node to the next. 
This phenomenon, called saltatory con-
duction (“saltatory” means “leaping”), is 
responsible for more rapid transmission 
of electrical signals. Formation of my-
elin occurs throughout the lifespan. 

Paring Back
After its initial growth, the 
neural network is pared back, 

creating a more efficient system. In 
fact, only about half the neurons 
generated during development survive 
to function in an adult. Entire popula-
tions of neurons are removed through 
apoptosis, a process of programmed 
cell death initiated in the cells. Apop-
tosis is activated if a neuron fails to 
receive enough life-sustaining chemical 
signals called trophic factors, which are 
produced in limited quantities by 
target tissues. Each type of trophic 
factor supports the survival of a 

distinct group of neurons. For exam-
ple, nerve growth factor is important 
for the survival of sensory neurons. It 
has recently become clear that apopto-
sis is maintained into adulthood but 
constantly held in check. Based on 
this, researchers have found that 
injuries and some neurodegenerative 
diseases kill neurons not by directly 
inflicting damage but by activating the 
cells’ own death programs. This 
discovery — and its implication that 
death need not follow insult — have 
led to new avenues for therapy. 

Just as too many brain cells 
develop early on, these cells initially 
form an excessive number of connec-
tions. In primates, for example, neural 
projections from the two eyes to the 
brain initially overlap; then, in some 
portions of the brain, they sort into 
separate territories devoted to one eye 
or the other. Furthermore, connections 
between neurons in a young primate’s 
cerebral cortex are more numerous and 
twice as concentrated as in an adult 
primate. The pruning of these excess 
connections is heavily dependent on 
the relative activity of each connec-
tion. Connections that are active and 
generating electrical currents survive, 
while those with relatively little activity 
are lost. Astrocytes and other glia also 
play an important role in this process. 
For example, astrocytes are known to 
aid the formation of eye-specific con-
nections by engulfing and eliminating 
unnecessary synapses. Thus, at least to 
some extent, the circuits of the adult 
brain are formed by pruning away 
incorrect connections to leave only  
the correct ones. 
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The amazing capabilities of 
the human brain arise from 
astoundingly intricate com-

munication among billions of interact-
ing cells. Understanding the processes 
by which brain cells form, become 
specialized, travel to their appropri-
ate locations, and connect with each 
other in increasingly elaborate adaptive 
networks is the central challenge of 
developmental neurobiology. 

Advances in the study of brain 
development have become increasingly 
relevant for medical treatments. For 
example, several diseases that scientists 
once thought were purely adult disor-
ders are now being considered from 
a developmental perspective. Schizo-
phrenia might actually occur because 
pathways in the brain and connections 
to it formed incorrectly in early life. 
Other research suggests that genes that 
influence brain development could 
also play a role in a person’s suscepti-
bility to autism spectrum disorders. 
And regeneration following brain inju-
ry is now considered a realistic possi-
bility, thanks to expanding knowledge 
of how neurons form connections 
during early development. 

Knowing how the brain was first 
constructed is an essential step toward 
understanding its later ability to reor-
ganize in response to external influ-
ences or injuries. As the brain develops 
from the embryo to the adult, unique 
attributes evolve during infancy and 
childhood that will influence people’s 
differences in learning ability as well as 
their vulnerability to specific brain dis-
orders. Neuroscientists are starting to 
discover general principles that underlie 
these intricate developmental processes. 

THE FIRST YEARS OF LIFE 
What does a human baby’s brain 

look like after its three trimesters of 
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development in the womb? After birth, 
the baby’s brain continues to grow and 
develop. The average brain-weight of 
a newborn human baby is about 370 
grams (or 13 ounces), just slightly less 
than a pound. Compare that to the 
average weight of an adult brain:  
3 pounds, with about 86 billion neu-
rons. The newborn baby’s brain is the 
product of 40 weeks of brain devel-
opment, and its rapid development 
continues after birth. 

How fast does an infant’s brain 
grow? Immediately after birth, the 
growth rate of the whole brain is about 
1 percent per day. The rate slows as the 
baby ages, reaching about 0.4 percent 
per day by 3 months after birth. By the 
time a baby is 90 days old, its overall 
brain volume is 64 percent larger than 
it was at birth, with the fastest-growing 
brain region, the cerebellum, more 
than double its volume at birth. Not 
only is the cerebellum the brain region 
with the most neurons, but it helps 
with learning motor skills and move-
ments — highly important for babies 
learning to grab things and eat food. 
The overall increase in brain volume 
is the result of a large number of brain 
cells growing, multiplying (proliferat-
ing), maturing (differentiating), and 
migrating to different brain regions. 
During the first three months of life, 
the number of neurons in the cortex 
increases by 23–30 percent. The den-
drites and axons of these neurons grow 
longer and make many connections, or 
synapses (synaptogenesis), which also 
makes the brain bigger. Adding even 
more to the brain volume, cells known 
as glia grow, multiply, and provide 
myelination (by oligodendrocytes) — 
in fact, the brain’s white matter looks 
white due to all the myelin-wrapped 
nerve fibers in those areas. By the time 
a child is 5 years old, the brain has 

Researchers use MRI scans to study how your age and sex affect the size and shape of your 
brain. They found distinct differences in the density, volume, mass, and thickness of the gray 
matter in the brains of young people and adolescents.

The brain goes through many changes during adolescence, including the maturation of the 
cerebral cortex — the outer layer of the brain that is important for reasoning and abstract 
thinking. This image shows how this area develops during this time, with the blue color  
indicating areas that are more mature.
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reached about 90 percent of its adult 
size, which still leaves plenty of room 
to grow during childhood, adoles-
cence, and early adulthood. 

The number of connections 
between neurons (synaptic density) 
increases rapidly during the first couple 
years of life, so that a 2-year-old’s brain 
has 50 percent more synapses than an 
adult brain, although it is only about 80 
percent the size of an adult brain. That’s 
far too many synapses for the brain to 
maintain, as synapses use energy and 
resources. Therefore, during early child-
hood, the brain begins to reduce the 
number of synapses and fine-tune the 
connections — this synaptic pruning 
process is shaped by toddlers’ experi-
ences as they grow. Just as pruning rose 
bushes gets rid of the dying or weaker 
branches so that nutrients go to the 
newer branches and enable new roses to 
bloom and flourish, synaptic pruning 
allows weaker connections to diminish 
while stronger synapses that are activat-
ed more often will grow and stabilize. 

EXPERIENCE SHAPES  
THE BRAIN

Are the brains of human 
babies similar to the brains of 

other baby animals such as kittens and 
ducklings? Compared to other ani-
mals, humans are actually born with 
less developed brains, and human 
brains take longer to mature. Squirrel 
monkeys, for example, reach their 
adult brain size at 6 months old. 
Rather than developing more fully in 
the womb or egg, human brains grow 
and develop extensively after birth. 
One advantage is that our developing 
brains are more easily shaped by 
environment and experience, which 
helps us adapt appropriately to the 
surrounding environment. 

A baby’s early life experiences — 

seeing parents’ faces, hearing their 
voices, and being held in its parents’ 
arms — provide important sensory 
inputs that shape connections be-
tween neurons. During these critical 
periods of development, inputs from 
sensory, motor, and even emotional 
aspects of life experiences affect how 
the brain develops and adapts to the 
given environment. Both genes and 
environment exert strong influenc-
es during critical periods, forming 
neural circuits that affect learning and 
behavior. Part of shaping these con-
nections involves neuronal cell death 
and synaptic pruning, which occur 
in the embryo and in early postnatal 
life. Interestingly, changes in neural 
connections during critical periods 
coincide with high rates of learning, 
such as a toddler learning to run or to 
speak multiple languages. 

INTO ADOLESCENCE
What’s going on in the typical 
teenage brain? It’s no surprise 

that many changes are happening 
during adolescence, in the body as 
well as the brain. But what’s amazing 
is the brain’s capacity to learn during 
these teenage years. The teen brain is 
like a big ball of clay, ready to change 
and be molded by new experiences 
— but it is also very messy. During 
this time, more synaptic pruning 
occurs, with stronger connections 
beating out weaker ones in a process 
called competitive elimination. At the 
same time, the brain is improving its 
connections, with neurons extending 
their dendritic branches and myelin-
ation of axons increasing, especially in 
the frontal lobes. 

In exploring how the brain chang-
es during the aging process, scientists 
are particularly interested in longi-
tudinal studies, which track human 

subjects over extended periods of time. 
Longitudinal studies are especially 
important because they can reveal how 
early life events and environment can 
affect outcomes later in life, like edu-
cation or risk for disease. These studies 
are also helpful for understanding how 
a healthy brain changes between early 
childhood and adolescence. Adoles-
cence can be thought of as a second 
“critical period” as the more complex 
functions of the brain develop and can 
be influenced by environment  
and experience.

Images of the adolescent brain ob-
tained by magnetic resonance imaging 
(MRI) show an increase in white matter 
volume, especially in the corpus callo-
sum — a large bundle of myelinated 
fibers that connects the brain’s right 
and left cerebral hemispheres. The 
growth of the corpus callosum may 
explain enhanced learning capacity 
in adolescence, due to the increasing 
connections. Enhanced connections, 
changes in the brain’s reward systems, 
and changes in the balance between 
frontal and limbic brain regions can all 
contribute to teenage behaviors such 
as increased risk taking and sensation 
seeking — also aspects of an enhanced 
learning ability. 

Unfortunately, this can be a 
double-edged sword, as the associated 
risk taking and sensation seeking also 
increase the risk of addiction. Some 
regard addiction as a type of acquired 
learning disorder, pointing to the over-
lap between brain regions involved in 
addiction and those supporting learn-
ing, memory, and reasoning. Frequent 
drug use during adolescence is asso-
ciated with damage to brain regions 
important for cognitive functions such 
as memory, attention, and executive 
functioning. Studies using MRI to 
measure brain volume and a technique 
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called diffusion tensor imaging (DTI) 
to study quality of white matter show 
that alcohol and other drugs of abuse 
may cause significant changes in gray 
and white matter in adolescents. Com-
pared to a healthy adolescent brain, 
adolescents who used alcohol had re-
duced gray matter volume and reduced 
white matter integrity. Another study 
used fMRI to measure brain activity 
and showed that binge drinking (alco-
hol) during adolescence was associated 
with lower brain activity, less sustained 
attention, and poorer performance on 
a working memory task. 

When do we become adults? The 
definition of adulthood varies with the 
context — social, judicial, educational. 
Neuroscience research indicates that 
human brains continue to develop un-
til we are about 30 years old. Different 
brain regions show different rates of 
growth and maturation. For example, 
MRI studies show that the gray matter 
density of most brain regions declines 
with age; however, gray matter densi-
ty increases in the left temporal lobe 
(important for memory and language) 
until age 30. Brain development in 
20-somethings also includes changes 
in where myelination occurs. Remem-
ber that myelination is important for 
efficiently conducting electrical signals 
along axons, and myelin protects axons 
from damage. Earlier in life, more 
myelination is found in the visual, 
auditory, and limbic cortices. Closer to 
30, the frontal and parietal neocortices 
become more myelinated, which helps 
with working memory and higher 
cognitive functions.

These frontal lobe regions are the 
last brain regions to develop, gaining 
more myelin later in life. The frontal 

lobe is important for executive func-
tioning, which includes attention, 
response inhibition, emotion, organi-
zation, and long-range planning. The 
late maturation of the frontal lobe 
might explain characteristics of a “typ-
ical teenager,” such as a short attention 
span, blurting out whatever comes to 
mind, and forgetting to do homework. 
However, none of this means that the 
teenage brain is broken. It is simply 
experiencing a critical period of devel-
opment that also opens the brain to 
millions of new learning opportunities.

PLASTICITY
Plasticity is the ability of the 
brain to modify itself and 

adapt to environmental challenges, 
including sensory inputs. Without 
plasticity, critical periods would not 
exist because the brain could not 
respond to environment and experi-
ence. Plasticity is not unique to 
humans, but our brains’ capacity to 
adapt is a defining attribute of 
human beings. Plasticity has been 
categorized as experience-expectant 
or experience-dependent.

Experience-expectant plasticity 
refers to integrating environmental 
stimuli into normal developmental 
patterns. Being exposed to certain 
common or universal environmental 
experiences — for example, hearing 
language, seeing faces, or being held 
— during limited critical, or sensitive, 
periods of development is essential for 
healthy brain maturation. An example 
comes from the bird world; finches 
that do not hear adult songs before 
sexual maturation will not learn to 
sing as well as other members of their 
species. In this case, the environmental 

stimuli are the sounds of adult songs, 
which shape the normal development 
of the bird’s ability to sing accurately.

Experience-dependent plasticity 
describes continuing changes in the 
organization and specialization of a 
person’s brain regions as a result of 
life experiences that are not universal 
or anticipated. These include skills 
that develop throughout life, with no 
critical or optimal period for their ac-
quisition. For example, not everyone 
will play the violin, but violinists of-
ten show greater cortical development 
in the brain region associated with the 
fingers of their left hand. Using an ex-
citing technology called two-photon 
imaging, scientists can observe living 
neurons in animals with a microscope 
and track their growth after various 
experiences. The results of these 
studies indicate that experience-de-
pendent plasticity occurs not only 
during critical periods but also during 
adulthood — apparently, our brains 
are always changing in response to  
our experiences.

Recent insights into brain devel-
opment hold considerable promise 
for new treatments of neurological 
disorders, traumatic brain injury, and 
learning disabilities, and could help us 
understand aging as well. If scientists 
can design an approach to manipulat-
ing adult plasticity — whether with 
drugs or with therapies that involve 
rewiring neural circuits — it might be 
possible to correct problems that result 
from mistimed critical periods or sim-
ilar dysfunctions. A better understand-
ing of normal brain function during 
each developmental stage could be the 
key to finding age-specific therapies for 
many brain disorders. 
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The previous chapter described 
how your brain changes as 
you grow — in overall size, 

number of cells, myelination, and 
synapse formation — even continuing 
to develop well beyond your teenage 
years. In fact, recent research suggests 
that maturation is still occurring in the 
third decade of your life. So when does 
a human brain finally reach maturity? 
What is the structure of a fully-formed 
adult brain? And what can it do that a 
developing brain cannot? 

THE ADULT BRAIN
An adult brain differs from an 
adolescent brain in many ways. 

Between childhood and adulthood, a 
human brain loses gray matter as 
excess neurons and synapses are 
pruned away, although the rate of loss 
slows down by a person’s late 20s. At 
the same time, some brain regions 
strengthen their connections with each 
other, and the major nerve tracts 
become wrapped in insulating myelin, 
which increases the brain’s white 
matter. Around age 40, the white 
matter in the human brain has reached 
its peak volume. 

Much of the added white mat-
ter represents increased connections 
between widely separated brain areas. 
During childhood and adolescence, 
most brain networks are locally 
organized, with areas near each other 
working together to accomplish a cog-
nitive task. In adulthood, the brain’s 
organization is more widely distribut-
ed, with distant areas connected and 
working together.

The most important brain area to 
become fully “wired up” in adulthood 
is the prefrontal cortex (PFC) — the 
front (anterior) portion of the frontal 
lobe. This area handles many of our 
higher-level cognitive abilities such 
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as planning, solving problems, and 
making decisions. It is also important 
for cognitive control — the ability to 
suppress impulses in favor of more 
appropriate responses. Adult brains 
are better “wired up” for cognitive 
control than are adolescent brains, in 
which decision-making is more highly 
influenced by emotions, rewards, and 
social influences. 

Intelligence also peaks during early 
to middle adulthood, roughly ages 25 
to 60. However, different cognitive 
abilities have distinctive patterns of 
maturation. Fluid intelligence, which 
includes abilities like solving problems 
and identifying patterns, peaks around 
age 30. By contrast, crystallized intel-

ligence, which deals with vocabulary 
and knowledge of facts, increases until 
about age 50. Some scientists speculate 
that there is no single age at which 
all (or even most) of our cognitive 
functions are at their peak. 

WHAT IS AGING? 
Normal vs. Pathological Aging

Aging is a dynamic, gradual pro-
cess. While it can be characterized by 
resilience in both physical and neuro-
logical health, too often aging increas-
es the risk of injury and disease. One 
such risk is dementia, a decline in 
cognitive ability that interferes with 
a person’s day-to-day functioning. 
While aging is inevitable, dementia 

and disability are not. In fact, neu-
roscientists believe our brains can 
remain relatively healthy as we age. 
Pronounced decline in memory and 
cognitive ability, once thought to be 
part of normal aging, are now recog-
nized as separate disease processes in 
the aging brain. Although the brain 
loses some neurons as we age, a wide-
spread and profound loss of neurons 
is not part of normal aging. 

Nonetheless, some mental decline 
is normal. The continuous process 
of aging involves subtle changes in 
brain structure, chemistry, and func-
tion that commonly begin in midlife. 
Some studies suggest that cognition 
starts declining as early as the 20s and 

As the brain matures, a fatty substance called myelin wraps around axons to speed up electrical transmission. This image shows axons 
wrapped in myelin, with exposed areas in the middle called nodes of Ranvier.
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30s, while other studies indicate that 
cognition improves into the 50s or 
60s, before declining. A growing area 
of neuroscientific research focuses on 
understanding “healthy aging,” which 
includes lifestyle choices, such as diet 
and exercise, which support cognitive 
health throughout life. 

HOW THE BRAIN CHANGES 
Cognitive Changes

Subtle changes in cognition are a 
normal part of the aging process, with 
memory decline being the most com-
mon. However, not all types of mem-
ory are affected; declarative memory 
declines with age, but nondeclarative 
memory remains largely intact. 

As you learned in Chapter 4, 
declarative memory includes autobi-
ographical memory of life events, called 
episodic memory, and memory of 
learned knowledge, or semantic mem-
ory. Nondeclarative memory includes 
procedural memory like remembering 
how to ride a bike or tie a shoe. 

Working memory — the abili-
ty to hold a piece of information in 
mind and manipulate it (for exam-
ple, looking up a phone number and 
reciting it as you dial) — also declines 
with age. Some studies suggest that a 
slow decline starts as early as age 30. 
Working memory, an example of the 
fluid intelligence mentioned above, is 
a set of cognitive skills that depend on 
rapid processing of new information 
rather than on stored knowledge. Oth-
er aspects of fluid intelligence, such as 
processing speed and problem-solving, 
also decrease with age. 

Certain aspects of attention can 
also become more difficult as our brains 
age. For example, it might be harder to 
focus on what friends are saying when 
we’re in a noisy restaurant. The ability 
to focus on a particular stimulus and 

filter out distractions is called selective 
attention. Another type of attention, 
divided attention, refers to the ability 
to focus on two tasks at the same time. 
Activities that require this type of split 
focus — such as holding a conversation 
while driving — also become more 
challenging with age. 

Structural Changes
All of these alterations in cognitive 

ability reflect changes in the brain’s 
structure and chemistry. As we enter 
midlife, our brains change in subtle but 
measurable ways. Studies using brain 
imaging techniques have revealed that 
total brain volume begins to decline 
when people are in their 30s or 40s, 
and starts declining at a greater rate 
around age 60. However, studies of in-
dividual brain regions suggest that the 
volume loss is not uniform throughout 
the brain. Some areas appear to shrink 
more, and faster, than other areas. 
The prefrontal cortex, cerebellum, and 
hippocampus show the biggest losses, 
which worsen in advanced age.

Several changes at the level of 
individual neurons can also contribute 
to the decreased volume seen in aging 
brains. The changes in aging are due 
to shrinking neurons, retraction and 
decreased complexity of dendrites, and 
loss of myelin. In contrast, the volume 
loss in adolescence is primarily driven 
by synaptic pruning and the death of 
excess cells. 

Our cerebral cortex, the wrinkled 
outer layer of the brain containing 
neuron cell bodies, also thins as we 
age. Cortical thinning follows a pat-
tern similar to volume loss, with some 
regions of the brain affected more than 
others. Thinning is especially pro-
nounced in the frontal lobes and parts 
of the temporal lobes.

The temporal and frontal lobes 

are among the areas that demonstrate 
the most pronounced declines in both 
volume and cortical thickness. These 
are the areas that took longest to reach 
maturity. This finding has led to a “last 
in, first out” theory of brain aging, 
which holds that the last parts of the 
brain to develop are the first to deteri-
orate. Interestingly, studies of age-re-
lated changes in white matter support 
this hypothesis. The first of the brain’s 
long-distance fibers to develop are 
the projection fibers that connect the 
cortex to lower parts of the brain and 
spinal cord. Fibers connecting diffuse 
areas within a single hemisphere — 
association fibers — are the last to 
reach maturity, and show the steepest 
functional declines with age. 

Neuronal Changes
The aging brain also under-
goes numerous changes at 

synapses. Although the synaptic 
changes are selective and subtle, their 
effect on cognitive decline is believed 
to be greater than the effects of 
structural and chemical changes. In 
the prefrontal cortex and hippocam-
pus, scientists have observed alter-
ations in dendrites, the branching 
processes that receive signals from 
other neurons. With increasing age, 
the dendrites shrink, their branches 
become less complex, and they lose 
dendritic spines, the tiny protuberanc-
es that receive chemical signals.

A study in rhesus monkeys ob-
served that the aging process targets 
a certain class of spines called thin 
spines. These small, slender pro-
tuberances are also highly plastic 
structures, extending and retracting 
much more rapidly than the larger 
“mushroom” class of spines. This has 
led scientists to speculate that thin 
spines might be involved in working 
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memory, which requires a high degree 
of synaptic plasticity. The loss of thin 
dendritic spines could impair neuro-
nal communication and contribute 
to cognitive decline. So far, direct 
evidence of their role in cognitive 
decline is lacking, and more studies 
are needed. 

Finally, the formation of new 
neurons also declines with age. 
Although neurogenesis was once 
believed to halt after birth, we now 
know of two brain regions that con-
tinue to add new neurons through-

out life: the olfactory bulbs and the 
dentate gyrus of the hippocampus. 
Studies suggest that the rate of neu-
rogenesis plummets with age in mice, 
but recent human studies suggest a 
more modest decline. It is not yet 
clear whether neurogenesis apprecia-
bly affects cognition in the aging hu-
man brain, but mouse studies indicate 
that strategies that boost neurogenesis 
can enhance cognitive function. 

Chemical Changes
The amount of neurotransmit-

ters and the number of their recep-
tors might also decline with age. 
Several studies have reported that 

less dopamine is synthesized in the 
aged brain, and there are fewer re-
ceptors to bind the neurotransmitter. 
Less robust evidence indicates that 
the amount of serotonin might also 
decline with age. 

WHY DOES THE BRAIN AGE?
From cortical thinning to the 
loss of dendritic spines, you’ve 

seen how the brain ages. But what 
causes these changes? Many different 
theories have been advanced to 
explain why neurons, and cells in 

general, age. One possibility is that 
changes in gene expression play a role. 
Researchers have found that genes 
important for synaptic plasticity are 
expressed less in the brains of older 
people than in the brains of younger 
adults. The underexpressed genes also 
showed more signs of damage.

Oxidative Stress  
and DNA Damage

DNA damage that accumulates 
over a lifetime could contribute 
to aging processes throughout the 
brain and body, and DNA damage 
due to oxidative stress has received a 
great deal of attention. Every cell in 

your body contains organelles called 
mitochondria, which function a bit 
like cellular power plants, carrying 
out chemical reactions that provide 
energy for cell use. Some of these 
metabolic reactions produce harmful 
byproducts called free radicals, highly 
reactive molecules which, if left un-
checked, can destroy fats and proteins 
vital to normal cell function and can 
damage DNA as well. 

Your body has natural defense 
mechanisms to neutralize free radi-
cals. Unfortunately, these mechanisms 
decline with age, leaving aging tissues 
more vulnerable to oxidative damage 
by the free radicals. Studies of brain 
cells have shown that damage to their 
mitochondrial DNA accumulates with 
age. In addition, the brains of people 
with mild cognitive impairment and 
Alzheimer’s disease show more signs 
of oxidative damage than the brains of 
healthy people. Studies in rodents also 
link increased oxidative damage to 
memory impairments. 

Your brain is one of the most 
metabolically active organs, demand-
ing around 20 percent of the body’s 
fuel. Its enormous energy require-
ments might make the brain even 
more vulnerable than other tissues 
to the metabolic changes that occur 
in aging. While the brain’s energy 
demands remain high, its energy 
supply can no longer keep pace; the 
brain’s ability to take up and use glu-
cose diminishes and mitochondrial  
metabolism declines. 

Immune Dysfunction
Immune dysfunction often occurs 

in conjunction with the metabolic 
changes seen in aging. Microglia, the 
brain’s resident immune cells, per-
form many important jobs: defending 
against pathogens, cleaning up cellular  

Many different theories have been 

advanced to explain why neurons,  

and cells in general, age.
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debris, and helping maintain and re-
model synapses. These inflammatory 
responses are protective, but a pro-
longed inflammatory state is harmful 
to brain health. Microglia become 
more reactive with age, increasing the 
inflammatory response in the brain 
while also damping production of 
helpful anti-inflammatory molecules. 
Mouse studies suggest that excessive 
microglial activity also contributes to 
cognitive impairments.  

Impaired Protein Recycling
We know that excessive buildup 

of abnormal proteins in the brain 
contributes to age-related neurode-
generative diseases like Alzheimer’s 
and Parkinson’s. Buildup of proteins 
and other cell components can also 
contribute to cellular degeneration 
in the healthy brain. Cells normally 

break down and recycle damaged 
proteins and molecules, using a pro-
cess that is usually efficient but not 
perfect. Over time, damaged mole-
cules can build up in cells and prevent 
them from functioning normally. 
Because neurons in the brain are not 
replaced as often as cells in other 
parts of the body (for example, bone 
marrow, intestinal lining, hair folli-
cles), brain cells might be even more 
vulnerable to this buildup of damaged 
molecules. Also, the cellular ma-
chinery involved in breakdown and 
recycling processes degrades with age, 
reducing the efficiency of the “waste 
removal” systems. 

Finally, remember that changes 
in the aging brain occur within the 
context of other changes throughout 
the body. Researchers speculate that 
worsening cardiovascular health, for 

example, could contribute to, or even 
drive, many changes seen in the  
aging brain.

HEALTHY AGING
We have learned how 
the brain changes with 

age and why these changes can occur. 
Now let’s turn our attention to a 
growing field in neuroscience that 
explores ways to slow these changes 
and preserve healthy brain function. 

Diet and Exercise
Strong evidence now suggests 

that habits and choices that keep your 
body healthy also benefit your mind. 
Poor cardiovascular health puts a 
person at increased risk of age-related 
cognitive impairment. Diets rich in 
vegetables, fruits, and whole grains, 
and low in meat and dairy products, 
can reduce cardiovascular risk factors 
linked to cognitive impairment, such 
as high blood pressure and high levels 
of LDL cholesterol. Indeed, observa-
tional studies have found that people 
who follow plant-rich diets such as 
the Mediterranean diet or Dietary 
Approaches to Stop Hypertension 
(DASH) are less likely to develop  
cognitive decline and dementia. 

Specific nutrients have been linked 
to improved cognitive performance 
and lower rates of dementia. Anti-
oxidants, such as vitamins C and E, 
flavonoids, and omega-3 fatty acids 
have received considerable attention, 
with observational studies showing 
that high dietary intake of these 
compounds is beneficial. However, 
the results of lifestyle intervention 
studies using supplements have been 
more mixed. Finally, caloric restriction 
— substantially reducing the number 
of calories eaten without leading to 
malnutrition — has been linked to 

Synapses begin to weaken as a person ages, which can contribute to normal  
cognitive decline.
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improved cognitive health as well as a 
longer lifespan. 

Growing evidence shows that 
aerobic exercise can improve cognitive 
function and offset some of the de-
clines seen in aging. Numerous studies 
have found that people who engage 
in regular physical activity show 
improved learning, improved mem-
ory, and a reduced risk of developing 
dementia. Physical activity might even 
slow the progression of Alzheimer’s 
disease and dementia, and higher levels 
of physical activity have been linked 
to improvements in some markers of 
structural brain health, such as reduced 

cortical thinning and less shrinkage in 
the hippocampus. 

Exercise exerts its neuroprotec-
tive effects in the brain by improving 
neuroplasticity — the brain’s ability to 
form and reorganize connections be-
tween neurons in response to changes 
in behavior and environment. Scien-
tists also believe that exercise increases 
neurogenesis (the formation of new 
nerve cells) which, in turn, enhances 
neuroplasticity. Evidence from rodent 
studies confirms that exercise increases 
neurogenesis: Older mice allowed to 
run on a wheel have higher rates of 
neurogenesis in the hippocampus than 

sedentary mice, and they perform bet-
ter on learning and memory tests. Ex-
ercise can also improve blood flow and 
increase production of neurotrophic 
factors that support new neurons and 
synapses. For humans, starting exercise 
later in life can be beneficial, but the 
studies suggest that adopting an exer-
cise program earlier in life could yield 
even more neuroprotective benefits.

Mental Stimulation  
and Social Networks

Mental stimulation and large so-
cial networks can also improve cogni-
tive function in aging. In lab studies, 
mice housed in cognitively stimulat-
ing environments with many oppor-
tunities for social interaction perform 
better on learning and memory tests 
as they age compared to mice housed 
in standard cages. Much like physical 
exercise, cognitive stimulation appears 
to enhance neuroplasticity by increas-
ing neurogenesis and boosting levels 
of important neurotrophic factors. 

People who perform cognitive-
ly-demanding work or engage in 
stimulating activities such as reading, 
solving puzzles, or playing a musical 
instrument have lower rates of cog-
nitive decline with aging. An active 
social life has also been shown to be 
beneficial for cognition as we age. 

Neuroscientists have learned a 
lot about the aging brain — how it 
changes, why it changes, and how 
to maintain healthy cognitive func-
tioning as we age. Even so, many 
questions remain. Answers to those 
questions could identify new strate-
gies for protecting the brain, not only 
in our later years, but throughout  
our lives. 

Exercise has been shown to increase neurogenesis in the adult brain, and can slow the  
cognitive decline associated with aging.
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