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Learning Objectives 

4.1.1 Describe the process of gastrulation. 

4.1.2 Describe the process of neurulation. 

4.1.3 Explain how the neural tube differentiates into 

the brain's primary vesicles. 

4.2.1 Identify the major structures of the 

telencephalon and some of their functions. 

4.2.2 Identify the major structures of the 

diencephalon and some of their functions. 

4.2.3 Identify the major structures of the mid brain 

and the hindbrain and some of their functions. 

Carolyn Pioro: From 
Trapeze Artist to 
Quadriplegic 

September 20. 2005, marked the day of a dramatic change 

in trapeze artist Carolyn Pioro's life. Her "big act" consisted 

of swinging through the air while hanging onto a bar. letting 

go and flipping for a revolution, and then being caught by 

the wrists by a catcher, hanging upside down from his own 

bar. On that day. however. instead of Pioro being caught. 

her body collided with the catcher's. This sent her spinning 

as she fell head first into a safety net below, breaking her 

neck and severing her spinal cord, the bundle of nerve 

fibers that run up and down the middle of the back. The 

fall left her paralyzed from the shoulders down. 

Sensations coming from your body and motor com

mands from your brain to your body make their way 

through your spinal cord. It follows that damage to the 

spinal cord impairs sensory and motor function in the 

body below the point at which the spinal cord has been 

damaged. The extent of the paralysis depends on the 

amount of damage done to the nerves of the spinal cord. 

For Pioro, damage to her spinal cord was almost total. But 

because of an early intervention, she retained the ability 

to breathe on her own, speak, and shrug her shoulders. 

The condition in which Pioro found herself is known as 

quadriplegia, also known as tetraplegia. When damage 

occurs lower in the spinal cord, only the lower body may 

be affected, a condition known as paraplegia. Pioro is now 

a journalist who writes about body image and the media. 
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4.2.4 Describe the structure of the spinal cord and how 

it transmits information to and from the brain. 

4.2.5 Describe the different protective layers of the 

brain and how they work. 

4.2.6 Explain how each hemisphere of the brain is 

associated with different functions. 

4.3.1 Explain the functions of the somatic nervous 

system. 

4.3.2 Explain the functions of the somatic nervous 

system. 

INTRODUCTION 

Figure 4.1 shows the divisions of the nervous system. 
The nervous system is subdivided into the central ner
vous system (CNS) and the peripheral nervous sys
tem (PNS). The CNS consists of the brain and spinal 
cord. The PNS is subdivided into the somatic nervous 
system (SNS) and the autonomic nervous system 
(ANS). The SNS consists of the nerve fibers that con
nect to your skin, muscles, and joints. The ANS regu
lates the functions of your organs and glands. These 
are the functions that you never have to think about, 
like breathing, your heartbeat, or the dilation of your 
pupils. The ANS is subdivided further into the sym
pathetic and parasympathetic nervous systems. The 
sympathetic nervous system activates your body 
by interacting with your various organs and glands, 
whereas the parasympathetic nervous system calms 
your body back down. In this chapter, we will take a 
closer look at each one of these systems. We begin, 
however, with an overview of how the CNS develops 
after conception. 

4.1 Central Nervous
System Development 

Module Contents 

4.1.1 

4.1.2 

4.1.3 

Gastrulation 

Neurulation 

Differentiation of the Neural Tube Into the 

Primary Brain Vesicles 
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IIB·Miii 
Divisions of the nervous system. 

The Nervous System 

Central Peripheral 

� I 

Brain Spinal cord Somatic 

I 
Sympathetic 

Autonomic 

I 

Parasympathetic 

Spinal 
cord 

Central 
nervous 
system 

---� Nerves of peripheral 

nervous system 

Source: Adapted from Biological Foundations of Human Behavior, by J. Wilson. 2003. 

Belmont, CA: Wadsworth. 

Learning Objectives 

4.1.1 Describe the processes of gastrulation. 

4.1.2 Describe the process of neurulation. 

4.1.3 Explain how the neural tube differentiates into 
the brain's primary vesicles. 

4.1.1 GASTRULATION 

» LO 4.:1.:1 Describe the process of
gastrulation.

Key Terms 

• Blastocyst: A fluid-filled ball that contains
a mass of cells.

• Embryonic disk: The mass of cells that
develop within the blastocyst.

• Gastrula: The structure that develops
from the blastocyst and forms the germ
layers.

• Gastrulation: The process by which the
blastocyst develops into the gastrula.

• Germ layers: Three layers of cells that
develop into the different tissues of the
body.

• Ectoderm: The germ layer that
develops into the nervous system and
the skin.

• Mesoderm: The germ layer that gives
rise to the muscles. skeleton. some
of the internal organs. and the circulatory
system.

• Endoderm: The germ layer that gives
rise to the digestive system, lungs, and
glands.

Shortly after fertilization, about five days in humans, 
a fluid-filled ball known as the blastocyst begins to 
form (Figures 4.2a and 4.2b). Inside this ball, a mass 
of cells known as the embryonic disk becomes a 
new organism. Next, the blastocyst develops into 
what is known as the gastrula, through the process 
of gastrulation. The gastrula forms three layers of 
cells, known as germ layers (Figure 4.2c). The germ 
layers are known as the ectoderm, mesoderm, and 
endoderm. Each of these layers develops into a dif
ferent type of tissue, giving rise to the different parts 
of the body. 

As shown in Figure 4.2d, the ectoderm gives 
rise to the nervous system and the skin; the meso
derm gives rise to the muscles, skeleton, some of the 
internal organs, and the circulatory system; and the 
endoderm gives rise to the digestive system, lungs, 
and glands (Moore, Persaud, & Torchia, 2016). For 
obvious reasons (because this book is mainly about 
the brain), we will focus mostly on the ectoderm, 
which is responsible for the development of the ner
vous system. 
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Gastrulation. The process by which a hollow ball of cells called the blastocyst is transformed into the gastrula. 

which contains the germ layers that are to become the different tissues of the body. (a) Artist conception 

of the blastocyst (the mass of cells at the bottom is the embryonic disk). (bl Light micrograph of a human 

blastocyst. (cl Gastrula with its germ layers. consisting of the endoderm. mesoderm. and ectoderm (also 

shown is the blastopore. which is the opening by which the cavity of the gastrula communicates with the 

exterior). (d) The three germ layers with the corresponding types of tissue to which they each give rise. 

Lung cells Thyroid 
(alveolar cells 
cell) 

(al Science Source SS2879407 

(bl Science Source SS2119762 

Digestive 
cells 
(pancreatic 
cell) 

(b) 

Cardiac 
muscle 
cells 

Skeletal 
muscle 
cells 

(c) 

Ectoderm 

Tubule Red blood Smooth 
cells of cells muscle 
the kidney cells 

(in gut) 

Mesoderm Blastopore 

Skin cells 
of 
epidermis 

Neuron 
on brain 

Pigment 
cells 

(c) "Gastrulation." Veterian Key. 2017. https://veteriankey.com/gastrulation/ Figure 6.1E. 
(di "Fertilization and Early Embryonic Development." OpenStax College. October 17. 2013, https:/ /cnx.org/resources/cdd4d14foc1cde804e5a84495390806c/Figure_43_05_04jpg, 

4.1.2 NEURULATION 

» LO 4.1.2 Describe the process of neur ulation.

Key Terms 

• Neurulation: The process by which the neural
tube is formed. which gives rise to the central
nervous system.

• Neural folds: Risen edges of the ectoderm. which
fuse together to form the neural tube.

• Neural groove: The depression in the central
region of the ectoderm caused by the neural
folds.

• Neural plate: The region that spans the neural
folds along with the neural groove.

• Notochord: A flexible. rodlike structure made out
of cells from the mesoderm. which serves as the
skeleton of the embryo until the formation of the
vertebrae.

• Neural crest: Made from migrating cells of the 
ectoderm; gives rise to the peripheral nervous system 

• Somites: Protrusions on either side of the neural
tube formed by the mesoderm. which give rise to
the vertebrae and associated skeletal muscles.

The central nervous system arises from the neural 
tube. The developmental process by which the neural 
tube is formed is known as neurulation (Darnell & 
Gilbert, 2017). Shortly after the formation of the gas
trula (described in the preceding unit), the edges of 
the ectoderm rise and become what are known as the 
neural folds. This results in a depression in the central 
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i,B·Mifi 
The process of neurulation. 

(a) 

Kathryn Tosney 

(b) 

1 

region, known as the neural groove. The region that 
spans the neural folds along with the neural groove 
is known as the neural plate. The notochord, which 
is a flexible, rodlike structure made out of cells from 
the mesoderm, serves as the skeleton of the embryo 
until the vertebrae form. This is illustrated in Figure 
4.3. Note that the neural plate has a rostral end and a 
caudal end. The rostral (head) end of the neural plate 
develops into the brain, whereas the caudal (tail) end 
develops into the spinal cord. 

The neural folds, which are at the edges of the neu
ral plate move toward each other and fuse. The fusion 
of the neural folds occurs first in the middle of the neu
ral plate. The fusion then progresses from the middle 
toward the rostral and caudal ends. The completion of 
this process gives rise to the neural tube. As the neural 
folds fuse, some of the cells from the ectoderm migrate 
to both sides of the neural tube and from the neural 
crest. The cells from the neural crest give rise to the 
peripheral nervous system. 

In addition, the mesoderm forms protrusions, 
called somites, on either side of the neural tube. The 33 
vertebrae of the spinal column, as well their associated 
skeletal muscles, develop from the somites. 

4.1.3 DIFFERENTIATION 

OF THE NEURAL TUBE 

INTO THE PRIMARY 

BRAIN VESICLES 

» LO 4.1.3 Explain how the neural tube

differentiates into the brain's primary vesicles.

Neural groove 
Neural fold 
Neural plate 
Notochord 

Neural groove 
-Neural crest 
�Neural fold

Key Terms 

(c) 

�-• X 7: - ,y_r;�

' . ' �» 
' ' '

• Differentiation: The process by which the neural
tube develops into the three primary vesicles of
the brain.

• Forebrain, midbrain, hindbrain: The three primary
brain vesicles.

• Telencephalon, diencephalon, mesencephalon,
metencephalon, myelencephalon: The five
secondary brain vesicles.

• Tectum: A subdivision of the mesencephalon
involved in producing reflexive eye movements.
pitch perception. and the spatial localization of
sounds.

• Tegmentum: A subdivision of the midbrain
involved in motor coordination and the regulation
of pain. It also contains the ventral-tegmental
area, which is part of the brain's reward system.

Approximately 25 days after conception, the neural 
tube begins to expand. Its rostral end expands at a 
quicker rate than the caudal end and develops into the 
three primary vesicles of the brain, in a stage known 
as differentiation. The three primary vesicles are the 
forebrain, midbrain, and hindbrain (Figure 4-4a) 
After about 40 days, the primary vesicles subdivide 
into five secondary vesicles. These are the telenceph
alon, diencephalon, mesencephalon, metencephalon, 
and the myelencephalon (Figure 4-4b). 

The telencephalon gives rise to the brain's hemi
spheres, which consist of the cerebral cortex. The tel
encephalon also gives rise to the basal ganglia, the 
olfactory bulb, the hippocampus, and the amygdala. 
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(a) The primary vesicles of the brain. (b) The subdivisions of the primary vesicles into secondary vesicles.

including the spinal cord. (c) The fully developed human brain.

Midbrain Telencephalon 

Hindbrain \ 

Mesencephalon 

Metencephalon 
Thalamus 

Cerebral 
hemisphere 

f Hypothalamus 

Rostral Caudal Diencephalon Myelencephalon 

Cerebral 

1�� 
Ventral 

(a) (b) 

Hypothalamus 
Tegmentum 

The diencephalon consists of the thalamus and 
the hypothalamus. The mesencephalon (sometimes 
referred to as the midbrain) subdivides into the tectum 
and tegmentum. The tectum consists of the superior 
colliculus and inferior colliculus. The tegmentum con
tains the periaqueductal gray matter, the substantia 
nigra, and the red nucleus. To remember these regions, 

Vaccines Cause Autism 

The Myth 

A prominent myth that has persisted for more than 
20 years is that the measles. mumps. and rubella 
(MMR) vaccine causes autism (now known as autism 
spectrum disorder, or ASD). This myth has contributed 
a great deal to the fear that some parents have about 
immunizing their children against dangerous diseases, 
putting their own children and the population at 
risk. At the same time. scientific studies have never 

found a link between vaccines and ASD. This is a 
stark reminder of the importance of basing health
related decisions on scientific evidence rather than 
on reported stories propagated through the Internet. 
social media. magazines. and other unreliable sources 
of information. 

Cerebellum 
Medulla Pituitary 

gland 

Brain 
-{ 

Midbrain 
stem Pons 

Spinal Medulla 
cord Spinal cord 

Pons (c) 
Cerebellum 

simply remember the colors gray, black (nigra), and 
red. The hindbrain is subdivided into the metenceph
alon and the myelencephalon. The metencephalon 
consists of the cerebellum and the pons, whereas the 
myelencephalon consists of the medulla (sometimes 
called the medulla oblongata). Figure 4-4c shows the 
fully developed human brain. 

IT'S A MYTH! 

What Is Autism Spectrum Disorder? 

Autism spectrum disorder is a neurodevelopmental 
disorder characterized by impairments in social 
interaction as well as in language and communication 
skills. It also includes the performance of rigid and 
repetitive behaviors. Its prevalence in the United States 
in 1 in 68 births. and the signs typically appear during 
early childhood. There are many probable causes of 
ASD. including genetic variations. overconnectivity 
between neurons. underconnectivity between brain 
regions. environmental factors. and impairments in 
white fiber connectivity. There is presently no cure for 
ASD. Therapeutic interventions are aimed at enhancing 
cognitive skills. learning rate, attention control. 
communication skills. and speech development. 

(Continued) 
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(Continued) 

What Is a Vaccine? 

A vaccine is a compound. also known as a biological 

preparation. made from biological organisms that help 

the immune system combat germs (viruses and bacteria) 

that can potentially cause serious diseases. It does so 

because the preparation contains the germ that causes 

the disease it is designed to combat. This primes the 

immune system to react more effectively the next time 

in encounters the germ. The germ present in the vaccine 

can be in different forms. depending on the type of 

vaccine. Some vaccines contain the live but weakened 

version of the germ. These are known as live-attenuated 

vaccines. These include vaccines for yellow fever. 

smallpox. chicken pox. and MMR (the one implicated 

in the myth). Other vaccines contain a dead version of 

the germ. These are known as inactivated vaccines and 

are used for the prevention of hepatitis A. the flu. polio. 

and rabies. other vaccines use key pieces of the germ. 

These are used to prevent hepatitis B. whooping cough. 

shingles. and several other diseases. Finally. some 

vaccines contain a toxin that is produced by the germ. 

These vaccines prevent diphtheria and tetanus. Other 

types of vaccines. including DNA vaccines. are being 

developed. 

In addition to germs. vaccines contain several other 

agents. These may include thimerosal (which contains 

ethyl mercury-more on that shortly). formaldehyde. 

aluminum. antibiotics. gelatin. and monosodium 

glutamate (MSG). Thimerosal. gelatin. and MSG are used 

as preservatives. which prolong a vaccine's shelf-life 

considerably and keep them effective through varying 

temperatures. They also prevent bacterial and fungal 

infections of the vaccines. Formaldehyde and antibiotics 

are used to inactivate viruses and to detoxify any toxins 

that may make their way into the vaccine. Aluminum 

makes the vaccine more effective in triggering an 

immune response. By themselves. these agents have 

been linked to health problems. but the small amounts 

the vaccines contain do not present any significant risks. 

Where Does the Myth Come From? 

The myth that vaccines cause neurological disorders 

is nothing new. Throughout history. vaccines have 

been claimed to cause epilepsy. multiple sclerosis. 

schizophrenia. and several other neurological disorders 

(Gasparini. Panatto. Lai. & Amicizia. 2015). However. no 

scientific evidence has ever existed to support those 

claims. 

In 1998. the medicaljournal The Lancet published a 

study by British gastroenterologist Andrew Wakefield 

and colleagues that suggested the MMR vaccine caused 

what they called "regressive autism" (i.e .. appearing after 

previously typical development). The Lancet retracted 

the study in 2010 on the grounds of conflict of interest. 

Wakefield had attempted to produce his own vaccine 

and was engaged in a lawsuit against companies that 

produced the MMR vaccine. Wakefield's medical license 

was later revoked by the United Kingdom's General 

Medical Council. 

In an article published in 2011. the British Medical 

Journal found Wakefield's reported findings on the 

links between vaccines and autism to be deliberate 

fraud (Godlee. Smith. & Marcovitch. 2011). It became 

evident that. in Wakefield's study. only one out of the 

nine children whose cases he reported really developed 

"regressive autism." Wakefield was also found to have 

lied about the health status of the children before 

the study. He had claimed that none of the children 

previously had developmental difficulties. but it turned 

out that five of them did. 

The main culprit contained within vaccines was 

purported to be thimerosal. the mercury-based 

preservative and antibacterial agent mentioned earlier. 

However. there has never been evidence that mercury 

causes any harm in the doses contained in vaccines. 

Despite this. thimerosal was removed from nearly all 

vaccines in 1999 (including the MMR vaccine). The only 

exception is for the vaccine for influenza. in which the 

risk of infection is higher because it is administered 

from multidose vials. This precautionary measure was 

misinterpreted by the public as an admission that 

thimerosal caused autism. 

In 2005, Rolling Stone and Salon magazines published 

an article suggesting that the government orchestrated 

a cover-up of the link between thimerosal and autism. 

After multiple corrections. Salon removed the article 

from its website in 2011. though Rolling Stone did not. 

The MMR myth got a boost in 2016. with the release 

of the documentary Vaxxed. directed by Wakefield 

himself. The documentary also alleged that the Centers 

for Disease Control and Prevention (CDC) covered up 

a study that showed a link between the MMR vaccine 

and autism. This was nothing but another falsehood. 

The study in question had stated that the rates of 

vaccination in a group of older kids were higher in those 

with ASD. However. the kids in that group were in a 

preschool education program attended by children who 

already had ASD. and in which there were immunization 

requirements. 

Why Is the Myth Wrong? 

In 2014, a meta-analysis (a study that combines the 

results of many studies) was published that summarized 

the results of 10 studies examining the link between the 

MMR vaccine and ASD. Altogether. the meta-analysis 

included results from nearly 1.3 million children. and 

it found no evidence of any relationship between the 

MMR vaccine and ASD. between thimerosal and ASD. 

or between ASD and mercury (Taylor. Swerdfeger. & 

Eslick. 2014). • 
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The blastocyst. which is formed about five days after 

fertilization in humans. is a fluid-filled ball that contains 

a mass of cells called the embryonic disk. which will 

become the organism. The embryonic disk contains three 

germ layers: (1) the ectoderm. which gives rise to the 

nervous system and the skin: (2) the mesoderm. which 

gives rise to the muscles. skeleton. some of the internal 

organs. and the circulatory system: and (3) the endoderm. 

which gives rise to the digestive system. Lungs. and 

glands. It does so through the process of gastrulation. 

The neural tube. which is formed by the process of 

neurulation. gives rise to the nervous system. The edges 

of the ectoderm become what are known as the neural 

folds. neural grove. and neural plate. The neural folds 

fuse to form the neural crest. The mesoderm forms 

protrusions. called somites. on either side of the neural 

tube. which give rise to the vertebrae of the spinal cord 

and their associated skeletal muscles. The neural tube 

4.1.1 Describe the process of gastrulation. 

4,1.2 What is the neural tube? What is the gastrula. and 

how does it develop into the neural tube? 

4.2 The Fully
Developed Brain 

Module Contents 

4.2.1 The Structures and Functions of the Forebrain: 

The Telencephalon 

4.2.2 The Structures and Functions of the Forebrain: 

The Diencephalon 

4.2.3 The Midbrain and the Hindbrain 

4.2.4 The Spinal Cord 

4.2.5 The Protected Brain 

4.2.6 Hemispheric Specialization 

Learning Objectives 

4.2.1 Identify the major structures of the 

telencephalon and some of their functions. 

4.2.2 Identify the major structures of the 

diencephalon and some of their functions. 

CHAPTER 4 THE NERVOUS SYSTEM 101 

I MODULE SUMMARY I 
expands and develops into the three primary vesicles 

of the brain. During differentiation. these become the 

forebrain. midbrain. and hindbrain. 

The primary vesicles subdivide into five secondary 

vesicles. The forebrain subdivides into the telencephalon 

and diencephalon. The telencephalon gives rise to 

the brain's hemispheres. basal ganglia. olfactory 

bulb. hippocampus. and amygdala. The diencephalon 

develops into the thalamus and hypothalamus. The 

mesencephalon (or midbrain) develops into the tectum 

and tegmentum. The tectum is subdivided further 

into the superior colliculus and inferior colliculus. 

The tegmentum contains the periaqueductal gray 

matter. the substantia nigra. the red nucleus. and the 

ventral-tegmental area. The hindbrain consists of the 

metencephalon, which contains the cerebellum and the 

pons, whereas the myelencephalon contains the medulla 

(sometimes called the medulla oblongata). 

I TEST YOURSELF I 
4.1.3 Name and describe the three primary and five 

secondary vesicles of the brain. 

4.2.3 Identify the major structures of the midbrain 

and the hindbrain and some of their functions. 

4.2.4 Describe the structure of the spinal cord and 

how it transmits information to and from the 

brain. 

4.2.5 Describe the different protective layers of the 

brain and how they work. 

4.2.6 Explain how each hemisphere of the brain is 

associated with different functions. 

4.2.1 THE STRUCTURES 

AND FUNCTIONS OF 

THE FOREBRAIN: THE 

TELENCEPHALON 

» LO 4.2.1 Identify the major structures of the
telencephalon and some of their functions.

Key Terms 

• Executive functions: Brain functions. attributed to
the frontal lobes. that include planning.judgment.
attention. problem solving. working memory, and
decision making.

Copyright ©2021 by SAGE Publications, Inc.  
This work may not be reproduced or distributed in any form or by any means without express written permission of the publisher.

Do n
ot 

co
py

, p
os

t, o
r d

ist
rib

ute



102 BEHAVIORAL NEUROSCIENCE 

• Mirror neurons: Neurons in the premotor cortex
that are activated when performing an action or
when watching another individual perform the
same action.

• Proprioception: The ability to know the relative
position of one's own body parts.

Figure 4.5 shows a comparison of the brains of differ
ent species. Despite the similarities that exist between 
these brains, there are also obvious differences. The 
most obvious difference is in their relative sizes. 
Another is the extent to which the cortices of different 
species are circumvoluted by the patterns of ridges 
and grooves on their surfaces, which are known as gyri 
(singular, gyrus) and sulci (singular, sulcus), respec
tively. You may wonder about the functions of such cir
cumvolutions. Their purpose may be to augment the 
surface area of the cortex. That is, more neurons can 

IIB·Miii 
Brains of different species. 

(a) Armadillo brain.

(b) Monkey brain.

(c) Chimpanzee brain.

Source: Reproduced with permission from http://www.brains.rad.msu.edu and 

http://brainmuseum.org. supported by the U.S. National Science Foundation. 

be packed into a highly circumvoluted brain, such as 
that of humans, monkeys, and chimpanzees, than in 
the brains of armadillos, cats, rats, and rabbits. As an 
analogy, think about how much could be written on the 
surface of a marble versus a long shoelace and then 
think about trying to fit each of those in a box of the 
same size. Much more information can be written on 
the long shoelace, which can then be folded over many 
times (representing the brain's convolutions) to fit in 
the box. 

It still not well understood how sulci and gyri 
develop. One hypothesis is that gyri are regions that 
grow at a high rate and rise above the sulci (Lefevre & 
Mangin, 2010). Another hypothesis is that axons of neu
rons pull interconnected cortical areas closer together, 
giving rise to the gyri (Herculano-Houzel, Mota, 
Wong, & Kaas, 2010). Finally, there is now evidence 
that gyri form because gray matter (areas consisting 
of cell bodies) grows faster than white matter (nerve 
fibers). This results in gray matter being compressed, 
making it accumulate in the mounds we recognize as 
gyri (Tallinen, Chung, Biggins, & Mahadevan, 2014; Xu 
et al., 2010 ). 

Sulci and gyri also play different roles in the con
nectivity between neurons.Neurons located within gyri 
communicate with neurons within other distant gyri 
and neurons in nearby sulci. At the same time, neurons 
within sulci communicate directly with nearby gyri 
and indirectly, through gyri, with more distant brain 
areas (Deng et al., 2014). As you will read later, gyri 
and sulci also serve as anatomical landmarks and their 
names are sometimes used to designate specific areas. 
For example, the primary motor cortex, covered in the 
next section, is also known as the precentral gyrus. 

As mentioned earlier, the brain develops into the 
three major parts: the forebrain, the midbrain, and the 
hindbrain. You also learned that the forebrain consists 
of the telencephalon and the diencephalon. The telen
cephalon consists of the cortex, basal ganglia, amyg
dala, and hippocampus. As you can see in Figure 4.6, 
the cortex is subdivided into four lobes: frontal lobes, 
parietal lobes, temporal lobes, and occipital lobes. 
The basal ganglia, hippocampus, and amygdala are 
not visible by looking at the surface of the brain. This 
is because they lie below the cortex. For this reason, 
they are sometimes referred to as subcortical struc
tures. Each lobe and subcortical structure has been 
associated with certain functions. We turn our atten
tion first to the functions of the areas contained within 
the telencephalon, followed by those contained in the 
diencephalon, which consists of the thalamus and the 
hypothalamus. 

The Forebrain (Telencephalon) 

The Frontal Lobes 

The frontal lobes are responsible for what are called 
executive functions. These functions make us distinc
tively human. Executive functions include planning, 
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The lobes of the brain. 

Sections of the Brain 

Parietal lobe 

Science Source SS2587761 

judgment, attention, problem solving, working mem
ory, and decision making. The frontal lobes are also 
involved in behavioral inhibition, ensuring you behave 
properly in social situations. For example, when you 
are having dinner at a relative's house, you presumably 
do not start swearing uncontrollably while starting a 
food fight with your aunt. This is taken for granted, but 
people with damage to the frontal lobes may act this 
way. The frontal lobes are also involved in processing 
emotions (Bechara, Damasio, & Damasio, 2000). We 
have learned a lot about the functions of the frontal 
lobes by studying brain-damaged patients. The most 
famous of these patients was Phineas Gage, a railroad 
worker who was the victim of a terrible accident (dis
cussed in Chapter 11). 

The left frontal lobe contains the area responsible 
for speech production, known as Broca's area (after 
neurologist Paul Broca [see Chapter 1]). Damage to 
this area causes considerable deficits in the produc
tion of speech (Stinnett & Zabel, 2018). However, we 
now know that speech production requires interac
tions among several brain areas (Flinker et al., 2015). 
Figure 4.7 shows the location of Broca's area in the left 
frontal lobe. 

The frontal lobes also house the precentral gyrus, 
also called the primary motor cortex, or ML This 
area is situated at the back of your frontal lobes and 
is responsible for moving your body (Figure 4.8). The 
primary motor cortex is organized into a topographic 
map of the body, which is commonly represented as a 

IVii'MiA 
Broca's area. 

Speech 

(Broca's 

area) 
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homunculus (little man) (see Figure 1.15c in Chapter 1 
and Figure 8.14a in Chapter 8). 

As you learned in Chapter 1, this map of your body 
was discovered by Wilder Penfield, a famous Canadian 
neurosurgeon, in the 1950s. He observed that, while 
patients were undergoing surgery, he could electrically 
stimulate parts of a patient's motor cortex and observe 
parts of the patient's body move. The same body parts 
always moved in response to stimulation of the same 
areas (Schott, 1993). 

iiB·Mii:f 
The primary motor cortex (precentral gyrus or M1). 

Precentral gyrus 

(motor cortex) 

Source: Adapted from The Cerebral Cortex of Mon. by Wilder Penfield & Theodore 

Rasmussen, © 1950 Gale. a part of Cengage Learning. Inc. Reproduced by 

permission. 
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104 BEHAVIORAL NEUROSCIENCE 

In front of the primary motor cortex is another 
area that controls movement called the premotor 
cortex. However, this area does so in a different way 
than does the primary motor cortex. This area plans 
movements ahead of time. It is also responsible for 
the completion of sequences of movements. The 
premotor cortex is also the home of some fascinat
ing neurons. These neurons, called mirror neurons, 
were discovered in the premotor cortex in monkeys 
(Rizzolatti & Craighero, 2004). Mirror neurons are 
activated when a monkey watches another monkey 
perform an action or when the monkey performs the 
same action itself. Mirror neurons are discussed at 
some length in Chapter 8. 

The Parietal Lobes 

The parietal lobes take over from where the primary 
motor cortex of the posterior frontal lobes leaves off. 
Just posterior to the central sulcus we fmd the postcen
tral gyms, also called the primary somatosensory cortex, 

IIB·Miii 

or S1 (Figure 4.9). The primary somatosensory cortex 
contains another homunculus. It is responsible for your 
sensations of touch, pressure, pain, and temperature. 

The posterior part of the parietal cortex is involved 
in proprioception, which is the ability to sense the 
position of and movement of your body. The posterior 
parietal cortex acts in conjunction with other cortical 
areas to combine proprioceptive and visual informa
tion to accurately represent the position of your limbs. 
The posterior parietal cortex contains maps of space 
from a person-centered point of view. This means that 
it maps the location of objects relative to different body 
parts, which permits you to orient your limbs in the 
proper position and orientation to complete various 
tasks (Limanowski & Blankenburg, 2016). This includes 
accurately reaching for objects and producing the 
appropriate types of grips that are best for grasping 
different objects. It is also thought to be involved in 
the planning of hand-specific actions (Valyear & Frey, 
2015). The posterior parietal cortex is also involved 
in sensorimotor integration, which is the process of 

Location of the somatosensory cortex within the parietal lobe and the somatosensory homunculus. 

Primary motor 
cortex 

Lateral 
fissure ----

Central sulcus 
Primary somatosensory cortex 

� / Posterior parietal cortex

� Secondary somatosensory cortex

---Teeth, gums, jaw 

Source: Adapted from The Cerebral Cortex of fvfan. by Wilder Penfield & Theodore Rasmussen,© 1950 Gale. a part of Cengage Learning. Inc. Reproduced by permission. 
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CHAPTER 4 THE NERVOUS SYSTEM 105 

producing a motor output in response to sen
sory input (Andersen & Buneo, 2003). iiB·Miii·i 

The posterior parietal cortex was also 
found to integrate allocentric spatial informa
tion, which refers to the location of objects in 
the environment relative to each other, with 
egocentric spatial information, which refers to 
the location of cues relative to the self, for spa
tial navigation (Whitlock, Sutherland, Witter, 
Moser, & Moser, 2008). Another part of the 
parietal cortex, the medial parietal region is 
thought to be involved in "route knowledge," 
which is expressed by the ability to make the 
correct turns along a route to get to your des
tination, without being consciously aware of it 
(Sato, Sakata, Tanaka, & Taira, 2006). The pari
etal cortex and its functions are discussed in 
more detail in Chapter 8. 

Ocular dominance columns: Some of the cells in V1 are 

organized into columns specialized in analyzing features of the 

environment. For example. cells in particular columns respond 

best to particular line orientations. Other cells. responsible for 

color vision are organized into columns called blobs. 

Right-eye 

ocular 

The Temporal Lobes 

The temporal lobes are located right below 
the frontal and parietal lobes, across the lat
eral fissure. If you were to poke sticks into 

Left-eye 

ocular 

dominance 

Colu 

of cell 

your ears (don't try this at home!) and continue all 
the way through, you would soon get to your tempo
ral lobes. The temporal lobes are the home of the pri
mary auditory cortex, where sounds are analyzed. It is 
in the primary auditory cortex that physical features of 
the environment such as frequencies and amplitudes 
of sound waves are interpreted as pitch and loudness 
(auditory perception is covered in Chapter 6). 

The front-most part of the temporal lobes contains 
Wernicke's area, which is important for understand
ing language. Information about language acquired 
by Wernicke's area is relayed to Broca's area for the 
proper production of speech. Speech sounds can be 
produced without this input from Wernicke's area, but 
these sounds would not qualify as language. People 
with damage to Wernicke's area suffer from Wernicke's 
aphasia, in which they can only produce unintelli
gible speech (Bogen & Bogen, 1976). However, as we 
mentioned for speech production, we now know that 
speech comprehension relies on a broader network of 
brain areas (Binder, 2017). The temporal lobes are also 
important for memory and the recognition of objects, 
as you will learn in Chapter 12. 

The Occipital Lobes 

The occipital lobes house the primary visual cortex, or 
V1. The primary visual cortex is where visual informa
tion is first analyzed. Here physical information from 
the environment, in the form of light waves, is first 
interpreted into visual experience. Some of the cells in 
the primary visual cortex are organized into columns, 
known as ocular dominance columns (Figure 4.10). 
They exist for both the right eye and the left eye. 

Ocular dominance columns are specialized in ana
lyzing particular features of the environment such as 

Row of cells with different orientational preferences 

f-------1 mm-------1 

Blobs 

the orientation of lines or the direction of movement. 
Area V1 sends information to other brain areas, includ
ing the parietal and temporal lobes, where other fea
tures of the environment are analyzed. Some neurons 
are organized in cylindrical shapes called blobs. These 
neurons are responsible for color perception. 

In 1959, Canadian researcher David Hubel and 
Swedish neurophysiologist Torsten Wiesel recorded 
the electrical activity in some of the cells in the pri
mary visual cortex of cats. They found that some cells 
were activated when lines of a particular orientation 
were presented to the cats on a screen, and other cells 
were activated when lines of a particular orientation 
and moving in a particular direction were presented 
(Hubel & Wiesel, 1959, 2009). This discovery earned 
the pair the Nobel Prize in 1981. You will learn much 
more about the functions of V1 in Chapter 6. 

Subcortical Structures 

Subcortical structures are parts of the brain that lie 
below the cortex. These include the basal ganglia, the 
hippocampus, and the amygdala (Figure 4.11). Some of 
their functions are discussed in the sections that follow. 

The Basal Ganglia 

The basal ganglia consist of several nuclei, which are 
collections of cell bodies in the central nervous sys
tem. The nuclei that compose the basal ganglia con
sist of the dorsal striatum (which includes the caudate 
nucleus and putamen), the ventral striatum (which 
includes the nucleus accumbens), and the substantia 
nigra. The basal ganglia are involved in the smooth 
execution of movement and in the selection of appro
priate actions. They are also involved in habit learning, 
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106 BEHAVIORAL NEUROSCIENCE 

ii@Miifi 
The location of the basal ganglia. hippocampus. and amygdala. 

Basal ganglia 

Hippocampus 

such as when you learned to turn right or left automati
cally after exiting the classroom; and procedural learn
ing, such as when an athlete has learned to go through 
a complex sequence of movements automatically, with
out giving it any thought. 

Dysfunctions of the basal ganglia give rise to dev
astating neurological disorders (Yanagisawa, 2018). For 
example, in Parkinson's disease, neurons in the sub
stantia nigra die, depriving the dorsal striatum of its 
dopaminergic inputs. The symptoms of Parkinson's 
disease include shaking and rigidity of movements. 
The death of neurons in the dorsal striatum is respon
sible for Huntington's disease, which results in uncon
trollable movements. Dysfunctions of the basal ganglia 
are also thought to be involved in Tourette's syndrome, 
which is characterized by chronic multiple tics; in the 
development of drug addiction (Chapter 3); and in 
obsessive-compulsive disorder (Chapter 14). 

The Hippocampus 

The hippocampus lies against the medial line of the 
temporal lobe. It gets its name because of its resem
blance to a seahorse, which belongs to the genus 
hippocampus-hippos, from the Greek "horse," and 
kampos, meaning "sea monster:' The hippocampus 
is known to play a special role in memory. People and 
animals with damage to the hippocampus have trouble 
acquiring, storing, and retrieving certain types of mem
ories (Squire, Genzel, Wixted, & Morris, 2015), such as 
those of past episodes of their lives (Wixted et al., 2018). 

The hippocampus is also important for success
fully navigating in and learning about one's spatial 
environment. Canadian researchers John O'Keefe 
and Lynn Nadel discovered that the hippocampus 
has cells that are activated when a rat fmds itself in a 
familiar environment. These are known as place cells 
(O'Keefe & Nadel, 1978). The role played by the hip
pocampus in memory is discussed at greater length 
in Chapter 12. 

The Amygdala 

The amygdala is an almond-shaped structure (amyg
dala is Greek for "almond") that is deeply inter
connected with the hippocampus. The amygdala is 
mostly known for its involvement in processing emo
tions. People and animals with damage to the amyg
dala do not process emotions normally. For example, 
if rats are placed in a box in which they receive a 
foot shock after hearing a tone, they will freeze 
upon hearing that tone again even without getting a 
shock. This reaction is taken as an indication of fear 
(Davis, 1992). 

However, rats that have sustained damage to the 
amygdala will not react to the tone-as though they 
could not make a connection between the tone and the 
shock. In humans, amygdala damage may render it dif
ficult to experience emotions or to be able to recognize 
emotions on people's faces (Tranel, Gullickson, Koch, & 
Adolphs, 2006). We will discuss the amygdala's role in 
emotions at greater lengths in Chapter 11. 
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4.2.2 THE STRUCTURES 

AND FUNCTIONS OF 

THE FOREBRAIN: THE 

DIEN CEPHALON 

» LO 4.2.2 Identify the major structures of the
diencephalon and some of their functions.

The diencephalon consists of the thalamus and the 
hypothalamus. The location of these two structures is 
shown in Figure 4.12. 

The Thalamus 

The thalamus is situated midway between the front 
and back of the brain, just below the cortex. The thal
amus acts as a relay station between your sensory 
receptors and the brain areas responsible for interpret
ing those sensations. That is, information from your 
senses of hearing, vision, taste, and touch are routed 
through the thalamus to the auditory, visual, gustatory, 
and somatosensory cortices, respectively. There is one 
exception, however. Information about smell first goes 
directly to the olfactory bulb. Although the thalamus is 
often described as being a relay station, it is important 
for a range of other functions, such as movement, the 
regulation of sleep-wake cycles (Chapter 9), emotional 
states (Chapter 11), and consciousness (Chapter 13) 
(Kumar, van Oort, Scheffler, Beckmann, & Grodd, 2017). 
As shown in Figure 4.13, the thalamus is subdivided 
into several nuclei, each involved in certain functions. 

The Hypothalamus 

As its name implies (hypo meaning "below"), the 
hypothalamus is situated right below the thalamus. 

i,B·Miifi 
Location of the thalamus and hypothalamus. 

Anatomy of the Brain 

Science Source S521443579 
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The hypothalamus is a complex structure that is con
sidered the master gland of the body. It plays many 
roles-too many to enumerate here. Briefly, it regu
lates many of your body's functions. It is the major 
player in homeostasis, which is the ability to keep the 
body's internal environment in balance. For example, 
when you have not had enough water to drink, your 
blood volume is lowered. This is sensed by the thirst 
center in your hypothalamus, which causes you to 
feel thirsty. The hypothalamus will also increase your 
production of a hormone called vasopressin, which is 
then released by your pituitary gland, causing your 
kidneys to retain more water from your blood. The 
hypothalamus also regulates body temperature. It 
creates bodily responses according to whether you 
are getting too hot or too cold. For example, it causes 
your body to warm up by making you shiver when 
you are too cold and makes you sweat when you are 
too hot. 

The hypothalamus also has an area called the 
suprachiasmatic nucleus, which regulates circadian 
rhythms (Hastings, Brancaccio, & Maywood, 2014). This 
means that it regulates functions that are repeated in 
cycles that last about a day. The hypothalamus controls 
the release of many hormones. The role of the hypo
thalamus in homeostasis is discussed in Chapter g. 
The hypothalamus also plays an important role in sex
ual and reproductive behaviors, which are discussed in 
Chapter 10. 

IUi'Miifi 
The thalamus is subdivided into several nuclei. each 

involved in particular functions. 
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thalamus-functions-of-thalamus-anatomy-of-thalamus/. 
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108 BEHAVIORAL NEUROSCIENCE 

4.2.3 THE MIDBRAIN 

AND THE HINDBRAIN 

» LO 4.2.3 Identify the major structures of the
midbrain and the hindbrain and some of their
functions.

Key Terms 

• Superior colliculus: Also referred to as the optic
tectum because it plays an important role in
controlling eye movements.

• Inferior colliculus: A part of the tectum that plays
a role in processing auditory information.

The midbrain consists of the tectum and the tegmen
tum. The hindbrain consists of the cerebellum, pons, 
and medulla. Figure 4.14 shows the location of each of 
these structures. 

Tectum 

Tectum means "roof." In the brain, the tectum is the roof 
of the mesencephalon. The tectum can be subdivided 
in two areas: the superior colliculus and the inferior 
colliculus. The superior colliculus is often referred to 
as the optic tectum because it plays an important role 
in controlling eye movements. The inferior colliculus 
processes auditory information. 

Tegmentum 

The tegmentum plays an important role in move
ment and reward. It houses the substantia nigra (also 

iiB·MiHI 
The structures of the midbrain (tectum and 

tegmentum) and the hindbrain (cerebellum. pons. 

and medulla). 

considered part of the basal ganglia), which produces 
dopamine, a neurotransmitter important for move
ment. As mentioned earlier, in Parkinson's disease, 
neurons in the substantia nigra that produce dopamine 
are dying off (Damier, Hirsch, Agid, & Graybiel, 1999). 
The tegmentum also houses the ventral-tegmental 
area, which is involved in reward processes, such as 
those involved in the motivation for food and drug 
intake (see Chapters 3 and 9). 

The Hindbrain 

The Cerebellum. Cerebellum literally means "small 
brain." The cerebellum is important for motor coor
dination (discussed in Chapter 8) (Schmahmann & 
Pandya, 1997). People with damage to the cerebellum 
cannot properly adjust their ongoing movements or 
coordinate their limbs very well. The cerebellum is 
also involved in learning automatic motor responses. 
For example, after your friend has sprayed you with a 
garden hose, you will automatically raise your hands 
in a defensive posture when a hose is pointed at you. 
This is an example of classical conditioning, which is 
discussed in Chapter 12. 

The cerebellum is also thought to play an import
ant role in cognitive functions. It is believed to have 
an important role in organizing and coordinating 
thoughts (Ito, 2008) and is thought to regulate the 
speed, capacity, and consistency of cognitive functions 
(Buckner, 2013; Schmahmann, 1991). 

The Pons. The pons (Latin for ''bridge') relays signals 
between the cortex and the cerebellum. It is important 
for maintaining vital functions such as respiration. It is 
also involved in consciousness, sleep, and arousal. 

The Medulla. The medulla regulates vital functions 
such as breathing and heartbeat. 

4.2.4 THE SPINAL CORD 

» LO 4.2.4 Describe the structure of the spinal
cord and how it transmits information to and
from the brain.

Key Terms 

• Foramen magnum: The hole at the base of the
skull through which the spinal cord passes.

• Spinal nerves: Pairs of nerves that carry
information to and from parts of the body.

• Ascending fibers: Nerves through which sensory
information travels to the brain.

• Descending fibers: Nerves that carry information
from the brain.
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• Upper motor neurons: Motor neurons that carry
information from the brain.

• Lower motor neurons: Motor neurons that

innervate the muscles.

• Paraplegia: Loss of the use of and sensation in
the lower limbs that results from damage to the
lower parts of the spinal cord.

• Quadriplegia (also known as tetraplegia): Loss
of the use of and sensation in both upper and
lower limbs that results from damage to the

upper spinal cord.

The spinal cord is the other part of the central ner
vous system that, like the brain, is encased in bone. It 
runs up and down your back, protected by your ver
tebrae. It enters the skull through a large hole at its 
base, called the foramen magnum, where it connects 
to the medulla. The spinal cord receives sensory mes
sages from your body and transmits this information 
to your brain. The spinal cord also carries messages 
from your brain to your body. It can also function 
independently of your brain; for example, in the 
execution of reflexes. The spinal cord is subdivided 
into 33 segments: 8 cervical, 12 thoracic, 5 lumbar, 5 
sacral, and 3 coccygeal. Each segment, except for two 
of the coccygeal segments, contains a pair of nerves 
known as the spinal nerves. The coccygeal segments 
have only one pair of nerve for all three segments 
(Figure 4 .15). An area of the skin that is connected 
to a spinal nerve is referred to as a dermatome 
(discussed in detail in Chapter 7). 

The cervical segments innervate your neck, shoul
ders, and arm muscles. The thoracic segments inner
vate the muscles of your chest, back, and midsection, as 
well as your breathing muscles. The thoracic segments 
also innervate, among other organs, your heart, lungs, 
gallbladder, pancreas, spleen, and kidneys. The lumbar 
segments innervate the muscles of your lower back, 
thighs, legs, calves, and feet. They also innervate your 
large intestines, appendix, reproductive organs, blad
der, and prostate. The sacral segments innervate the 
hips, buttocks, thighs, and leg muscles. The coccygeal 
segment innervates the perineum, which includes the 
anogenital area. 

Sensory nerve fibers enter the spinal cord, carry
ing information to the brain, through what are known 
as the dorsal nerve roots. Motor nerve fibers, carrying 
information from the brain to the body, exit the spinal 
cord through what are known as the ventral nerve roots 
(Figure 4.16). The dorsal and ventral roots are composed 
of gray matter, the cell bodies of neurons. The axons of 
these neurons, which carry information to and from the 
brain, compose the white matter. 

Nerves through which sensory information travel 
to the brain are called ascending fibers. Nerves that 
carry information from the brain to the body are 
referred to as descending fibers. Motor neurons that 
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The spinal cord is subdivided into 33 segments: 

8 cervical. 12 thoracic. 5 lumbar. 5 sacral. and 3 

coccygeal. The nerves from the bottom segments 

of the spinal cord extend in such a way that they 

resemble a horse's tail. hence, the term cauda 

equina, which is Latin for "horse tail." Also note the 

filum terminale, which is a strand of fibrous tissue 

that extends from the coccygeal segments. 
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Source: Adapted from 'Anatomy of the Spinal Cord.' by Nachum Dafny. Dept. of 

Neurobiology and Anatomy. McGovern Medical School. https://nba.uth.tmc.edu/ 

neuroscience/m/s2/chaptero3.html. 

carry information from the brain are called upper 
motor neurons. These upper motor neurons connect 
to lower motor neurons, the neurons that innervate 
your muscles. Upper motor neurons never leave the 
CNS. Injury to the spinal cord can lead to a significant 
loss in sensory and motor function. 

Loss in sensory and motor function occurs in 
parts of the body that are below the site of the injury. 
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iiB·Miiii 
Cross-section of the spinal cord. 
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For example, damage to the lowest part of the spinal 
cord (coccygeal) may only result in paralysis of the 
legs. Damage higher up in the spinal cord (lumbar 
or thoracic) may also result in a loss of control of the 
muscles of the bladder. This condition is called para
plegia (Figure 4.17a). With damage even higher up in 

iiB·Miii 
Depictions of quadriplegia (top) and paraplegia 

(bottom). 
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Source: Based on https://www.hopkinsmedicine.org/health/conditions-and-diseases/ 

acute-spinal-cord-injury. 

the spinal cord (cervical), the loss of function can also 
include both arms. This condition is called quadriple
gia (Figure 4.17b), as this chapter's opening vignette 
described. 

4.2.5 THE PROTECTED BRAIN 

» LO 4.2.5 Describe the different protective
layers of the brain and how they work.

Key Terms 

• Meninges: Three membranes that envelop
the brain (and spinal cord): the pia mater, the
arachnoid mater, and the dura mater.

• Cerebrospinal fluid (CSF): Fluid that cushions the
brain and spinal cord.

• Blood-brain barrier: The protective barrier
formed by the cells of the brain's blood vessels.
which block or slow the passage of harmful
molecules to the brain.

• Central canal: The hollow center of the spinal
cord.

• Ventricles: Hollow areas of the brain in which
cerebrospinal fluid is produced.

Your central nervous system is protected at three dif
ferent levels: the meninges, the cerebrospinal fluid 
(CSF), and the blood-brain barrier. Each of these pro
tective barriers is described in the sections that follow. 

The Meninges 

Figure 4.18a shows how your brain and spinal cord 
are enveloped by what are known as the meninges, 
which consist of three membranes: the pia mater, the 
arachnoid mater, and the dura mater, which are Greek 
terms for "soft mother," "spidery mother," and "tough 
mother," respectively. The pia mater is the one that 
adheres the most closely to the surface of the CNS. It is 
also the most delicate but impermeable to CSF, which 
we discuss in the next section. The arachnoid mater 
looks like a spider web. Below the arachnoid mater 
is the subarachnoid space, which contains blood ves
sels and CSF. The dura mater is the hardest and most 
closely adheres to the skull. It is thick and nonelastic. 
Also visible in Figure 4.18a is a layer of sheetlike tissue 
called aponeurosis, which attaches the muscles of the 
skull, and the periosteum, which covers the surface of 
all bones. 

The Cerebrospinal Fluid 

The CSF fills the subarachnoid space and the hollow 
center of the spinal cord called the central canal. The 
CSF is produced in hollow spaces in the brain called 
ventricles. There are four ventricles (Figure 4.18b): two 
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The protected brain. The brain has three protective 

layers: (a) the meninges: (b) the CSF, which fills the 

subarachnoid space and is stored in the brain's 

ventricles: and (c) the blood-brain barrier. 

(a) Aponeurosis

(b) Lateral ventricles

Third ventricle 

Cerebral aqueduct 

Skin 

Central canal 
of spinal cord 

(c) 
Cerebrospinal fluid 

Passive diffusion 
(0

2
, CO

2
, fat-soluble 

substances, water) 

Fourth 
ventricle 

Large molecules 

cannot pass 

through 

Active transport 
(amino acids, 
glucose, etc.) 
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lateral ventricles, the third ventricle, and the fourth ven
tricle. The third and fourth ventricles are connected by 
the cerebral aqueduct. Cerebrospinal fluid is produced 
in the choroid plexus (Greek for "braided membrane''). 
The role of the CSF is to cushion and support the brain 
and spinal cord. 

The Blood-Brain Barrier 

The cells (endothelial cells) of the brain's blood ves
sels are packed more tightly than the cells in the blood 
vessels elsewhere in your body. They are sealed in a 
narrow band called tight junctions. This arrangement, 
called the blood-brain barrier, blocks or slows the pas
sage of large and potentially harmful molecules into 
the brain (Figure 4.18c). Only small and fat-soluble 
molecules, such as oxygen and carbon dioxide, and cer
tain drugs can make it through by simple diffusion. In 
contrast, water-soluble molecules, such as amino acids 
and glucose, must be actively transported across the 
wall of the blood vessels. 

Some drugs can cross the blood-brain barrier 
but do so slowly. One such drug is morphine, a pow
erful painkiller. Heroin, a derivative of morphine, was 
designed to cross the blood-brain barrier more read
ily; however, it is not used in medicine due to its high 
potential for addiction. 

Another example involves dopamine. As you 
learned earlier, in Parkinson's disease, dopamine neu
rons in the substantia nigra die. The drug prescribed 
to treat Parkinson's is a precursor of dopamine called 
levodopa (L-dopa). Neurons inside the brain then 
use L-dopa to produce more dopamine. Why not just 
administer dopamine to Parkinson's patients? The 
answer is that it does not cross the blood-brain barrier. 

4.2.6 HEMISPHERIC 

SPECIALIZATION 

» LO 4.2.6 Explain how each hemisphere of the
brain is associated with different functions.

Key Terms 

• Corpus callosum: A bundle of nerve fibers
that permits communication between both
hemispheres.

• Hemispheric asymmetry: When functions are
associated with either the right or left hemisphere.

• Handedness: The preferred usage of one hand
over the other.

• Split-brain patients: Patients who have been
subjected to the removal of the corpus callosum.

The forebrain, as mentioned earlier, is composed 
of two hemispheres, the right and left hemispheres. 
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112 BEHAVIORAL NEUROSCIENCE 

The hemispheres are connected to each other by a 
thick bundle of nerve fibers called the corpus callo
sum. The corpus callosum is used to send information 
from one side of the brain to the other. 

Each of the two hemispheres has been found to 
perform different functions (Corballis, 2009). This is 
known as hemispheric asymmetry. Table 4.1 shows 
the functions associated with either the right or left 
hemisphere. The right hemisphere is responsible for 
your creative side and makes you understand things 
holistically. It is your right hemisphere that enables 
you to understand figures of speech, such as knowing 
that the expression "He kicked the bucket" means that 
someone has died (see "It's a Myth!" in Chapter 1). 

The right hemisphere processes spatial informa
tion. It is mostly involved when navigating through 
the environment, assembling pictures, and rotating 

l&=i!iii 
Hemispheric Asymmetry 

NON DOMINANT 

DOMINANT HEMISPHERE HEMISPHERE (RIGHT 

(LEFT HEMISPHERE) HEMISPHERE) 

Verbal (speech) Nonverbal 

Linguistic description Spatial concepts 
(comprehension) 

Reading, writing, drawing, Musical (some elements of 
and associated functions music) 
of language; grammatical 
language using script 

Mathematical Geometrical 

Sequential Recognition of faces 

Analytical Pictorial language 

Direct link to the Temporal synthesis 
consciousness Expressing emotions, 

reading emotions 

Global holistic processing 

Understanding of metaphors 

Discrimination of shapes 
(e.g., picking out a 
camouflaged object) 

Positive emotions (joy, Negative emotions 
gratitude, hope) (ashamed, lied, abused) 

FUNCTIONS SHARED BY BOTH HEMISPHERES 

Sensations on both sides of the face 

Sounds heard by both ears 

Pain 

Hunger 

Source: "In Split Brain Syndrome: One Brain but Two Conscious Minds?" by Divya 

Agrawai et al.. 2014, Journal of Health Research and Reviews in Developing Countries. 

1(2). pp. 27-33. Table 1. 

objects mentally. The left hemisphere is more analyt
ical. It is mostly involved in tasks requiring perceptual 
speed, manual precision, mathematical calculation, 
and linguistic abilities. It takes things literally. For 
example, to your left hemisphere, the expression "He 
kicked the bucket" literally means that someone has 
kicked a bucket. 

Cerebral Dominance 

Broca, who discovered that control of speech was sit
uated in the left hemisphere, observed that there was 
a relationship between handedness (the preferred 
usage of one hand over the other) and the speech area 
in the brain. That is, in right-handers, the speech area 
was most often located in the left hemisphere. Broca 
took this as an indication that right-handers had an 
inborn dominance by the left hemisphere. What about 
left-handers? Well, he also discovered that in some left
handers the speech area was located in the left hemi
sphere and in others it was in the right hemisphere. The 
hemisphere that contained the language area became 
known as the dominant hemisphere. 

Split-Brain Patients 

Much of what we know about the functions of each 
hemisphere comes to us from the study of split-brain 
patients. Split-brain patients are people whose cor
pus callosum has been severed (cut) in order to relieve 
them of recurring epileptic seizures, which are bouts of 
uncontrollable brain activity that can give rise to uncon
trollable movements or changes in consciousness. Why 
does severing the corpus callosum alleviate the sei
zures? Seizures sometimes begin in one hemisphere 
and travel to the other hemisphere via the corpus callo
sum. Severing the corpus callosum prevents the spread
ing of seizures from one hemisphere to another. 

Roger Sperry (1961) made some intriguing discov
eries while studying split-brain patients. In one experi
ment, split-brain patients were made to stare at a point 
in the middle of a screen. Objects were then presented 
either on the right side of the screen (in the patient's 
right visual field) or on the left side of the screen (in 
the patient's left visual field). Because of the way the 
neurons that carry information from the retina to the 
brain are wired, images in the patient's right visual 
field were projected to the left hemisphere and images 
in the patient's left visual field were projected to the 
right hemisphere (Figure 4.19). (The patterns of con
nections between the retina and the visual cortex are 
discussed at greater length in Chapter 6.) 

When the image of an object was presented in the 
subject's right visual field, meaning it was processed 
by the left hemisphere, split-brain patients could easily 
name it. This is because the left hemisphere also con
tained their speech area. When the image of an object 
was presented in the left visual field, meaning it was 
processed by the right hemisphere, subjects could not 
name the object. To be able to name an object processed 
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Neuronal connections from the retina to the visual 

cortex. Images presented to the right visual field 

are processed in the left hemisphere. and images 

presented to the left visual field are processed in the 

right hemisphere. 

A B 

+------- Lateral 

geniculate 

nucleus 

Visual cortex 

in the right hemisphere, information about it would 
have had to cross over to the speech area located in the 
subject's left hemisphere via the corpus callosum. 

In addition, split-brain patients could not name 
objects held in the left hand when hidden from view 
(Figure 4.20). Similar to what happens with stimuli pre
sented to the left visual field, information about an object 
held in the left hand is processed in the right hemi
sphere. For the object to be named, information about 
the object has to cross over, via the corpus callosum, to 
the left hemisphere, where the speech area is located. 

Handedness 

Many theories have been put forward in an attempt to 
explain handedness, but none is completely satisfac
tory. Many of them have to do with the question of why a 
majority of people are right-handed. These theories are 
based on several lines of research, including evolution
ary, environmental, and genetic research. 

The brain developed into three major sections: the 

forebrain. the midbrain. and the hindbrain. The forebrain 

gave rise to the telencephalon and the diencephalon. 

iiB·Mit+i 
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Sperry's split-brain experiment. 

In the late 1970s, experimental support was pro
vided to Broca's observation of the relationship 
between handedness and the location of the speech 
area in the brain. This support was provided by exper
iments that made use of what became known as the 
Wada test. The Wada test was developed by Juhn 
Atsushi Wada to guide neurosurgeons in not damag
ing the language area of patients undergoing brain 
surgery (Wada & Rasmussen, 2007). In short, a subject 
is asked to count repeatedly from 1 to 20 while hold
ing up both arms. At the same time, sodium amytal, 
a barbiturate used as an anesthetic, is injected into 
one of the patient's two carotid arteries, which pass 
through the neck and carry blood to the brain. This 
anesthetizes only one of the hemispheres because 
each carotid artery supplies blood to only one hemi
sphere. If the drug is injected into the left hemisphere 
and the patient can no longer count and drops the 
right arm, the person's speech area is located in the left 
hemisphere and the individual is right-handed, which 
accounts for the majority of the findings. 

Using the Wada test, researchers found that the 
speech area was located in the left hemisphere in 
95% of right-handers; in the other 5%, the speech area 
was located in the right hemisphere. The control of 
speech was located in the left hemisphere for 70% of 
left-handers. In only 15% of left-handers was the speech 
area located in the right hemisphere. Another 15% of 
left-handers showed mixed dominance (Rasmussen & 
Milner, 1977). 

I MODULE SUMMARY I 
The telencephalon consists of four lobes: the frontal. 

temporal. parietal. and occipital lobes. as well as the 

entire neocortex. basal ganglia. hippocampus. and 
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114 BEHAVIORAL NEUROSCIENCE 

amygdala. The diencephalon gave rise to the thalamus 
and hypothalamus. The midbrain consists of the tectum 
and tegmentum. The hindbrain contains the cerebellum. 
pons. and medulla. The spinal cord carries information 
from the body to the brain and from the brain to the 
body. The central nervous system is protected at 
three different levels, the meninges, the cerebrospinal 
fluid, and the blood-brain barrier. The right and left 
hemispheres of the brain are connected to each other by 

I TEST YOURSELF I 
4.2.1 Name the structures of the telencephalon and explain 

their functions. 

4.2.2 Name the structures of the diencephalon and explain 
their functions. 

4,2,3 Name the structures of the mesencephalon, 
metencephalon, and myelencephalon and explain 
their functions. 

4.3 The Peripheral
Nervous System 

Module Contents 

4.3.1 The Somatic Nervous System 

4.3.2 The Autonomic Nervous System 

Learning Objectives 

4.3.1 Explain the functions of the somatic nervous 
system. 

4.3.2 Explain the functions of the autonomic nervous 
system. 

The peripheral nervous system consists of the parts of 
the nervous system that are outside of the central ner
vous system. This includes the somatic and autonomic 
nervous systems. The PNS also includes the cranial 
nerves, which are involved in transmitting informa
tion from some of the senses as well as in movement 
and various physiological processes. Although the 
CNS and the PNS are treated as separate systems, they 
are functionally and physiologically interrelated. For 
example, the PNS has axons for which the cell bodies 
are contained within the spinal cord, which, as you 
know, is part of the CNS. 

a thick bundle of fibers called the corpus callosum. Each 
of the two hemispheres performs different functions. 
The right hemisphere is responsible for creativity 
and processing spatial information. whereas the left 
hemisphere is more analytical. Split-brain patients are 
people whose corpus callosum has been cut in order 
to relieve them from recurring epileptic seizures. Broca 
discovered that handedness had something to do with 
cerebral dominance. 

4.2-4 Explain the structure of the spinal cord. how it is 
involved in the transmission of information. and the 
effects of spinal cord damage. 

4.2.5 Name and explain the three different levels at which 
the brain is protected. 

4.2.6 What are some of the differences in the way the left 
and right hemispheres process information? 

4.3.1 THE SOMATIC 

NERVOUS SYSTEM 

» LO 4,3,1 Explain the functions of the somatic
nervous system.

Key Terms 

• Sensory neurons: Neurons that convey
information from the body to the spinal cord.

• Dorsal roots: Areas through which sensory
neurons enter the spinal cord.

• Motor neurons: Neurons that carry the signals
that move muscles.

• Ventral roots: Areas through which motor
neurons exit the spinal cord.

• Reflex arc: A loop of information that begins with
the activation of sensory neurons and ends with
muscle contraction. through the activation of
motor neurons.

The somatic nervous system (SNS) refers to the part 
of the PNS that is responsible for the voluntary control 
of movement. It consists of a collection of nerve fibers 
that enter and exit the spinal cord. Sensory neurons
convey sensory information from your skin, muscles, 
joints, tendons, blood vessels, and organs. Near the 
spinal cord, each of the spinal nerves splits in two. 
Sensory neurons, also known as afferent neurons, 
enter the back of the spinal cord through the dorsal
roots. Motor neurons, also known as efferent neurons, 
move your muscles and exit the front of the spinal cord 
through the ventral roots (see Figure 4.16). 
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An interaction between your CNS and PNS occurs 
when the doctor tests your patellar reflex by hitting 
your patellar tendon (just below your kneecap) with a 
rubber hammer. This results in a message being sent 
through sensory neurons up your thigh (PNS), which 
then connect with ascending fibers in the spinal cord 
that carry the information to your brain (CNS). An 
interaction between your PNS and CNS also occurs 
when you voluntarily move your arm-a message is 
sent from your motor cortex down your spinal cord 
(CNS) and connects with a motor neuron that, in turn, 
connects with your arm muscles (PNS). 

The Reflex Arc 

Continuing with the preceding example, in which 
the doctor tests your patellar reflex, you surely 
noticed that your leg automatically lifts from its rest
ing position. It does so a split second before you feel 
the hit of the hammer below your knee, which relies 
on a signal going to your brain. The reason your leg 
lifts from its resting position is that the sensory neu
ron activated by the stroke of the hammer also syn
apses with motor neurons within your spinal cord 
by first synapsing with an interneuron. This motor 
neuron connects to the muscles that are responsible 
for moving your leg. This is known as the reflex arc 
(Figure 4.21). 

iiB·MiHI 
The reflex arc. The hammer stretches the tendon. 

causing a reflexive contraction of the extensor 

muscle and a kicking motion. This is a highly 

simplified representation: many more neurons are 

involved. 

Sensory 

neuron 
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4.3.2 THE AUTONOMIC 

NERVOUS SYSTEM 

» LO 4.3.2 Explain the functions of the
autonomic nervous system.

Key Terms 

• Involuntary muscles: Muscles that are not under
conscious control.

• Sympathetic nervous system: Gets your body
ready for action: often referred to as the "fight-or
flight" system.

• Parasympathetic nervous system: Counters
the activity of the sympathetic nervous system
by slowing things down: often referred to as the
"rest-and-digest" system.

• Ganglia: A collection of cell bodies.

• Preganglionic fibers: Fibers that exit the spinal
cord and enter ganglia.

• Postganglionic fibers: Fibers that exit ganglia and
enter the spinal cord.

As its name suggests, the autonomic nervous system 
(ANS) is autonomous. It performs the bodily functions 
that you do not have to think about. The ANS controls 
your smooth muscles, which are muscles that are not 
under conscious control. These are known as involun
tary muscles. You have these types of muscles in your 
intestines, blood vessels, bladder, and urinary tract. 
The ANS also controls your heart, lungs, and liver. 
Your glands are also under the control of your ANS. 
The ANS is highly involved in homeostasis, which 
means that it balances and coordinates activity in your 
body. For example, it regulates blood chemistry, respi
ration, circulation, and digestion. 

The ANS is subdivided into the sympathetic ner
vous system and the parasympathetic nervous system, 
which act in opposition to each other. The sympathetic 
nervous system gets your body ready for action. For 
this, it is often referred to as the "fight-or-flight" system. 
For example, if someone were to walk into your class
room and yell "fire," several physiological responses 
would occur in your body. Think of what some of these 
responses might be. Chances are that you thought 
about some obvious things like your heartbeat and 
your respiration accelerating. Depending on how con
vincing the person was, you might also start to sweat. 
However, some more subtle things would also happen. 
For example, glucose would be released from your liver 
to be used as energy for your muscles, the smooth mus
cles in your intestines would slow down and digestion 
would come to a crawl, and your pupils would dilate. 
Many more of the effects of SNS activation are illus
trated in Figure 4.22. 
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IIB·Mifii 
The autonomic nervous system. 

Sympathetic 

Relaxes bladder 

Stimulates orgasm 

The PNS counters the activity of the sympathetic 
nervous system by bringing autonomic activity back to 
normal. Contrary to the sympathetic nervous system, 
the parasympathetic nervous system is often referred 
to as the "rest-and-digest" system. This is because its 
actions are contrary to those of the sympathetic ner
vous system. 

Figure 4.22 illustrates the effects that the sympathetic 
and parasympathetic nervous systems have on the organs 
of the body. You can also see that both the sympathetic 
and parasympathetic divisions are controlled through 
cell bodies in their respective segments of the spinal cord. 
Sympathetic fibers exit the spinal cord from its thoracic 
and lumbar segments, whereas parasympathetic fibers 
exit the spinal cord from its cranial and sacral segments. 

Both the sympathetic and parasympathetic fibers 
connect with collections of cell bodies called ganglia, 
which lie outside the spinal cord. These are known as 
preganglionic fibers. From these ganglia, other fibers 
connect with the organs involved in the activating 

Parasympathetic 

Constricts airways 

Stimulates 

Stimulates genital 

arousal 

effects. These are known as postganglionic fibers. 
The sympathetic and parasympathetic nervous 

systems also differ in the neurotransmitters that they 
use. Both the preganglionic and postganglionic fibers 
of the parasympathetic nervous system use acetylcho
line. However, in the sympathetic nervous system, the 
preganglionic fibers use acetylcholine but the post
ganglionic fibers use norepinephrine. One exception 
to this is the adrenal medulla, which is innervated by 
preganglionic fibers of the sympathetic nervous sys
tem and uses acetylcholine as a neurotransmitter. 

The Cranial Nerves 

So far, we have seen that nerve fibers that are part of 
the peripheral nervous system originate either from the 
brainstem or from different sections of the spinal cord. 
There is, however, an exception to this arrangement. 
The peripheral nervous system also includes the inner
vation of the cranial nerves (Figure 4,23). Contrary to 
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The cranial nerves. 

(I) Olfactory 
Sensory: nose 

(II) Optic-----� 
Sensory: eye 

(Ill) Oculomotor -------r-� 
Motor: all eye muscles except 

those supplied by IV and VI 

(IV) Trochlear -----��-� 
Motor: superior oblique muscle 

(VI) Abducens -+---�
Motor: external 

rectus muscle 

M Trigeminal -----✓ 
Motor: chewing muscles 
Sensory: face, sinuses, 

teeth, etc. 

(XII) Hypoglossal 

(VII) Facial 
Motor: muscles 

of the face 
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Intermediate nerve 
Motor: submaxillary and 

sublingual gland 

Sensory: anterior part of 

tongue and soft palate 

(VIII) Vestibulocochlear 
Sensory: inner ear 

.\r'--�r---3----- (IX) Glossopharyngeal 

(X) Vagus 

Motor: pharyngeal 
musculature 

Sensory: posterior part 
of tongue, 
tonsil, pharynx 

� 

Motor: heart, lungs, bronchi, 
gastrointestinal tract 

Motor: muscles of the tongue 
(XI) Accessory 

Sensory: heart, lungs, bronchi, 
trachea, larynx, pharynx, 
gastrointestinal tract, external ear 

Motor: sternocleidomastoid 
and trapezius muscles 

Source: Encyclopaedia Britannica/Contributor/Universal Images Group/Getty. 

Credit: Encyclopaedia Britannica/Contributor 

Editorial#: 143064961 

Collection: Universal Images Group 

the spinal nerves, which originate in the spinal cord, cra
nial nerves originate in the brain. There are 12 pairs of 
cranial nerves. Each was given both a name and a num
ber. Some of these nerves transmit information from 
the senses of smell, vision, hearing, balance, and taste. 
Cranial nerve I is the olfactory nerve, and cranial nerve II 
is the optic nerve. The nerve for hearing and balance 
is cranial nerve VIII, also called the vestibuloacoustic 
nerve. Information about taste is transmitted through 
several of the cranial nerves: the trigeminal (cranial 
nerve V), facial (cranial nerve VII), glossopharyngeal 
(cranial nerve IX), and vagus nerves (cranial nerve X). 

Other cranial nerves are involved in movement. 
Eye movements are produced by the oculomotor 

The somatic nervous system (SNS) refers to the part 
of the peripheral nervous system that is responsible 
for the voluntary control of movement. It consists of 
the autonomic nervous system (ANS), which controls 
involuntary muscles and automatic processes such as 
regulating blood chemistry, respiration, circulation, and 

(cranial nerve III), trochlear (cranial nerve IV), and 
abducens nerves (cranial nerve VI). The facial nerve 
also transmits motor information to the muscles of 
the face. The swallowing reflex is transmitted by the 
glossopharyngeal nerve. The spinal accessory nerve 
(cranial nerve XI) stabilizes the head and the neck. The 
muscles of the tongue are innervated by the hypoglos
sal (cranial nerve XII). 

The cranial nerve with the most complex set of 
connections is the vagus nerve. The vagus nerve 
plays an important role in the PNS. It slows the heart 
and regulates the activity of internal organs. It also 
controls your laryngeal muscles, which produce 
speech. 

I MODULE SUMMARY I 
digestion. The ANS is subdivided into the sympathetic 
and parasympathetic nervous systems. The sympathetic 
nervous system is also known as the fight-or-flight 
system and gets the body ready for action. The 
parasympathetic nervous system is also known as the 
rest-and-digest system and returns the body to a relaxed 
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118 BEHAVIORAL NEUROSCIENCE 

state. There are 12 pairs of cranial nerves. all originating 

from the brain. Some cranial nerves relay information 

from the senses of smell. vision. hearing. balance. and 

taste. Other cranial nerves are involved in movement of 

I TEST YOURSELF I 
4.3.1 Describe the somatic nervous system. What does it 

consist of. and what are its functions? 

the eyes and face as well as the swallowing reflex. The 

vagus nerve (cranial nerve X) has the most complex set 

of connections. It plays an important role. slowing the 

heart and regulating the activity of internal organs. 

4.3.2 What are the divisions of the autonomic nervous 

system? What are its functions? 

APPLICATIONS 

Powered Exoskeletons in the Rehabilitation of 
Patients With Spinal Cord Injury 

There are 17,700 new cases of spinal cord injury (SCI) 

every year in the United States (National Spinal Cord 

Injury Statistical Center. 2018) and 500.000 cases a year 

worldwide (World Health Organization. 2013). The severity 

of SCI varies between individuals. Tetraplegia (also known 

as quadriplegia) refers to spinal cord damage above the 

first thoracic vertebra. which means that. depending on 

the extent of injury (complete or incomplete), the patient 

loses sensation and the ability to move the body below 

the neck. Paraplegia (which can also be complete or 

incomplete) refers to injury to the lower thoracic, lumber, 

or sacral segments of the spinal cord. which results in 

the lack of sensation and the ability to move the lower 

extremities. The leading causes of SCI (in order of 

frequency) are car crashes. falls. acts of violence (such as 

gunshot wounds). sports. and recreational injuries. 

Individuals with SCI show varying degrees of paralysis 

of the trunk muscles, resulting in their lack of ability to 

maintain enough postural stability to sit or stand, and 

many lose the ability to walk independently. Fewer 

than 1% of SCI patients experience complete recovery 

(National Spinal Cord Injury Statistical Center. 2018). 

Treatment and rehabilitation for SCI patients 

includes locomotor training. respiratory muscle 

training. bodyweight-supported gait training. and 

neuromuscular electrical stimulation. In any case, the 

treatment and rehabilitation of SCI is long, arduous, and 

expensive (Nas. Yazmalar. Sah, Aydin, & Ones. 2015). 

What Is a Powered Exoskeleton? 

The word exoskeleton literally means "external 

skeleton." Unlike humans and other animals. insects 

such as grasshoppers and cockroaches as well as 

crustaceans such as crabs and lobsters have their 

skeletons on the outside of their bodies. The idea that 

exoskeletons could be built to fit humans in order 

to assist with movement was born in the 1890s and 

early 1900s. These machines were powered by gas 

compression or steam power that acted along with 

the person's own movements. More sophisticated 

exoskeletons powered by hydraulics. which increased 

the wearer's ability to lift heavy loads. were developed 

in the 1960s. One of these was known as the 

Hardiman. One of the main proposed purposes of 

powered exoskeletons was for use in the military, for 

example, to help soldiers carry heavy loads. Proposed 

civilian uses for exoskeletons include helping rescue 

workers in dangerous environments and construction 

workers in the performance of tasks that induce 

muscle fatigue. 

iiB·Mifli 
A patient with incomplete SCI undergoing 

rehabilitation with the help of a powered 

exoskeleton. 

iStock,com/chudakovz 
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In recent years. the use of powered exoskeletons 

has become a promising option in the treatment and 

rehabilitation of people with incomplete SCI. Several 

companies have developed powered exoskeletons 

to help people with SCI to improve balance. walking 

distance. and speed. 

In a recent study. patients with incomplete SCI 

underwent powered exoskeleton training three or 

four days per week for a total of 100 hours. At first. 
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the device was set to provide a maximal level of 

assistance. which was progressively reduced based 

on the patient's individual performance. The patient's 

performance was video-recorded while walking along 

a 10-meter walkway. The results showed that 100 hours 

of training with the powered exoskeleton resulted in 

improvements in the patient's walking speed. the time 

needed to take a step. and the length of the patient's 

steps (Ramanujam et al.. 2018). • 
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