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l. Introduction

Genetics is the study of heredity, and seeks to explain the
mechanism of hereditary transmission, as well as the genetic
basis of individual variation. Medical genetics is the science
of genetically associated biologic variation relevant to human
traits and diseases. In industrialized countries, improvements
in public health and medical care have resulted in a marked
reduction in mortality from infectious causes, or nutritional
deficiencies; during this time, there has been a correspond-
ing increase in awareness of the role of genetic factors in
human diseases, including neurological disease.

Although genetic disorders sometimes have been perceived
as rarely encountered outside of a tertiary medical center, this
notion is no longer true. Although a particular genetic disease
may be rare, defined as affecting fewer than one in 250,000
individuals, some genetic disorders such as spinal muscular
atrophy and cystic fibrosis are common in the population,
affecting from one in 500 to one in 1,000 people.

In aggregate, the thousands of single-gene disorders
affect millions of people. The proportion of recognized
genetic diseases has increased in both the pediatric and
adult populations as our ability to identify and understand
the role of genes in biology and medicine has increased.
New genetic disorders continue to be described. In 1994,
McKusick’s Mendelian Inheritance in Man listed 6,678
monogenic human traits, and accessing the online version
on September 6, 2006 showed 17,033 entries, including over
1,500 Mendelian traits with an unknown meolecular basis
(www.ncbi.nlm.nih.gov/OMIM). Many chronic disorders
affecting the nervous system are genetically determined. In
others, genetic risk factors increase the likelihood of develop-
ing certain diseases, but do not always result in the disease.

In the last 15 years, hundreds of human disease genes
have been mapped and cloned because of the explosion of
basic knowledge in genomics and molecular genetics. The
identification of these genes has led to novel insights into
disease pathogenesis in humans and model systems. A grow-
ing number of genetic tests are available on a clinical basis
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to assist in the diagnosis of a symptomatic patient, to accu-
rately predict risk to family members, and to assess the like-
lihood of a serious drug side effect. Sophisticated genetic
methods are now being applied to the next genetic frontier:
the challenging task of identifying genes contributing to
common diseases such as Alzheimer’s disease and schizo-
phrenia. These genetically complex disorders are thought to
arise from the cumulative effects of variants in several genes,
in combination with environmental effects. The goal of this
chapter is to provide an overview of the genetic principles
that have transformed neurology into a molecular specialty.

II. Structure and Function of Genes
and Chromosomes

A. DNA Structure and Replication

The information for the development of an organism and
the specific functions of cells, tissues, and organs is stored in
its DNA. The double helix structure of DNA was described a
little more than 50 years ago (Watson and Crick, 1953). DNA
is a nucleic acid composed of nucleotide bases (adenine (A),
thymine (T), guanine (G), and cytosine (C)), a deoxyribose
sugar, and phosphate groups. These components are orga-
nized into two sugar-phosphate strands of opposing polarity,
and paired nucleotide bases. Each pair consists of a purine
(guanine or adenine) and a pyrimidine (thymine or cytosine).
Guanine pairs with cytosine via three hydrogen bonds, thy-
mine and adenine pair via two hydrogen bonds. Every time
a cell divides, its DNA must be replicated in the daughter
cells. During the process of replication, the two strands of
DNA separate, and each is copied by DNA polymerase.
Thus, DNA replication is semiconservative, with each
double helix consisting of a “new” and an “old” strand
(Alberts et al., 2002).

B. Gene Expression and Transcription

The genetic information in DNA is transcribed into RNA
in the nucleus, or in the case of a few genes, in the mito-
chondria, by means of a DNA-directed RNA polymerase;
the RNA crosses into the cytoplasm where translation of the
information into polypeptides occurs on ribosomes. Both
post-transcriptional (RNA splicing, capping, and polyade-
nylation) and post-translational modifications (cleavage into
a mature peptide, hydroxylation, phosphorylation, the addi-
tion of carbohydrate or lipid groups) may take place. The
basic theme of unidirectional transfer of information from
DNA®RNA®protein has been termed the central dogma of
molecular biology (Alberts et al., 2002). Although the term
reflects its near universal occurrence, there are exceptions to
this important principle. Eukaryotic cells contain sequences
that encode reverse transcriptases that enable making cDNA

copies of RNA transcripts, which can then be inserted into
the genome.

The vast majority of DNA is not transcribed. Only approx-
imately 1.5% of the DNA in mammalian cells codes for
proteins (Strachan & Read, 2004). The remaining noncod-
ing DNA (formerly called “junk DNA” contains the intronic
sequences within genes, various classes of highly repetitive
DNA, nonfunctional copies of genes (pseudogenes) and
noncoding RNAs. The potential role of noncoding DNA is
the subject of considerable interest (Mattick, 2004).

C. Chromosomes

In eukaryotic cells, DNA is organized into chromosomes
(Tyler-Smith & Willard, 1993). The correct diploid number of
human chromosomes was determined to be 46 (Tijo & Levan,
1956). This includes 22 paired maternal and paternal auto-
somes, and a pair of sex chromosomes. During interphase,
a chromosome consists of a single, extended DNA molecule
and its closely associated histone and nonhistone proteins. The
packaging of DNA is a dynamic, reversible, highly organized
process that takes place on multiple levels and enables a 10,000
fold compaction of the DNA. The basic unit of packaging is
the nucleosome, consisting of a core of eight histone proteins
around which the DNA is coiled (Jenuwein & Allis, 2001),
A string of adjacent nucleosomes are coiled into a chromatin
fiber of 30 nm diameter, visible by electron microscopy. These
in turn form a long looped chromosome segment.

With each cell division, the chromosomes become even
more condensed, and the DNA content is replicated. The
typical textbook image of chromosomes reflects a brief stage
of the cell cycle, their most highly condensed state during
metaphase, in which the chromosome has been replicated,
and exists briefly as a two-chromatid entity.

The development from single-cell zygote to multicellu-
lar organism requires millions of cell divisions, which occur
through the process of mitosis. The result of mitosis is the
formation of two daughter cells containing identical genetic
information. During mitosis, the chromosomes condense
and become visible (prophase), the nuclear envelope disap-
pears, and the chromosomes migrate to the equatorial plane
(prometaphase). Importantly, during mitosis, the maternal
and paternal homologous chromosomes do not pair during
metaphase, in contrast to meiosis (discussed later). In ana-
phase, each centromere splits and the two chromatids of each
chromosome migrate to opposite poles; in telophase, the chromo-
somes reach the poles, and the nuclear membrane reforms.

D. Meiosis

Meiosis is the specialized process of cell division by
which gametes are formed. Somatic cells possess a dip-
loid DNA content or two copies of the chromosome set. In
humans, the diploid number of chromosomes is 46, including
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the sex-determining X and Y chromosomes. Meiosis involves
a single round of DNA replication, but two rounds of cell
division: the products (spermatozoa or an oocyte) contain the
haploid number of chromosomes (23 in humans). Meiosis
differs fundamentally from mitosis in several respects. First,
the products of mitosis are diploid, the products of meiosis
are haploid. Second, in meiosis, the homologous chromo-
somes pair up. Third, genetic recombination arises from the
exchanges between the homologous chromosomes (crossing
over), a process that has proven important in positional clon-
ing. Finally, the products of mitotic division are generally
identical to each other, whereas the products of meiotic divi-
sion differ genetically from one another due to the exchange
of genetic information that occurs during crossing over.
Chromosomal abnormalities may affect human repro-
duction or cause recognizable genetic syndromes. Problems
arising from chromosomal aberrations include infertility;
fetal loss; gain or loss of complete chromosomes resulting in
recognizable phenotypes such as Down syndrome (47,XX,
+21), Turner syndrome (45,X), or other structural abnormali-
ties such as deletion, insertion, inversion, duplication, trans-
location, or formation of a ring chromosome (ISCN, 1995;
Shaffer & Tommerup, 2005). Although many chromosomal
abnormalities cause a neurological phenotype, particularly
mental retardation with or without epilepsy, they are often
multisystem diseases and space does not permit detailed
discussion, For further information, refer to Gardner and
Sutherland, 1996. In the clinical setting, cytogenetic studies of
human chromosomes are performed using accessible tissues:
lymphocytes from blood, fibroblasts from skin biopsy, or fetal
cells obtained by amniocentesis or chorionic villus sampling.

E. The Human Genome Project

The genome is the total sum of genetic material in human
cells, The Human Genome Project (see Table 1.1) was based
upon the central importance of DNA to understanding the
function of genes, their role in human disease, and the potential
for medical benefits. The Office of Human Genome Research
was established in 1988, and the Human Genome Project origi-
nally was envisioned as a 15-year effort to produce high reso-
lution genetic and physical maps leading to the sequence of
the human genome as the primary goal. The Human Genome
Project became an international project carried out in special-
ized genome centers with high throughput sequencing capabil-
ity, and the ability to release the sequence to publicly available
databases. Secondary goals included new technological devel-
opments in DNA sequencing tools and technology, bioinfor-
matics, genome projects for several widely studied model
organisms (E. coli, Saccharomyces cerevisiae, Caenorhabditis
elegans, Drosophila melanogaster, and mouse), and the ethi-
cal, legal, and societal implications {termed ELSI) of human
genome studies. Competition from a private company, Celera,
and technical advances sped up the timeline of the project.

In 2001, a draft of the human genome was released (2001;
Lander et al., 2001), and the finished sequence of the human
genome and the model organisms was available by 2003.

F. Overview of the Human Genome

The genome comprises 3,000 Mb encoding an estimated
35,000 genes compared with 18,425 genes in C. elegans and
13,601 genes in the fruit fly (Claverie, 2001). Organismal
complexity, therefore, does not fully reflect genome complex-
ity, and is incompletely understood, but could be explained
by increased alternative splicing in complex organisms or
perhaps by nonceding DNA.

Human genes vary in size from less than 1 Kb to the 2.4
Mb dystrophin gene. Although most protein coding genes
possess introns, a few lack introns, including the dopamine
D1 and DS receptors. Because of the complexity of the
human brain, over half of genes are thought to be expressed
predominantly or exclusively in the nervous system. It
is therefore not surprising that a number of neurological
diseases have a genetic basis. Human genes are not evenly
distributed on chromosomes. Instead, there are “deserts”
devoid of genes (e.g., regions of heterochromatin), and “oases’
of gene-rich regions. In general, the distinctive Giemsa stain-
ing pattern of light and dark bands observed on a karyotype
reflect gene-dense and gene-poor regions, respectively.

G. Genetic Diversity: Normal Variation and
Genetic Disease

Although the DNA sequence of any two humans is 99.9
percent identical, nevertheless, the degree of human genetic

Table 1.1 Internet Resources for Genetics

National Human Genome
Research Institute

Online Mendelian Inheritance
in Man

Genetic Testing, Genetic
Clinics and Gene Reviews

National Organization for
Rare Diseases

National Coalition for Health
Professiona! Education
in Genetics

Human Genome Organization

(www.genome.gov/)
(www.nebi.nlm.nih.gov/Omim/)
www.genetests.org
www.rarediseases.org

www.nchpeg.org

www.gene.ucl.ac.uk/hugo

Human Gene Mutation Database ~ www.hgmd.cfac.uk

American Society of Human www.ashg.org
Genetics

National Society of Genetic WWW.Nsgc.org
Counselors

American College of Medical www.acmg.net
Genetics

American Board of Medical www.abmg.org
Genetics
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variation is remarkable, and readily detected by the casual
observer. Genetic variation also influences the most com-
mon medical tests such as blood pressure, cholesterol, and
glucose, as well as causes the development of diseases such
as neurofibromatosis, familial Alzheimer’s disease, certain
forms of epilepsy, among others. Genetic variation may also
affect the effectiveness or the predisposition to side effects
of the conventional drugs currently on the market. A num-
ber of liver enzymes have polymorphisms that affect the rate
of drug metabolism. For example, the CYP2D6 gene in the
P450 cytochrome system affects the metabolism of many
psychoactive drugs, including tricyclic antidepressants and
atypical antipsychotics, so that a dose that causes toxicity in
a patient with low enzyme activity may be nontherapeutic in
a patient with high enzyme activity (Wolf et al., 2000).

All genetic variation arises from a change in the DNA
sequence, termed a mutation. Mutations may occur in a
somatic cell and be passed on to its daughter cells (a critical
event in the development of many cancers) or a mutation may
affect a germline cell (and thus be capable of transmission
from one generation to the next). Mutations may be induced
by exogenous agents such as ionizing radiation, ultraviolet
radiation, various classes of chemicals such as atkylating
agents, nitrogen mustard, and formaldehyde. Spontaneous
mutations arise during the process of DNA replication that
continues throughout an individual’s lifetime. Efficient cel-
lular DNA repair systems correct the vast majority of muta-
tions, so that the normal mutation rate is low, but is not zero.
The residual mutations may (1) be functionally neutral and
thus clinically silent or associated with normal variation,
(2) may result in disease, or (3) may provide some selective
advantage that will provide a substrate for evolution.

The chromosomal location of a gene is its locus. The dif-
ferent, alternate forms of a gene are referred to as alleles. If
an individual has the same allele on both the maternal and
the paternal chromosomes, the person is homozygous. If the
two alleles differ, the individual is heterozygous. The alleles
present at a specified locus comprise the genotype. A locus
in which two or more alleles have frequencies less than 1 per-
cent of the normal population is termed a polymorphism.

lll. Genetic Medicine

Genetics is the study of inheritance and medical genetics
is the branch of medicine that specializes in inherited dis-
eases (2006; McKusick, 1993). Neurogenetics, by extenston,
aims to identify and characterize the inherited components
of neurological disease, and in so doing, contributes broadly
to the elucidation of neurological disease mechanisms
(Rosenberg, 2001). Clearly, ever more powerful contempo-
rary molecular biological technologies and the availability
of the sequence of the human genome have enhanced the
potential yield of applying genetic approaches in the clinic.

However, optimizing the outcome from the evaluation of
a patient/family requires an understanding of a number of
key concepts, strategies or approaches—the tools of clinical
genetics. In addition, it may soon be possible to sequence an
individual’s entire genome at reasonable cost, thus opening
the door to genomic medicine (Guttmacher & Collins, 2002).
Conceivably, one might envision an approach to personalized
medicine that includes sequencing an individual’s genome
at birth, thus generating a personal genome database, which
can then be interrogated repeatedly throughout the patient’s
lifetime to predict and prevent diseases for which the person
is at high risk, as well as optimize therapeutic interventions
as genome guided therapies evolve.

A. The Importance of the Pedigree

The pedigree is one of the most essential tools in genetics.
It depicts which family members are affected with a genetic
condition, which family members are unaffected, and the
relationships among the family members. A standardized
format for pedigree notation is widely accepted (Bennett et
al., 1995). The simplest human genetic diseases are those in
which the genotype at a single locus is necessary and suf-
ficient to result in the disease. This category of diseases is
known as Mendelian diseases, because they follow the prin-
ciples discovered by the Augustinian monk Gregor Mendel
(1822-1884) by crossbreeding garden peas in the monastery
gardens. Mendel’s two fundamental principles are the prin-
ciple of segregation, which states that only one of a pair of
genes is transmitted to the offspring; and the principle of
independent assortment, which states that genes at differ-
ent chromosomal loci are transmitted independently of each
other. Mendel also defined dominance and recessiveness,
recognizing that the effects of one allele may mask those of
the second allele. Many neurological diseases follow a Men-
delian inheritance pattern (see Table 1.2; Pulst, 2003). They
may be recognized because of their characteristic pedigree
patterns (see Figure 1.1).

B. Mendelian Patterns of Inheritance

1. Autosomal Dominant Inheritance

An autosomal dominant (AD) trait is observable in the het-
erozygote state. In a classical AD trait, males and females are
equally likely to be affected, and equally likely to transmit the
trait to their offspring, there is no skipping of generations (i.e.,
at least one person in each generation is affected), vertical
transmission from parent to child occurs, unaffected persons
do not transmit the trait, and an affected individual passes on
the trait to half of his or her offspring. Examples of neurologi-
cal diseases inherited as an autosomal trait include Hunting-
ton’s disease, myotonic dystrophy 1 and 2, neurofibromatosis
1 and 2, and many forms of spinocerebellar ataxia.



Genetics as a Tool in Neurology 5
Table 1.2 Selected Neurological Disease Genesa
Disease Inheritance Locus Gene Gene Product Year Identified
Peripheral Neuropathies
Charcot-Marie-Tooth (CMT) 1A AD 17pl1.2 PMP22 Peripheral myelin protein 22 1991
X-Linked Charcot-Marie-Tooth XLD Xql3.1 GIBi Connexin 32 1993
CMT 4A AR 19q13.1 PRX Periaxin 2001
Muscular Dystrophies
Duchenne muscular dystrophy XLR Xp21.2 DMD Dystrophin 1987
Myotonic dystrophy 1 AD 10q13.2 DMPK Dystrophia myotonica protein kinase 1992
Myotonic dystrophy 2 AD 3q13 ZNF9 Zinc finger protein 9 2001
Neurocutaneous Diseases
Tuberous sclerosis AD 9q34 TSC!1 Hamartin 1997
Tuberous sclerosis AD 16p13.3 TsC2 Tuberin 1993
Neurofibromatosis 1 AD 17q11.2 NF1 Neurofibromin 1990
Neurofibromatosis 2 AD 22q12.2 NF2 Neurofibromin 2 or Merlin 1993
Mental Retardation Syndrowmes
Fragile X syndrome XLR Xq27.3 FMRI1 Frataxin 1991
Rett syndrome XLD Xq28 MECP2 Methyl CpG-binding protein 2 1999
Cortical Development
Schizencephaly AD 10q26 EMX2 Homeobox containing “Empty Spiracles™ 1996
homolog
X-linked lissencephaly and double XL Xq22.3 DCX Doublecortin 1998
cortex syndrome
Isolated lissencephaly sequence AD 17p13.3 LISI Platelet activating factor acetylhydrolase, 1993
isoform 1B, alpha subunit
Stroke
CADASIL AD 19p13.2 NOTCH3 Notch3 1996
Leukodystrophy
Adrenoleukodystrophy XLR Xq28 ABCDI ATP-binding 1993
cassette, subfamily D
Leukoencephalopathy with AR 2p23 EiF2B4 Subunits of eukaryotic translation initiation 2002
vanishing white matter or 14q24 EIF2B2 factor EIF2B 2002
ovarioleukodystrophy 12 EIF2BI 2002
Neurodegenerative di
Spinocerebellar ataxia 1 AD 6p23 ATXNI Ataxin | 1994
Spinocerebellar ataxia 2 AD 12q24 ATXN2 Ataxin 2 1996
Huntington disease AD 4pl6.3 Huntington Huntington 1993
Parkinson disease AD 4q21 SNCA Alpha synuclein 1997
Parkinson discase AR 6q25 PARK2 Parkin 1998
Parkinson disease AR 1p36 )] DJi 2003
Parkinson disease AD 12q12 LRRK2 Dardarin 2004
Alzheimer disease AD 21q21 APP Amyloid precursor protein 1991
Alzheimer disease AD 14g24.3 PSI Presenilin | 1995
Alzheimer disease AD Iq31q42  PS2 Presenilin 2 1995
Epliepsies :
Generalized epilepsy febrile seizures + AD 2q24 SCNAL Voltage-gated sodium channel 2000
Generalized epilepsy febrile seizures + AD 2q24 SCN2AL Voltage-gated sodium channel 2004
Benign familial neonatal convulsions AD 20q13.3 KCNQ2 Voltage-gated potassium channel 1998
Juvenile myoclonic epilepsy AD 5q34-q35 GABRAI Gaba A receptor subunit 2002
Unverricht-Lundborg AR 21q22.3 EPM1 Cystatin B 1996
Lafora disease AR 624 EPM2A Laforin 1998
Channelopathies
Hyperkalemic periodic paralysis AD 17923 SCN4A Voltage-gated sodium channel 1991
Hemiplegic migraine 1 AD 19p13 CACNATA  Volage-gated calcium channel 1996
Myotonia congenita AD/AR 7935 CLCNI Voltage gated chloride channel 1992
Erythromelalgia AD 2q24 SCNSA Voltage-gated sodium channel 2004

*This table is not comprehensive, and illustrates only a few of the wide range of neurological conditions for which the genetic basis is known.



