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The DNA laboratory and neurological practice

Molecular genetic techniques have already made an
impact on neurological practice, leading to improved
diagnosis and genetic counselling in inherited neurologi-
cal disorders. The purpose of this review is to outline
what the DNA laboratory can currently provide the neu-
rologist, in terms of services to patients with neurological
disease and their families.
The first neurological disease to be assigned to a spe-

cific chromosomal region by means of random linkage
analysis using variable DNA markers (polymorphisms)
was Huntington's disease (HD).' Since then the neuro-
logical disease map has become much more dense2 (table
1). Also, several gene defects have been identified, either
after gene mapping and subsequent gene isolation
(reverse genetics, now known as positional cloning), such
as, hereditary motor and sensory neuropathy (HMSN
type Ia)34 or by direct analysis of candidate genes, for
example, in some cases of familial Alzheimer's disease5
and inherited prion diseases6 (table 2). The small genome
found in mitochondria has also been established as a
mutation hot spot for some neurological diseases, a possi-
bility suggested by their biochemical features and pre-
dominantly maternal mode of transmission.7

Gene tracking
There are two general ways of using DNA analysis in
clinical practice, and it is important to distinguish
between them. The most common involves gene tracking
using linked markers. This is required when a gene has
been localised to a specific chromosomal region, but the
defective gene itself has not been isolated. This approach
currently applies most commonly in HD. It is possible to
predict which subjects at risk of HD are likely to carry
the gene, but only if there are sufficient family members
available to determine which allele of a linked polymor-
phism is segregating with the disease. This usually
requires investigating members of three generations of a
family if DNA from only one affected member is avail-
able, or two generations if more than one patient is alive.8
As there is a small chance of recombination (crossing
over during meiosis) occurring between the linked mark-
er and the HD gene, predictive testing in these circum-
stances is, at best, about 98% accurate. In smaller
pedigrees it is possible to do prenatal exclusion testing for
those at risk who are either unable (because of limited
pedigree structure), or unwilling, to have predictive test-
ing, but wish to avoid passing on the HD gene to their
children.9 Predictive and prenatal testing is performed by

most regional genetic units and their associated DNA
laboratories in the UK, most of which participate in a
HD predictive testing consortium.'0 To date, over 200
predictive tests have been performed by members of this
consortium, so far with few adverse sequelae. This proba-
bly relates to the provision of detailed pre-test genetic
counselling and post-test support. The test is available
only with the informed consent of the individual at risk,
and only to those aged 18 years or over. It should be
stressed that there is as yet no direct genetic test for HD,
so DNA analysis is not useful to confirm or exclude the
diagnosis. However, DNA from all patients with definite
or probable HD should be stored in regional DNA labo-
ratories for future direct analysis or use in gene tracking
in their families. When the HD mutation is identified,
studies of seemingly sporadic cases of HD will be partic-
ularly useful for their relatives.
The same limitations of gene tracking apply to other

autosomal dominant disorders in which the disease gene
has been mapped but not isolated, such as, von Hippel-
Lindau disease" and neurofibromatosis type 2 (bilateral
acoustic neurofibromatosis)." Prenatal diagnosis in neu-
rofibromatosis type 1 (von Recklinghausen's disease) is
also often based on linked markers as it is extremely time
consuming and labour intensive to screen the gene for
the very large number of mutations reported.'3 In autoso-
mal recessive disorders which have been mapped reason-
ably precisely, for example, acute infantile and chronic
childhood spinal muscular atrophy,'4 Friedreich's atax-
ia,'5 and Wilson's disease,'6 it is possible to perform pre-
natal diagnosis for couples who have already had one
affected child. This means that it is important to make an
accurate diagnosis in the index patient, and store DNA,
as early as possible. In Friedreich's ataxia, many families
will be complete by the time the first affected child is
diagnosed. Couples who may benefit from prenatal diag-
nosis should be referred for genetic counselling and mol-
ecular analysis of the family before embarking on
subsequent pregnancies. Carrier testing in such families
is of limited value as it is currently not possible to deter-
mine carrier status for any of these disorders in the gener-
al population, and the risk of the healthy brothers and
sisters of patients having affected children is in any case
extremely low.

Direct mutation detection
Amyloidoses
Direct mutation detection is possible in three disorders
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Table I A gene map for childhood or adult onset neurological disease

Disease Chromosomellocation Disease Chromosomellocation

HMSN type 1 (some families) 1 q2 Hyperkalaemic periodic paralysis 17q22-q24
Nemaline myopathy lq21-q23 Amyloid neuropathies, TTR-related 18ql 1-2-ql2-1
Juvenile ALS 2q33-35 Myotonic dystrophy i9pl3 3
Cerebrotendinous xanthomatosis 2q33-ter Central core disease 19ql2-ql3
von Hippel-Lindau disease 3p26-p25 Malignant hyperthermia 19ql2-ql3 2
Huntington's disease 4pl6-3 FAD (late) 19
Facioscapulohumeral dystrophy 4q35 Benign neonatal convulsions 20q
Acute and chronic childhood SMA 5ql 1-2-ql3-3 Inherited prion diseases 20pter-p 12
LGD, dominant 5q22-3-31 3 Icelandic amyloid angiopathy 20pl 1-22-pl 1-21
Juvenile myoclonic epilepsy 6p FAD (early, some families) 21pter-q21
Dominant ataxia (some families) 6p24-p23 Familial ALS 21q22-1-q22-2
Friedreich's ataxia 9q1 3 Unverricht-Lundborg disease 21q22-3
Amyloidosis, Finnish 9q33 Dutch cerebral haemorrhage 21q21
Tuberous sclerosis (some families) 9q34-1-q34-2 Neurofibromatosis 22ql 1-q13 1
Torsion dystonia (some families) 9q34 Aicardi syndrome Xp22
Tuberous sclerosis (some families) 1 ql4-q23 Duchenne/Becker dystrophies Xp21-2
Ataxia telangiectasia 1 q23 X-linked HMSN Xql I-q13
Amyloid neuropathy, Iowa type 1 lq23-q24 X-linked spastic paraplegia Xql2-q22
Acute intermittent porphyria 1 lq23-2-qter Dystonia/parkinsonism Xq21
Wilson's disease 13ql4-2-q21 Bulbospinal neuronopathy Xq2l-3-q22
FAD (early, some families) 14q Fabry's disease Xq22
LGD, recessive 15ql5-q22 Pelizaeus-Merzbacher disease Xq21-3-q22
Batten's disease 16p Fragile X syndrome Xq27-3
Tuberous sclerosis (some families) l6pl3 Emery-Dreifuss muscular dystrophy Xq27-3-q28
HMSN type 1 (most families) 17pl 1-2 Centronuclear myopathy Xq27-q28
Neurofibromatosis 1 17ql 1-2 Adrenoleukodystrophy Xq28
Paramyotonia congenita 17q22-q24

p, q represent short and long arms respectively, numbers chromosomal bands; SMA spinal muscular atrophy; LGD

characterised by deposition of the gene product in the
form of amyloid. The first of these is a heterogeneous
group of diseases causing familial amyloid neuropathy
(FAP). The most common genetic abnormality is a point
mutation in the transthyretin (TTR, previously known as
pre-albumin) gene. At least 20 pathogenic mutations of
this gene have been described, and most give rise to a
progressive small fibre peripheral neuropathy causing dis-
tal sensory loss, usually accompanied by autonomic dys-
function.'7 The most common mutation causes rise to a
substitution of methionine for valine at position 30 of the
TTR molecule, and is associated with the type of FAP
seen most frequently in individuals of Portuguese
descent. This disorder, however, is not confined to this
racial group, or areas of the world where Portuguese
genes are common, and the disorder has been observed
in individuals of French and British descent.'8 The so
called German (tyrosine 77) mutation has also been
observed in Britian and France, and a cluster of cases
with late onset amyloid neuropathy and the alanine 60

Table 2 Inherited neurological diseases in which gene defects have been
identified

Disease Genetic defect

Nuclear gene defects:
Amyloid neuropathies:
TTR (-20 types) Point mutations
Apolipoprotein Al-related Point mutation
Gelsolin-related Point mutation
Neurofibromatosis type 1 Insertion, deletions, point mutations
HMSN type Ia Duplication
Facioscapulohumeral dystrophy ? contraction
Hyperkalaemic periodic paralysis Point mutations
Hexosaminidase deficiencies Deletion, insertions, point mutations
Dutch cerebral haemorrhage Point mutation
Familial Alzheimer's disease Point mutations
Prion diseases Insertions, point mutations
Myotonic dystrophy Expansion
Malignant hyperthermia Point mutation
Duchenne/Becker dystrophies Deletions (70%), duplications
Bulbospinal neuronopathy Expansion
Fragile X syndrome Expansion
Mitochondrial DNA defects:
Leber's optic atrophy Point mutations
MERRF, MELAS, myopathy etc. Point mutations
Ataxia, RP, neuropathy Point mutation
PEO, KSS Deletions, duplications

RP retinitis pigmentosa; PEO progressive external ophthalmoplegia; KSS

mutation appears to have originated in northwest
Ireland.'819 In these types of TTR-related amyloid neu-
ropathies, and also others, it is clear that penetrance is
incomplete, and TTR gene analysis is a useful diagnostic
procedure in patients with the appropriate phenotype,
regardless of ethnic background or family history. Apart
from the diagnostic value of this investigation, and the
implications of a positive result for genetic counselling of
the patient's family, there are preliminary data suggesting
that liver transplantation is an effective form of therapy
for TTR-related amyloidosis,20 and this is likely to be of
most benefit in early cases.
A small proportion of families with familial

Alzheimer's disease has one of several point mutations in
the gene encoding the amyloid precursor protein which
maps to chromosome 21.5 It is clear, however, that this is
an unusual cause of familial Alzheimer's disease and such
mutations have not so far been reported in sporadic cases
of Alzheimer's disease.2' A different mutation in the same
gene gives rise to Dutch hereditary cerebral
haemorrhage." Prion diseases are also characterised by
the deposition of amyloid, derived from prion protein, in
the brain; several point mutations and two insertions in
this gene have been described in association with a wide
variety of phenotypes.6 These range from the Gerstmann-
Straussler syndrome of slowly progressive dementia and
ataxia, usually of autosomal dominant inheritance, to
families exhibiting the typical features of Creutzfeldt-
Jakob disease (CJD). The last applies to two clusters of
cases of CJD, among Libyan Jews and in Slovakia, both
of which are associated with a point mutation of the
prion protein gene in codon 200. A recent report has
described this mutation in familial CJD in a British fami-
ly.23 One of the diagnostic problems in this group of dis-
orders is that the phenotype may be relatively
nonspecific, comprising slowly progressive dementia
without myoclonus or other characteristic features of
spongiform encephalopathy, and the characteristic.
pathology may be lacking.624 Thus prion protein gene
analysis is a useful diagnostic procedure in such patients,
particularly if there is a positive family history; it can also
be used for presymptomatic and prenatal diagnosis.25
The incidence of mutations in sporadic cases of CJD is
not clear as yet, but seems to be about 5% in the UK al
Collinge, personal communication).
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Diseases associated with unstable repeat sequences
In myotonic dystrophy and in two disorders which map
to the X chromosome, the gene defect is characterised by
an excessively large and unstable trinucleotide repeat
within a gene which exists in normal individuals but is
greatly expanded in patients. Detection of the myotonic
dystrophy gene expansion appears to be a reliable means
of determining which family members are affected.26 This
has enhanced genetic counselling in this disorder enor-
mously as exclusion of carrier status with certainty in this
disease was previously very difficult, even using EMG
and slit lamp examinations. Prenatal diagnosis is also
possible using DNA analysis. The variable expansion
seen within the myotonic dystrophy gene has provided an
explanation for anticipation observed in myotonic dystro-
phy pedigrees, as there is a tendency for the expansion to
increase in size in successive generations, in parallel with
increasing disease severity.
The two X-linked disorders associated with expanded

trinucleotide repeats are the fragile X mental retardation
syndrome27 and X-linked bulbospinal neuronopathy
(Kennedy's syndrome).28 29 The latter may be confused
with amyotrophic lateral sclerosis (ALS), particularly if
there is no history of affected relatives as is the case in
about half of patients. This syndrome produces gener-
alised neurogenic muscle weakness, beginning typically
between the ages of 30 and 50; there is associated bulbar
dysfunction with prominent fasciculation of the tongue
and often the face. In contrast to ALS, the tendon reflex-
es are usually depressed or absent and there is an associ-
ated axonal sensory neuropathy in most patients, but
usually without clinical sensory loss.28 The expanded tri-
nucleotide repeat is in the androgen receptor gene,29 a
candidate gene for this disorder because of the fairly fre-
quent occurrence of gynaecomastia and infertility
observed in this syndrome, but these features are not uni-
versal. Accurate diagnosis is important as this disorder
has a relatively good prognosis; all the daughters of a
patient are carriers and therefore at risk of having affect-
ed sons, and there may be other females in the family
who, unknowingly, are also carriers.

Hereditary motor and sensory neuropathy (HMSN) type I
HMSN type I is genetically heterogeneous, but this auto-
somal dominant demyelinating neuropathy maps to chro-
mosome 17 in the majority of families (type Ia). In 1991,
two groups showed independently that the disease is
associated with a large (at least 1 megabase) duplication
of the proximal short arm of chromosome 17.3 This
duplication is not visible on cytogenetic analysis, but is
detectable using molecular genetic techniques. It has
been shown that a high proportion of seemingly sporadic
cases ofHMSN type I (that is, with normal parents) have
the duplication, indicating that it occurs as a fresh muta-
tional event fairly frequently.30 Thus detection of the
duplication is not only useful for confirming the diagnosis
of HMSN type Ia in families, and providing the option of
prenatal diagnosis, but also in aiding the differential diag-
nosis of chronic demyelinating neuropathy in the absence
of a family history. This has important clinical implica-
tions, for example, in distinguishing HMSN type Ia from
chronic inflammatory demyelinating polyneuropathy.

Muscular dystrophies
A further large gene rearrangement has recently been
reported in facioscapulohumeral (FSH) muscular dystro-
phy, following localisation of the disease locus to the dis-
tal long arm of chromosome 4.31 32 This rearrangement
appears to be a contraction of a tandem repeat, and also
occurs de novo in cases of FSH dystrophy without simi-

larly affected relatives.32 Detection of this abnormality has
immediate clinical applications in diagnosis and genetic
counselling.
The use of dystrophin gene analysis in the diagnosis of

Duchenne and Becker muscular dystrophies (BMD) has
been reviewed elsewhere,3334 but it should be stressed
that defects of the dystrophin gene may be seen in a wide
variety of phenotypes, including the relatively benign syn-
drome of muscle cramps and calf hypertrophy35 and in
patients previously thought to have limb girdle dystrophy
(LGD), with or without characteristic features such as
hypertrophy of the calf muscles.36 The diagnosis of dys-
trophinopathy is of particular importance in patients,
particularly males, without a history of affected relatives.
The distinction between BMD and LGD is of great
importance in genetic counselling. About half of patients
with BMD have a deletion of a particular part of the dys-
trophin gene. The majority of the other half presumably
have more subtle gene defects such as point mutations
which are not detectable during routine DNA analyses.
The investigation of choice in such individuals is dys-
trophin analysis of muscle biopsies using immunohisto-
chemistry or Western blot analysis.33 34

Mitochondnial diseases
Defects of mitochondrial DNA (deletions and point
mutations) have been described in two groups of disor-
ders, mitochondrial encephalomyopathies and Leber's
hereditary optic neuropathy.7 Deletions of muscle mito-
chondrial DNA occur in approximately half of patients
with progressive extemal ophthalmoplegia and ragged-
red fibres on muscle biopsy, and most patients with the
Kearns-Sayre syndrome.37 These are not readily detected
in blood samples and thus require investigation of muscle
DNA. The demonstration of a deletion confers a very
low recurrence risk to family members and their off-
spring. The two most common mitochondrial DNA
point mutations observed in mitochondrial encephalomy-
opathies are detectable in blood samples in the vast
majority of cases,39 and are associated with the syn-
dromes of myoclonic epilepsy with ragged red fibres
(MERRF) and mitochondrial encephalopathy with lactic
acidosis and stroke-like episodes (MELAS). Index
patients from families with MERRF, which is commonly
maternally inherited, usually have the classic triad of
myoclonus, ataxia and seizures, but their relatives may be
oligosymptomatic, with solitary features such as occa-
sional seizures. Not all patients with the MERRF syn-
drome have ragged red fibres on muscle biopsy and in
many, muscle weakness is slight or absent. Blood mito-
chondrial DNA analysis is a useful screening procedure
for mitochondrial disease in patients with progressive
myoclonic syndromes and arguably should be performed
before muscle biopsy. The contribution of this mitochon-
drial DNA mutation to epilepsy as a whole is as yet
unclear, but it is likely to be small.
The mitochondrial DNA point mutation at position

3243 is seen in the majority of patients with MELAS, but
it has also been described in association with other mito-
chondrial encephalomyopathies, such as dementia, ataxia
and deafness, and even myopathy alone.38 Again, ragged
red fibres are not seen in all patients with this mutation
and neurological disease. Screening of blood mitochon-
drial DNA for the 3243 mutation is a useful diagnostic
procedure in patients with suspected mitochondrial
encephalomyopathy, particularly the MELAS syndrome;
it should be considered in patients who have more than
one stroke-like event without obvious cause under the
age of about 45 years, particularly if there are other fea-
tures such as deafness or short stature. The stroke-like
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episodes of mitochondrial disease often have characteris-
tic features with migrainous elements including
headache, nausea and vomiting, malaise, visual distur-
bances, and frequently a focal seizure preceding the neu-
rological deficit.

Leber's hereditary optic neuropathy is associated with
at least three pathogenic point mutations of mitochondri-
al DNA, the most common of which is at position 11778
base pairs (bp), the second most frequent being at posi-
tion 3460 bp.Y40 In Europe, these two mutations account
for 90% or more of families with this disease, as defined
by the typical clinical picture (subacute optic neuropathy
with a positive maternal family history). In the presence
of the 11778 mutation the prognosis for useful recovery
of visual function is poor.40 A further mitochondrial DNA
mutation, at position 13708 bp, has been observed in a
small number of families with LHON, but the signifi-
cance of this is uncertain as it also occurs in the normal
population.4' Studies of patients with the 11778 mutation
have broadened our view of the phenotype of this disor-
der, and it is clear that some patients have onset of visual
symptoms quite late in life, occasionally not until the sev-
enth decade, and in some the characteristic fundal
appearances of microangiopathy are not present at onset
of symptoms.4042 About 50% of patients with a clinical
picture of LHON and a pathogenic mitochondrial DNA
mutation do not have a history of similarly affected rela-
tives, and it is clear that detection of pathogenic muta-
tions is extremely useful diagnostically in this context.40
Investigation of maternally related relatives will show that
most, if not all, of them will have high amounts of
mutant mitochondrial DNA but genetic counselling is
complex as it is clear that not all males at risk who have
the relevant mutation will develop symptoms, and not all
genotypically similar female carriers will transmit the dis-
ease to their sons. An interesting association between a
multiple sclerosis-like illness with severe bilateral optic
neuropathy at onset has been observed in females from
LHON families and the 11778 mutation.43
Practical issues
Nearly all the analyses referred to above require the study
of 10 (preferably 20) mls of blood in EDTA tubes which
should be received fresh (not frozen) by the relevant lab-
oratory within a maximum of 4 to 5 days after sampling,
preferably after discussion between the clinician and lab-
oratory staff. Investigations requiring gene tracking, for
example in Huntington's disease, should be done in con-
junction with the appropriate regional clinical genetics
unit which can provide counselling for relevant family
members, collection of samples and their analysis.
Dystrophin gene analyses are routinely available in most
regional DNA laboratories. Those for the myotonic dys-
trophy mutation are currently less widely available, but
this situation is likely to change in the next year or so.
Direct mutation detection of some of the more rare dis-
orders (for example, amyloidoses, prion diseases, HMSN
type Ia, X-linked bulbospinal neuronopathy and mito-
chondrial DNA diseases) are performed in only a few
centres; regional genetic units and the DNA Service
Laboratory at the Institute of Neurology can advise about
these. In the case of positive results, it is essential to take
into account the potential needs of relatives in terms of
information and genetic advice, as identification of a
genetic disease in a seemingly sporadic disorder has
implications for the whole family.
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Neurological stamp

Carolus Linnaeus (Carl Linne) 1707-78

Linnaeus' lasting contribution was his botanical classi-
fication. He began studying medicine at the University
of Lund in 1727. In 1738 after returning from
Holland, where he wrote his doctoral thesis, he estab-
lished himself as a physician in Stockholm, where he
became royal physician and Admiralty doctor before
moving to Uppsala. He became professor of medicine
there in 1741 and a year later he was appointed to the
Chair of Botany, a position which he retained for the
rest of his life.

Linnaeus was probably the first to describe the classic
symptoms of aphasia. He was also aware of involuntary
movements and he established a vogue for classification
in medicine. His book Systema Pantarum (1753) contains
the final form of his classification of plants. The book
Systems Natura (1735) classified more than 4000 ani-
mals. It was Linnaeus who invented the term homo sapi-
ens. He was also the first to use the now commonly
accepted signs for male and female.

Linnaeus was knighted by the Swedish Government
in 1761 in recognition of his work. Shortly after, he offi-
cially changed his name to Carl von Linne. In 1774 he
had his first premonition of death-an apoplectic stroke.
He died in 1778 and is buried in the beautiful cathedral
at Uppsala. Linne was honoured with this stamp in 1939
on the Bicentenary of the Swedish Academy of Sciences
which he co-founded and was its first president (Stanley
Gibbons 231, 233; Scott 294, 295).
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