regulatory factor dictating the observed
pattern of the processing of the calcito-
nin-CGRP transcript.

Identification of the factor (or factors)
which determines the tissue-specific pat-
tern of splicing and poly(A) site selection
should allow for its isolation and detailed
characterization, a prerequisite for un-
derstanding the mechanisms of its ac-
tions. On the basis of the potential utili-
zation of this type of control in certain
developmental loci of Drosophila, it is
possible that alternative RNA processing
is, in fact, a critical mechanism for con-
trol of neuronal development. While one
consequence of such developmental reg-
ulation is that a' single neuroendocrine
gene can generate distinct, tissue-specif-
ic mRNA’s, each encoding a different
neuropeptide, there could be additional,
widespread consequences with regard to
productive or nonproductive processing
of the transcripts of a large number of
active brain transcription units. In such a
case, one might envision that, in certain
transcription units, selection of alterna-
tive poly(A) sites might result in (or
from) a splicing pattern generating an
unstable or an unproductive transcript.
Only by evaluating the expression of
genes encoding the factor (or factors)
responsible for alternative RNA process-
ing events in the brain, such as that
required in the case of calcitonin-CGRP
gene expression, can these questions be
systematically addressed.
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uct is known. Unfortunately, in most
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defective gene on its location in the
human genome. The identification of an
altered protein by analysis of the gene
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that encodes it would be the reverse of
the current approach of cloning the dis-
ease gene only after first defining the
primary protein defect.

Huntington’s Disease

The first step ini applying our proposed
strategy to a genetic disease is to deter-
mine the chromosomal location of the
mutant gene. We chose Huntington’s
disease (HD), an autosomal dominant
neurodegenerative disorder, as a model
system for developing this approach (I,
2). Huntington’s disease is characterized
by apparently normal central nervous
system development followed by prema-
ture selective neuronal cell death, most
notably in the basal ganglia. While cho-
rea is the most widely recognized symp-
tom of this disorder, intellectual and
psychological manifestations are aiso
present. These can include memory loss,
mood shifts, personality changes, and
chronic depression. Although the mutant
gene is completely penetrant, onset of
symptoms does not usually occur until
the third to fourth decade of life, often
after the defect has already been passed
on to children. The disease progresses
for 15 to 20 years, until the HD victim is
totally disabled physically and is unable
to communicate. Death commonly re-
sults from heart disease due to the inces-
sant movements of the patient or from
pneumonia secondary to aspiration.

The prevalence of HD is approximate-
ly 10 per 100,000 in most Caucasian
populations, but it has a devastating im-
pact on a far greater number of individ-
uals, including the children ‘at risk’” and
family and friends of patients. In the 112
years since George Huntington first de-
scribed HD (3), investigations have
failed to identify the primary biochemi-
cal defect in this mystifying disease.
There is currently no effective therapy to
combat the inexorable deterioration of
its victims.

Genetic Linkage and DNA Markers

In order to define the chromosomal
map position of the HD gene, we com-
bined the traditional technique of genetic
linkage analysis with the power of mod-
ern recombinant DNA techniques (4, 5).
This strategy, which is outlined below,
could also be applied to a large number
of other inherited neurological disorders
and is not limited by any assumptions
concerning the nature of the primary
defect (6, 7). We are currently using this
method to investigate familial Alz-
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heimer’s disease (8), peripheral and cen-
tral neurofibromatosis (9, 10), von Hip-
pel-Lindau disease (//) and autosomal
dominant dystonia musculorum defor-
mans (12).

When a gene is present in an individual
in two allelic forms that are readily dis-
tinguishable (for example, blood group
alleles A and B), each allele can be used
to trace the inheritance of the particular
chromosome that carries it (Fig. 1).
When two genes are close to each other
on the same chromosome, they will fre-
quently be passed on to progeny togeth-

as small as a single base change, located
in the DNA at one of these recognition
sequences, will eliminate, cleavage at
that site. Restriction endonucleases can
therefore be used as a method of moni-
toring heritable sequence variation in
human DNA. In. practice, these DNA
polymorphisms are detected as differ-
ences in the sizes of restriction frag-
ments (restriction-fragment-length poly-
morphisms or RFLP’s) (5) generated at a
particular locus by digestion with a given
enzyme, as shown in Fig. 2. Human
DNA is digested with a restriction en-

Summary. Recombinant DNA technology has provided a vast new source of DNA
markers displaying heritable sequence variation in humans. These markers can be
used in family studies to identify the chromosomal location of defective genes causing
nervous system disorders. The discovery of a DNA marker linked to Huntington’s
disease has opened new avenues of research into this disorder and may ultimately
permit cloning and characterization of the defective gene.

er. Occasionally, a recombination event
between the two genes will reassort the
linked alleles. The frequency with which
such recombination events occur be-
tween two genes can be used as a mea-
sure of the distance that separates their
loci. ,

The HD victim has two different al-
leles at the HD locus since one chromo-
some carries the normal and the other
the defective allele. We performed ge-
netic linkage studies to find another ge-
netic characteristic that was very fre-
quently inherited with HD. These inves-
tigations involved tracing the inheritance
of genetic markers that show frequent
allelic variation (polymorphism) in large
HD families and correlating the data with
the inheritance of the disease gene. Such
studies, in which standard protein poly-
morphisms were used had been per-
formed in the past without success, al-
though they had eliminated the location
of the HD gene from 15 percent of the
genome (13, 14). Since the disease locus
clearly did not reside in the X chromo-
some (which constitutes about 6 percent
of the human genome), we were faced
with searching for the HD gene in the
remaining 80 percent of the genome.
Unfortunately no additional proteins dis-
playing frequent polymorphism had been
described.  We therefore turned to
recombinant DNA methods to generate
new polymorphic genetic markers that
could be used in genetic linkage studies.
 The basic tool of recombinant DNA
technology, the restriction endonucle-

.ase, is capable of making a double-

stranded cut in a DNA molecule wherev-
er its particular recognition sequence oc-
curs. An alteration in the human genome

zyme, and the resulting fragments (ap-
proximately 1,000,000 for a typical en-
zyme) are fractionated according to size
by agarose gel electrophoresis. DNA
from the gel is transferred to a solid filter
support (Southern blotting) (15) and hy-
bridized with a cloned radioactive se-
quence of human DNA from one particu-
lar position in the genome. The radioac-
tive probe anneals to its complementary
sequence in the genomic digest and is
therefore retained on thé filter only at
positions marking the fragment sizes
generated from that locus. These posi-
tions are detected by autoradiography of
the washed filter.

The DNA sequence variations detect-
ed with this procedure display Mende-
lian inheritance and can be used as ge-
netic markers in linkage studies. When
our attempts to map the HD locus began
in 1980, there were but three DNA mark-
ers available. In the past 4 years, this
number has increased to more than 150,
far more than the 25 to 30 useful protein
markers (/6). DNA markers also have a
number of advantages over traditional
protein polymorphisms: First, a DNA
sequence need not be expressed as a
protein to display useful polymorphism.
DNA polymorphisms can occur in any
type of sequence (for example, interven-
ing sequences or flankirig sequences) and
make good genetic markers as long as
they can be detected at only one chromo-
somal location. In fact; most DNA mark-
ers now available have been generated
from ahonymous DNA sequences whose
function has not been explored. Second,
DNA markers can potentially beé found
in all regions of the genome, wherever a
single-copy sequence of DNA exists.
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DNA markers have now been described
for all human chromosomes. Third, the
testing process for DNA marKers is itera-
tive, allowing reuse of the same filter and
therefore the same DNA sample with
multiple probes. Finally, the application
of additional restriction enzymes or clon-
ing of genomic DNA adjacent to the
locus to generate additional probes, or
both of these techniques, can result in
the detection of multiple variant sites,
thereby generating highly informative
multiallele marker systems.

Family Studies

It has been proposed that DNA mark-
ers could be used to construct a com-
plete linkage map covering all regions of
the human genome (5). The rate of dis-
covery of new RFLP’s makes it likely
that such a map will be available in the
next few years. The existence of a hu-
man linkage map will not be stifficient,
however, to enable these DNA markers
to locate a genetic disease gene. The
investigator must first identify very large
families in which the disease gene is
segregating in order to obtain a statisti-
cally significant score of coinheritance of
the marker and the disease.

In our search for the HD locus, we
used two pedigrees. The first was an
American family obtained through the
National HD Research Roster at Indiana
University (7). The second was a very
large family whose members live in three
comimunities along the shore of Lake

Gene Defect

Marker locus A B

Normal Normal

B B

Maracaibo in Venezuela. This family
was made available to us by the United
States-Venezuela Collaborative HD
Project (18). We expected to test several
hundred DNA markers before finding
one linked to the HD gene, and we
therefore required a permanent source of
DNA from family members. Lympho-
blastoid cell lines were therefore estab-
lished from 27 members of the American
family and over 550 members of the
Venezuelan family.

With the availability of large HD fam-
ilies and of ever-increasing numibers of
DNA markers, the eventual discovery of
the map location of the HD gene became
a virtual certainty. Fortunately, soon af-
ter beginning our screen for a marker
linked to the HD locus, we discovered
that G8, one of the new RFLP markers
we had generated, showed close linkage
to the HD gene in both of our families
18).

The G8 Marker

The G8 probe used in our initial stud-
ies consisted of 17.6 kilobases (kb) of
single-copy human DNA cloned in a
phage vector. It detected two different
RFLP’s when hybridized to a Hind III
digest of genomic DNA. The polymor-
phisms resulted from two variable Hind
111 sites, each of which is absent on some
chromosomes presumably because of a
sequence difference that affects the spe-
cific AAGCTT sequence (A, adenine; G,
guanine; C, cytosine; T, thymine) at the

Normal

[ ]-male
O—' Female
. .*Symptomatic

¢ O

Normal Normal

Defect

A B B B

Non-recombinant  Non-recombinant

o O
5

$Normal| Normal

Recombinant

I

Normal Defect Normal

B B A B

Non-recombinant Non-recombinant

Fig. 1. Genetic linkage and recombination. A polymorphic marker locus with two allelic forms,
A and B, maps close to a defective locus. In this small family, the mother is heterozygous at
both the marker locus and the disease locus, whereas the father is homozygous at both sites.
The chromosome carrying the defective gene resides on a chromosome with an A allele at the
marker locus. Since the marker and disease loci are genetically linked, most children who
inherit the disease gene will receive the A allele from the mother. When a recombination event
occurs in the mother between the disease locus and the marker locus, the defective gene is
transferred to a chromosomeé bearing the B allele of the marker.
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potential site of cleavage. In our more
recent investigations, we have used a
plasmid subclone of G8 (pK082), con-
taining a 5.5-kb Eco RI fragment from
the left edge of the G8 insert. The sub-
clone probe detects the same two Hind-
III polymorphisms (Fig. 3) without the
interference of any of the invariant frag-
ments hybridizing to the original phage
clone. A fragment of either 15 or 17.5 kb
is seen, depending on the presence or
absence of polymorphic site 1. Presence
or absence of polymorphic site 2 resuit in
fragments of 3.7 and 4.9 kb, respective-
ly. There are four possible patterns of
fragments generated from these two
polymorphic sites. These four patterns
have been termed haplotypes A, B, C,
and D (Fig. 3). Each haplotype has a
significant frequency in the general pop-
ulation, making G8 a highly informative
four-allele locus. A screen of genomic
DNA'’s from 51 unrelated individuals in-
dicates that the A haplotype is present
on approximately 50 percent of chiromo-
somes in the general population. The
frequencies of the B, C, and D haplo-
types were 16, 25, and 9 percent, respec-
tively. In all, 35 of the 51 persons tested
were heterozygous for this DNA marker.
The actual gel patterns seen for individ-
uals representing each of the ten possibie
genotypes generated from these four
haplotypes is shown in Fig. 4.

Our first report of genetic linkage of
the G8 marker to HD was based on
typing results obtained with the Ameri-
can family and a small portion of the
Venezuelan pedigree (/8). In that study,
no obligate recombinants were detected
between the marker and the disease
gene, indicating 100 percent coinheri-
tance. In the American family, the HD
gene was on a chromosome carrying the
A haplotype of the G8 marker, whereas
in the Venezuelan pedigree it traveled
with the C haplotype. In our subsequent
typing of additional members of the Ven-
ezuelan pedigree, we detected a single
recombination event (Fig. 5) that trans-
ferred the HD gene to a chromosome
containing the A haplotype at the G8
locus. The best estimate for the distance
separating the two loci, based on data
from these two families, currently stands
at 2 centimorgans (cM) (2 percent recom-
bination or approximately 2000 kb). This
figure is very imprecise since it is based
on a single recombination event, and the
estimate may well increase as data is
accumulated from more families and ad-
ditional recombinants are found.

The use of a panel of human-mouse
hybrid cells in which each clone has a
different complement of human chromo-
somes originally allowed the assignment
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of the G8 marker and, by inference, the
HD gene to human chromosome 4 (/8).
Subsequent application of the same
method with hybrid cells containing only
portions of chromosome 4 as transloca-
tion chromosomes has resulted in the
refinement -of this assignment to the
short arm of the chromosome (data not
shown). This localization is consistent
with the absence of genetic linkage that

we have observed in our family studies

between these two loci and the tradition-
al markers MNS and GC, both located
on the long arm. More precise mapping
of the G8 locus awaits the application
of in situ hybridization techniques and
the use of chromosomes from patients
with Wolf-Hirschorn syndrome, a con-
genital anomaly resulting from partial
deletion of the short arm of chromosome
4 (19).

Consequences of Mapping the HD Gene

The discovery of a DNA marker
linked to HD will provide the means to
answer a number of questions concern-
ing the genetics and expression of this
devastating disease. First, the typing of
additional HD families will show wheth-
er the disease gene is located on chromo-
some 4 in all cases or, conversely,
whether mutation at another locus can
duplicate the HD phenotype. The exis-
tence of more than one locus causing
similar symptoms is known for some
other human diseases, and nonallelic
heterogeneity in HD might profoundly
alter the views of both clinicians and
investigators toward this seemingly ho-
mogeneous disorder.

A second feature of HD that can be
explored is the frequency of new muta-
tions; HD is unusual among the more
common dominant genetic diseases in
that it apparently displays an exceeding-
ly low mutation rate (20, 21). In fact,
there is not a single unequivocal case
reported of a new mutation causing HD.
In the cases described in which there is
no family history of the disease, nonpa-
ternity is often a possible explanation. In
reports in which paternity has been es-
tablished, there is as yet no proof that
the lesion is genetic. This would require
finding a ‘‘sporadic’” HD case in which
at least one child of the affected individ-
ual with no family history of the disease
also shows symptoms of the disorder.
The fact that no new mutation to HD has
ever been described may be a reflection
of the difficulty of proving such a muta-
tion, but it also suggests the possibility
that the HD alleles in most or all of the
HD families living today may share a
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common origin. The frequency of HD is
highest in Caucasian populations, and
the spread of HD around the world coin-
cides with the historical patterns of trav-
el and colonization from areas in West-
ern Europe (for example, England and
Holland) where the disease is common
today. The relative infrequency of the
disorder in Orientals and its effective
absence in African blacks of pure ances-
try also support the idea of a single
original mutation event generating the
HD gene (/).

The discovery of the chromosomal
map position of the HD locus should
permit testing of this hypothesis by use
of the phenomenon of linkage disequilib-
rium. When a new disease-producing
mutation occurs, the specific chromo-
some on which the event occurs has one
particular complement of alleles at poly-
morphic sites in the immediate vicinity
of the mutation. For a number of genera-
tions thereafter, the probability of find-
ing this set of alleles on a chromosome
containing the disease gene is much high-
er than would be expected from the
frequency of the alleles in the popula-
tion. The disease gene and alleles in the
vicinity are said to be in ‘‘linkage dis-
equilibrium.’” As many generations pass,
recombination events between these oth-
er sites and the mutation—and the occur-
rence of new disease-producing muta-
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Fig. 2 (left). Restriction-fragment-length po
morphism. In this example of an RFLP.

cloned 2-kb single-copy sequence of human DNA is capable of detecting the presence
absence of a polymorphic Eco RI (E) site. The presence of the variable site results in Eco
fragments of 3 and 6 kb. This is the A allele at this locus. The B allele results when the cent
Eco Rl site is missing because of the absence of the exact recognition sequence GAATTC. T
site could have been lost as a result of a single base change in the genomic DNA. The B allele
recognized by a 9-kb Eco RI fragment. Individuals can be typed at the marker locus by digesti
their genomic DNA to completion with Eco RI, resolving the DNA fragments by agarose ;
electrophoresis, transferring the DNA from the gel to a solid filter support, and hybridizing w
the radioactive probe (/5). The position at which the probe hybridizes to a complement:
sequence is then detected by autoradiography. The inset shows the pattern observed for each
the three possible genotypes at the marker locus. If the probe molecule did not cross t
variable Eco Rl site but was derived totally from the region of the 6-kb fragment, then the A a
B alleles would be the 6-kb fragment and 9-kb fragment, respectively. The 3-kb fragment wot
therefore not be detected by the probe in this situation. Fig. 3 (right). Haplotypes at the
locus. The G8 marker results from the detection of two polymorphic Hind I1I sites, each givi
two possible alleles (presence of the site or absence of the site). The combination of alleles frc
each of these tightly linked sites is referred to as a haplotype. At the G8 locus, there are fc
possible haplotypes, A, B, C, and D. The subclone of G8 used as probe (pK082) is depicted a
the fragments it detects for each haplotype are shaded. The unshaded fragments are al
characteristic of each haplotype but are not overlapping with the probe, and therefore are 1
seen on hybridization.
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thality. It would be of considerable inter-
est to determine whether the HD muta-
tion might display a completely domi-
nant phenotype. One of the original mo-
tivations for investigating the large
Venezuelan HD focus was the possibility
of discovering an HD homozygote. It
should now be possible to determine, by
typing members of selected sibships in
which both parents have HD, whether an
individual homozygous for the HD gene
exists and whether the symptoms or age
of onset of the disease are altered in such
a double-dose case.

Finally, the generation of additional
DNA markers linked to the HD gene will
also permit a test to be developed to
determine whether asymptomatic indi-
viduals at risk for developing the disease
are in fact gene carriers. Each child of an
HD parent is at 50 percent risk for having
inherited the HD gene. Most gene carri-
ers will remain asymptomatic, however,
until middle age. By tracing the inheri-
tance of these DNA markers it will be
possible to decide which children have
not inherited the HD gene and are not
‘‘at risk,”” and which children are actual-
ly presymptomatic HD gene carriers.
The same linkage test could be used for
the prenatal detection of HD status. Al-
though the use of such a test as a clinical
service must be delayed until the ques-
tion of nonallelic heterogeneity has been
decided, the procedure could be used to
explore some of the effects of the HD
gene in individuals who are not sympto-
matic on neurologic examination. The
discovery of a genetic marker has there-

Fig. 4. Autoradio-
graph showing each
of the ten possible ge-
notypes at the G8 lo-
cus. The pattern of
fragments observed
for each combination
of haplotypes can be
predicted from Fig. 3.
The pattern observed
for the genotype AD
is identical to that for
BC; they can be dis-
tinguished only by
typing close relatives
of the individual with
the ambiguous geno-
type. Digestion of
DNA, agarose gel
electrophoresis, DNA
transfer, hybridiza-
tion, and autoradiog-
raphy were per-
formed as described
(17), with the 5.5-kb
Eco RI fragment (sub-
cloned into the plas-
mid vector pBR328)
from the G8 phage in-
sert (see Fig. 3).
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fore made possible a more accurate as-
sessment of the biochemical, psychologi-
cal, and intellectual differences that may
be seen in at-risk individuals.

A major difficulty in the past has been
that any difference purported to be char-
acteristic of HD in presymptomatic indi-
viduals could be investigated only by
determining whether a 50:50 ratio was
obtained for the phenotype in a pool of
at-risk subjects. The significance of such
results was unclear since which individ-
uals actually carried the HD gene could
not be shown. Linked DNA markers will
now make it possible to decide—long
before the first manifestation of symp-
toms—which at-risk individuals do carry
the HD allele. Potential areas to be ex-
plored with the linkage test include mem-
ory deficit, psychological and intellectu-
al parameters (23, 24), osmotic fragility
of erythrocytes (25), and other biochemi-
cal phenotypes expressed in peripheral
tissues, such as radiation sensitivity (26)
and glutamate toxicity. Perhaps most
interesting will be the use of positron
emission tomography (27) to determine
at what point before the onset of symp-
toms decreased cellular activity in the
basal ganglia can be measured.

The importance of pursuing these
studies is twofold. First, they may lead
to the characterization of physical, psy-
chological, or intellectual tests that can
be performed in conjunction with the
marker test to improve the accuracy of
presymptomatic diagnosis, and ultimate-
ly, to provide a prognosis with respect to
age of onset and rate of progression of

the disorder. Second, the biochemical
and physical determinations may yield
valuable information on the timing of
expression of the HD gene and, poten-
tially, a peripheral cell type expressing
the primary defect. Both of these would
improve the likelihood of successfully
identifying the HD gene.

Obtaining DN A markers linked to oth-
er genetic disease loci will allow similar
biochemical and behavioral investiga-
tions to be performed for these disor-
ders. The availability of improved diag-
nosis, especially prenatal diagnosis, is
another likely result of the successful
mapping of a genetic lesion. Perhaps the
most important consequence of such dis-
coveries, however, is that they allow the
investigator to design cloning strategies
for isolating the disease gene by knowing
its chromosomal map location. The clon-
ing of the HD gene with a strategy based
on its location on chromosome 4 could
act as a model for the development of
techniques that could then be applied to
other genetic diseases.

Steps Toward Cloning the HD Gene

Typing of additional pedigrees with
the G8 marker will determine whether
another mutant locus exists in some fam-
ilies but will also serve another purpose.
In families in which the HD gene is
linked to the marker, occasional recom-
bination events between the two loci will
be revealed. Each of these recombina-
tion events marks a point closer to the
HD gene than the G8 locus is. A similar
procedure could be followed for a poly-
morphic marker on the other side of the
HD gene. The isolation of such a flank-
ing marker, by cloning of anonymous
DNA fragments from the short arm of
chromosome 4, is the next step in our
attempt to clone the HD gene. Each
probe that detects an RFLP will have to
be tested for segregation in HD families
already typed with G8 to determine
whether it is a flanking marker or is on
the same side of the disease locus as G8.
Once a useful flanking marker is found, it
will be possible to use it in conjunction
with G8 to identify recombination events
on both sides of the HD gene. The near-
est such events on either side of the
disease locus should genetically bracket
it to the minimum region that must be
searched to identify the primary defect.
The size of this region will depend on the
number of informative meiotic events
that can be analyzed. If 200 events are
typed, the bracketed region should be
approximately 1 cM or 1000 kb in size.

Subsequent steps in finding the HD
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Fig. 5. A portion of the Venezuelan HD pedigree. The legend for this figure is that shown in Fig. 1 (deceased individuals have a diagonal slash
through the symbol). This subset of members of the Venezuelan family illustrates the inheritance of the HD gene on a chromosome bearing the C
haplotype at the G8 locus. Typing of these individuals was performed as shown in Figs. 3 and 4. A single individual representing a recombination
event (shown in the shaded circle) was found in this portion of the pedigree. Lod score analysis for the entire Venezuelan family (not shown here)
combined with that for the American family (/7) now yields a maximum score of 12.1 corresponding to odds of greater than 1 trillion to 1 in favor
of linkage. The best estimate of the distance from the G8 marker to the HD locus is currently 2 ¢cM (2 percent recombination).

gene will require the cloning and analysis
of all DNA in the bracketed region.
When we began the HD linkage project
in 1980, it was clear that fragments of
DNA from specific human chromosomes
could be cloned from flow-sorted human
chromosomes (28) or from appropriate
human-rodent hybrid cells (29). It was
also well established that it was possible
to ““walk’’ along a chromosome from one
point to another by isolating overlapping
genomic DNA fragments from recombi-
nant DNA libraries. Individual steps
took so long, however, that a walk of 100
kb was considered an extraordinary ef-
fort. Neither of these methods, either
alone or in combination, would be ade-
quate to perform the task of isolating
1000 to 2000 kb of contiguous genomic
DNA. Fortunately, in the past 4 years,
several crucial technological advances
have been made that now make it feasi-
ble to bridge the gap between a DNA
linkage marker located a few million
base pairs away and the disease locus.
One particularly helpful innovation is
the introduction by Schwartz and Cantor
(30) of pulse-field gradient electrophore-
sis. This technique, which is based on
the application of alternating, perpendic-
ular inhomogenous electric fields to a
standard horizontal agarose gel, is capa-
ble of resolving DNA fragments of up to
5000 kb. It has already been applied to
the separation of intact DNA strands
from yeast chromosomes. This method
could potentially be used preparatively
to purify very large restriction fragments
(200 to 5000 kb) produced with enzymes
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that cut infrequently in human DNA.
These large fragments could then be di-
gested with a second enzyme and the
smaller segments cloned in an appropri-
ate vector. The resulting library would
have a very low complexity and consist
solely of sequences contiguous in the
human genome.

Advances in somatic cell genetic tech-
niques might also facilitate the cloning of
a stretch of DNA surrounding the dis-
ease gene. Bacterial genes, placed down-
stream from mammalian promoters, can
provide dominant selective systems for
use with mammalian cells (3/-33). These
genes can be introduced into mammalian
cells in a number of different ways, in-
cluding fusion with bacterial protoplasts
or infection with retroviral vector. Once
introduced, the selectable marker appar-
ently integrates randomly into the chro-
mosomes of the cell. If a cell line could
be constructed with one of these domi-
nant selectable markers integrated into
the short arm of human chromosome 4
near the HD locus, this region could be
stably transferred into a rodent cell. This
method has already been used success-
fully to transfer the murine histocompati-
bility complex, H-2, into a hamster cell
(34). The advantage of having a small
region of human chromosome in a rodent
cell is that all human sequences could
then be recovered by constructing a ge-
nomic library and screening the recombi-
nants for hybridization to human-specif-
ic repetitive sequence probes (29). No
time-consuming chromosome walking
steps would be required with this meth-

od, although additional procedures
would have to be used to determine the
linear order of the cloned sequences on
the chromosome.

Once the bracketed region containing
the disease gene has been cloned, the
DNA must be analyzed to further narrow
the region of search and ultimately to
identify the defect. Two new techniques
could be used in this task. First, denatur-
ing gradient gels, developed by Lerman
and his co-workers (35, 36) are capable
of detecting differences in DNA se-
quence as small as a single base change,
even when the alteration does not affect
the size of a restriction fragment. The
system is based on the effect that se-
quence differences have on the stability
of a DNA molecule and the decrease in
electrophoretic mobility that follows the
partial melting of a double-stranded
DNA molecule. These gels can be used
to compare in detail the two homologous
sequences or to find DNA polymor-
phisms in segments in which no RFLP’s
are detected.

Second, the availability of bacterial
expression vectors that allow selective
cloning of ‘‘open reading frames’ (37,
38) should permit the isolation of all
coding sequences from within the brack-
eted region containing the HD gene. This
would not only reduce significantly the
total amount of sequence to be compared
to identify a protein defect, but would
also provide a fusion protein expressed
in the bacterial host. These fusion pro-
teins, partly bacterially encoded and
partly encoded by the human open read-
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ing frames, could be used to produce
antiserums to detect the corresponding
human proteins and identify individual
gene products. Each of these gene prod-
ucts would then be analyzed as the po-
tential defective protein in HD.

The exact strategy for cloning a dis-
ease gene on the basis of its map location
will no doubt differ in special details for
each disorder. The methods used will
probably involve some combination of
these new techniques with more stan-
dard cloning and somatic cell genetic
methods. With HD, new strategies may
become evident as each of the tech-
niques used is further refined and addi-
tional information is gained concerning
the genetics and expression of the defec-
tive gene and its precise location on
chromosome 4. The rapid pace of tech-
nological development in the field of
recombinant DNA research also makes
it likely that additional useful methods
will become available as this work pro-
gresses. It should certainly be possible,
however, to isolate the HD gene by
intensive application of the techniques
already at hand.

The characterization of the HD gene
and its normal counterpart will certainly
provide improved diagnostic capability,
and may yield information that will lead
to an effective therapy for this disease.

Furthermore, the investigation of this
specific mutation might yield significant
insights into fundamental mechanisms
operative in the human nervous system.
Perhaps most important, however, is the
likelihood that this system will pave the
way for application of similar techniques
to improve our understanding of many
other neurogenetic disorders.
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the aim was to demonstrate the transmit-
ter itself. Based on the original work of
Eranko (2), studies by Hillarp, Falck,
and their collaborators resulted in a reli-
able formaldehyde-induced fluorescence
method (Falck-Hillarp technique) for
demonstrating norepinephrine, dopa-
mine, and to a lesser extent S-hydroxy-
tryptamine (SHT) in tissue sections (3).
Subsequently, many modifications of the
original technique were introduced (4).
These steps improved the quality of sec-
tions and the sensitivity of the method,
especially for visualizing dopamine sys-
tems.

A logical continuation of the formalde-
hyde fluorescence studies of catechol-
amine neurons was the introduction of
the indirect immunofluorescence method
(5). The work of Geffen et al. (6) as well
as other studies (7) demonstrated that
antisera to dopamine-B-hydroxylase
(DBH), the enzyme converting dopa-
mine to norepinephrine, could be used to
visualize peripheral noradrenergic neu-
rons and gland cells in the adrenal me-
dulla. This approach was rapidly broad-
ened to include visualization of all four
enzymes in the synthesis of catechol-
amines: tyrosine hydroxylase, L-aromat-
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