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ABSTRACT

Genetic linkage is defined and several research paradigms that incorporate it are
discussed. Genetic linkage can be used to document etiologic heterogeneity and,
conversely, heterogeneity may explain some inconsistencies in linkage studies. Linked
genetic markers can help resolve the mode of inheritance for a psychiatric disorder. A
linked marker can also provide the basis for a case control study to identify necessary non-
genetic factors in the etiology of a disorder. Because new polymorphisms are now being
discovered directly in the DNA sequence, it is becoming more likely that closely linked
markers can be found for many psychiatric disorders, making linkage studies much more
important in the future than they have been in the past.
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INTRODUCTION

Genetic linkage is becoming increasingly important because it Can be used as a tool to
study the inheritance, and hence indirectly both the etiology and pathogenesis, of complex
human disorders. Genetic linkage is a normal phenomenon that is a consequence of the
way in which the genetic material is organized and transmitted from parent to offspring.
The genetic information (DNA) is organized into chromosomes and the chromosomes are
included in gametes as whole structures. When two loci are on separate chromosomes, the
alleles at those loci are trans mitted from parent to offspring independently of each other,
i.e., all possible combinations of one allele from each locus are equally likely. In contrast,
linkage occurs when two loci are close enough to each other on the same chromosome that
alleles at those loci are not inherited independently. During meiosis some exchange of
genetic information occurs between pairs of homologous chromosomes. The
recombination of maternally and paternally derived chromosome segments takes place
only at points of crossing-over which occur anywhere along the chromosome.
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Recombination occurs independently in each cell undergoing meiosis; the several
crossover events occur at random positions along the chromosomes. The frequency with
which recombination occurs between two loci on a chromosome is positively correlated to
the distance between them. Alleles at loci close together will usually be inherited together,
while alleles at loci at opposite ends of a long chromosome will be inherited
independently. Thus, alleles at two physically close loci tend to be transmitted to an
individual's offspring in the same combinations in which they were received in the sperm
or egg from the individual's parents.

Detailed genetic linkage maps have been constructed for a variety of organisms and are
now being assembled for Homo sapiens. The maps are based, in part, on loci that show
extensive normal variation among individuals. Such loci happen to be the ones most likely
to be recognized and studied by researchers. The human gene map is also being developed
through the use of special techniques of culturing and manipulating somatic cells in vitro
(see Ruddle and Creagan, 1975, for review). As new mapping techniques are developed
and new loci are recognized, the genetic map of man is being filled in at an accelerating
rate. The new techniques utilizing recombinant DNA technology promise to yield a human
map approaching those of other research organisms. A useful genetic linkage map of man
is imminent, possibly within the decade. It is timely to consider the uses of genetic linkage
in psychiatric research.

One major use of genetic linkage for studying any complex disorder, including psychiatric
disorders, will almost certainly be the detection of genetic heterogeneity. In addition,
existence of a linked marker in some pedigrees will allow a clearer understanding of the
mode of inheritance and precise genetic parameters in those families. This knowledge, in
turn, will increase accuracy in genetic counseling for families with psychiatric disorders.
The existence of a linked marker will also permit the design of much more incisive studies
to illuminate the physiological / biochemical etiology and pathogenesis of these disorders
through what I have termed the genetic case control research paradigm. In the following
sections each of these several uses of genetic linkage markers is discussed in turn.

HETEROGENEITY

Historically, one of the first usages of genetic linkage studies in humans was the
demonstration that one disorder was in fact the result of at least two separate genetic
causes. In 1956 Morton showed that families with elliptocytosis, a dominantly inherited
disorder with abnormally shaped red blood cells, fell into two distinct classes: those in
which the disorder showed genetic linkage to the Rh locus and those in which the disorder
segregated independently of the Rh locus. This was the first indication that what appeared
clinically to be homogeneous was in fact at least two separate disorders. Since most
psychiatric disorders maybe heterogeneous (Matthysse, 1978), the ability of genetic
linkage to expose genetic heterogeneity may be one of its first major uses in psychiatric
disorders.

The several genetic linkage studies on bipolar affective disorder now suggest that bipolar
affective disorder is genetically heterogeneous. The controversial history of linkage
studies for bipolar affective disorder can serve as a case study for many different purposes
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but a brief review shows that some of the conflicting evidence may be explained by the
possible existence of three distinct genetic types: one showing X-linked inheritance with
linkage to color blindness, a second showing autosomal inheritance with linkage to the
HLA region, and at least one other type that is neither X-linked nor linked to HLA.

The question of X linkage of bipolar affective disorder has recently been reexamined.
Earlier analyses had seemed to prove that a gene for the disorder was linked to the color
blindness loci and/or possibly to the Xg blood group locus (cf. Mendlewicz and Fleiss,
1974). The methods used in the original studies have been severely criticized for failure to
consider variable age of onset, incomplete penetrance, variable expressivity, and non-
random ascertainment (Gershon and Bunney, 1976; Gershon and Matthysse,1977).
Reanalyses of the data by Gershon and Bunney (1976) using an extremely conservative
approach indicated no evidence for linkage between a locus for bipolar affective disorder
and the loci for protan and deutan color-blindness or the Xg blood-group locus. Two new
studies (Mendlewiez et al.,, 1979; Gershon et al., 1979) used more appropriate analytic
methods but disagreed in their conclusions. Mendlewicz et al. (1979) found significant
heterogeneity among their families and results consistent with some of the families
showing linkage with color blindness although the statistics did not permit definitive
acceptance of the hypothesis. Gershon et al. (1979) could neither accept the hypothesis of
linkage nor reject it for moderate frequencies of recombination (15-50%). Morton and
Kidd (1981) examined several methodological problems in three selected large pedigrees
and showed that these selected pedigrees can provide strong evidence in favor of linkage
with color blindness under certain assumptions. The question of X linkage for bipolar
affective disorder is still unresolved but considerable data suggest an X-linked form occurs
in some families but not in others.

Two studies provide information on linkage of affective disorders to the HLA system.
Smeraldi et al. (1978) used the affected sib pair method and found a significantly
increased frequency with which a pair of affected siblings had inherited the same two
parental chromosomes at the HLA system. This finding strongly suggests genetic linkage of
some locus or loci involved in bipolar affective disorder with the HIA system. Alternatively,
Targum et al. (1979) did genetic linkage analyses in several moderately sized pedigrees
and were unable to demonstrate genetic linkage. These studies are not necessarily
contradictory. Smeraldi et al. (1978) ascertained pairs of affected siblings. Their sample is
therefore highly biased in favor of those etiologies that are likelv to give rise to affected
siblings. The analytic method they used does not allow a simple estimate of the
recombination fraction nor a test of heterogeneity among families. Significant results could
be observed even if a sizeable fraction of the sibling pairs were the result of a mechanism
other than inheritance at a locus linked to HLA. On the other hand, Targum et al. (1979)
studied whole families. They ascertained families that showed affective disorders in two
generations: the proband and at least one relative in a different generation. They also
excluded families with two or more sources of affective illness amongst the first-degree
relatives of the proband. Summing over all families, the evidence of Targum et al. (1979)
was strongly against linkage at less than 10% to 20% recombination. However, they did
not test for heterogeneity among their families. Some of the individual families they
studied did show slight evidence of linkage; others provided strong evidence against
linkage. When Morton's (1956) test for heterogeneity is applied, the variation among
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families is not statistically significant and all of the families could represent samples of the
same etiologic mechanism (L.A. Morton and S. Kruger, personal communication). However,
it is still possible for heterogeneity to have existed in their sample. In summary, the
ascertainment in the two studies was sufficiently different that they could well have
ascertained different samples if heterogeneity exists. Direct comparison is not necessarily
valid. In addition, both studies could have had undetected heterogeneity within their
respective samples. Thus, the two seemingly disparate findings are not necessarily
mutually exclusive.

One means of circumventing heterogeneity within a sample of several families is to study
individual large families. We are currently analyzing data on two large pedigrees studied
by William Turner and Suzanne King of the Long Island Research Institute. Based upon a
broad definition of affective illness and a genetic model that allows age dependent
incomplete penetrance (Hodge et al.,, 1979), our preliminary analyses indicate close
genetic linkage with the HLA system. A complete evaluation of the significance of these
statistical analyses must await a full consideration of the complexities of ascertainment
and diagnosis in these large multigenerational pedigrees containing several affected
individuals. Nonetheless, it is difficult to imagine how ascertainment biasses or chance
alone could explain the complex pattern in these particular pedigrees.

Genetic linkage studies suggest, but so far cannot definitely demonstrate, at least three
forms of bipolar affective disorder. The results that at first glance seem conflicting are not
necessarily so. Rather than suggesting that linkage studies are not worth additional
pursuit, these results argue strongly for a more concerted effort at genetic linkage studies
in large well evaluated families.

ENZYME VARIANTS

Another way in which genetic linkage analyses can be useful in studies of psychiatric
disorders is in the analysis of various enzyme variants and their relationship to illness. For
example, the activity levels, as measured in vitro, of COMT, DBH, and MAO are all under
some degree of genetic control (Gershon et al., 1980). For COMT a single locus has been
clearly demonstrated to be responsible for a major part of the variation in activity levels in
erythrocytes (~4einshilboum and Raymond, 1977; Scanlon et al., 1979; Spielman and
Weinshilboum, 1979). For DBH there is strong evidence that a single locus controls much
of the variation in activity levels (Weinshilboum et al., 1975; Elston et al., 1979). Though
evidence exists for a genetic component to activity levels for both the A and B forms of
MAO (Nies et al., 1973; Pandey et al., 1979), as yet none of the evidence indicates a major
locus for activity levels. Of course, activity levels measured in the laboratory vary in part
because of variation in the assay itself. Many other factors can affect measured activity
level but may possibly be independent of those aspects of enzyme function that are of
etiologic significance for a disorder. For example, different genetic forms may have
different kinetic properties but show similar total activities. One useful alternative for
evaluating the etiologic significance of an enzyme such as COMT or DBH is a genetic
linkage analysis. Using this approach the genotype of the individual is more precisely
estimated and the relationship of these genotypes to illness can be studied separately from
some confounding factors that affect in vitro activity levels.
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CLARIFYING THE MODE OF INHERITANCE

Several different genetic hypotheses have been proposed for the inheritance of each of the
major psychiatric disorders. The only conclusion seems to be that no conclusion on mode
of inheritance is yet possible. Similar analyses have led to the same disappointing
conclusion for a variety of other human disorders. Genetic linkage may prove a very
important aid in resolving the mode of inheritance. The best example to date is an analysis
of hemochromotosis done by Kravitz et al. (1979). They were able to resolve the
inheritance of the underlying abnormality in iron concentrations by incorporating into
their pedigree analysis the information on the ALA system to which a locus for the trait is
linked. They were not proposing that HLA antigens themselves were in any way
responsible but only that the section of chromosome that contains alleles that affect serum
iron concentrations was easier to observe as it was transmitted down through the
pedigree because the HLA region was nearby and almost always included in the gametes
in the same arrangement it was received in. Kravitz et al. (1979) found that when the HLA
marker was not included in the analysis, both dominant and recessive modes of
inheritance could equally well explain the data; when the marker was included in the
analysis, it became obvious that the allele promoting abnormal iron concentration must be
present on both chromosomes to cause the disease, i.e., the inheritance pattern of the
disease was basically recessive. There was, in contrast, an intermediate effect of the
abnormal allele on serum iron concentration: heterozygotes had elevated iron
concentrations which were usually not sufficiently high for illness to result,

THE GENETIC CASE-CONTROL PARADIGM

A problem common to most psychiatric disorders believed to have a genetic component is
that while a genetically determined susceptibility may be necessary for the disorder, that
susceptibility is not sufficient for the disorder to occur. For example, monozygotic twins
are not concordant in a significant proportion of cases, indicating that something other
than a genetic factor is involved in determining whether symptoms occur. Studies
attempting to identify the additional, non-genetic risk factors are difficult because those
factors may only have an effect in genetically susceptible individuals. Unaffected
individuals selected at random from the population would not be an appropriate control
group because only a small fraction might have the necessary genetic susceptibility.
Relatives, especially siblings, provide a better control group than unrelated individuals
because they share a common genetic background. However, each sibling represents a
different sample drawn from that background and two siblings may have completely
different genotypes for the relevant loci determining susceptibility; siblings at random
would not constitute an optimal control group. Thus, it may be extremely difficult to find
an appropriate control group with which to compare affected individuals.

A closely linked genetic marker can serve as the basis for defining such a control group. A
closely linked genetic marker can identify quite accurately those siblings that are
genetically identical with their respective affected sibs for the relevant loci. Genetically
identical siblings would constitute an ideal control group for the identification of non-
genetic factors relevant to the onset of the disease. Those environmental elements are
likely to have been present in the affected probands. Genetically identical but unaffected
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siblings have the genetic susceptibility but, since they are not affected, have presumably
not been exposed to these environmental risk factors. In contrast, siblings that are not
genetically identical at the relevant loci might very well have experienced the same
environmental risks as the proband but be unaffected because they lack the necessary
genetic susceptibility. Comparing probands with their respective genetically identical
siblings provides the basis of the genetic case control paradigm. This particular control
group provides the optimum power for identifying major non-genetic (i.e., environmental)
risk factors for tile illness. These risks should generally be present in the cases (probands)
but absent in the controls (genetically susceptible but unaffected siblings).

The ability to utilize genetic linkage and other aspects of genetics to design and carry out a
study of non-genetic aspects in the etiology of psychiatric illnesses is an important point
that has been often overlooked.

MANY MORE POLYMORPHISMS TO COME

Far more important than the role genetic linkage has had in past research on genetic
disorders is the role it can be expected to take in the next few years. As summarized in the
preceding sections, genetic linkage can be a powerful tool. Its major limitation has been,
and is today, the limited number of known polymorphic markers that can be used to study
any new disorder or locus. However, soon there will be a very large number of known
markers because polymorphisms can now be identified directly in the DNA sequence.

The methodologies developed for studying DNA have made possible the identification of
genetic variants directly in the DNA. Though technically quite sophisticated, the methods
are logically quite simple. One essential component is the existence of enzymes (usually
from bacteria) that recognize specific DNA sequences of 4 to 6 base pairs and break the
DNA at those sites. These restriction endonucleases can thereby digest DNA into precise
segments defined by the sequences in the DNA and the particular restriction enzyme.
Electrophoresis can then separate these fragments according to molecular weight,
resulting in an apparently homogeneous smear of DNA when total cellular DNA from an
individual is used. The second critical component of the method is the ability to identify in
this smear the piece (or pieces) containing a particular gene. Since a given gene exists ill
identical DNA sequences in all cells of the individual, all fragments of the DNA from a
single chromosome will be at identical positions in this smear. The only requirement is a
method to visualize the position of that fragment containing the gene of interest. 14hat is
needed is art appropriate "stain". Recombinant DNA technologies allow us to "stain" any
piece of DNA containing a sequence that has 'Peen isolated and cloned. These cloned
sequences act as probes for the position of the homologous cellular DNA. A variety of
different human probes has now been assembled and more probes are being developed
each week. Probes for the hemoglobin loci, the HLA region, the insulin gene, and many
more already exist. Probes also exist for DNA sequences that are as yet anonymous with
respect to function.

Any probe is capable of identifying a genetic variant in the DNA sequence it recognizes or
in the surrounding sequence, provided that the genetic variants result in fragments of
different molecular weight when digested by some restriction enzyme (Botstein et al.
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1980). Difference in length (weight) of fragments may result from absence of a particular
cleavage site in some chromosomes because of a base change mutation that either
destroyed a preexisting sequence or created a new one. In addition, inversions of DNA
sequences can alter the spacing between restriction sites and lead to fragments of
different lengths. Similarly, insertions or deletions of genetic material between restriction
sites would result in fragments with different molecular weight. Polymorphisms of these
various types are being discovered (Kan and Dozy, 1978; Wyman and White 1980). At the
current rate of discovery of new polymorphisms, it may well be only ten years before there
are numerous polymorphic markers known throughout the human genome.

CONCLUSION

Methods of genetic linkage analysis have been used in studies of psychiatric disorders for
several years. The results have seemed superficially inconsistent or uninformative. In
contrast to the disappointing results to date, better research paradigms and a much
greater number of potential genetic markers should make genetic linkage studies an
important tool in psychiatric research in the coming decade.
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