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REVIEW

 

Closing in on Genes for Manic-Depressive 
Illness and Schizophrenia

 

Elliot S. Gershon, M.D., Judith A. Badner, M.D., Ph.D., Lynn R. Goldin, Ph.D., 

 

Alan R. Sanders, M.D., Anibal Cravchik, M.D., Ph.D., and Sevilla D. Detera-Wadleigh, Ph.D.

 

Advances in the human genetic map, and in genetic 
analysis of linkage and association in complex inheritance 
traits, have led to genetic progress in the major psychoses. 
For chromosome 6 in schizophrenia, and chromosomes 18 
and 21 in manic-depressive illness, there are reports of 
linkage in several independent data sets. These are small 
effect genes, best detected with affected-relative-pair linkage 
methods. Association with candidate genes is an alternative 
strategy to uncovering susceptibility genes for these 
illnesses, but convincing associations remain to be 
demonstrated. New clinical and laboratory investigation 
methods are being developed. Testing every gene in the 
human genome for association with illness has recently been 

proposed (Risch and Merikangas 1996). This would require 
further progress in characterizing the genome and in 
automated large-scale genotyping. The best type of pedigree 
sampling for common disease studies, whether for linkage or 
association, is not yet established. An endophenotype hybrid 
strategy can combine genetic linkage, association, and 
pathophysiologic studies. As clinical molecular 
investigation methods advance, identification of disease 
susceptibility mutations and delineation of their 
pathophysiological roles may be expected. 

 

[Neuropsychopharmacology 18:233–242, 1998]
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The major goal of molecular research in psychiatric ill-
ness is to identify mutations that confer susceptibility to
illness and have understandable pathophysiological ef-
fects. We do not propose in this paper to resolve whether
we have reached this point—we have not—but to deter-
mine whether any findings thus far have advanced us to-
ward this goal, and what more is needed. Mutations that

affect many functional aspects of the central nervous sys-
tem, including normal behavioral variation and variation
in response to specific therapies of illness, are also sub-
sumed within the goals of psychiatric genetics.

 

TWO STRATEGIES: GENOME SCANNING AND 
CANDIDATE GENES

 

The term “reverse genetics” is no longer current, having
been replaced by “genome scanning” and “positional
cloning.” For many investigators, genome scanning re-
mains the reverse of the sensible strategy for detecting
biologically important derangements, which would be
to start from discovery of a protein or other molecule
involved in a biological process, followed by cloning its
gene. Genes discovered in this way may become candi-
date genes for illness. However, genome scanning pro-
ceeds by testing of each chromosomal segment (or the
mitochondrial genome) for cotransmission with illness
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within families, a most indirect approach to biology.
Nonetheless, genome scanning has led to many discov-
eries of disease genes that would not have been discov-
ered otherwise (at least not in our time), including neu-
ropsychiatric disease (LaSpada et al. 1994; McKusick
1994; Cooper and Schmidtke 1992).

Each strategy has its advantages. The major strength
of genome scanning is that it covers all possible biologi-
cal mechanisms of inherited disease, including possibil-
ities that the investigator has not thought of and might
not come to in a lifetime of work. Discovery of expand-
ing trinucleotide repeats as a cause of disease, first dis-
covered in Fragile-X mental retardation, for example,
was completely unanticipated, and the biological role of
many genes that cause disease in this way still remains
to be discovered (Ross et al. 1993). The strength of the
candidate gene strategy is its directness. A hypothesis
that a particular gene is involved in pathophysiology
includes the disease mechanism. If a mutation is present,
the biology of disease can be elucidated rapidly.

Genetic linkage to illness is present when ill relatives
share alleles at one or several genetic loci, but at any
linked locus, the shared allele need not be the same in
different families. Linkage is the currently used strategy
for genome scans (Lander and Schork 1994). Although a
candidate gene hypothesis can be studied by linkage
within a family or series of families, the more direct test
is association. In association, a particular allele or muta-
tion in the candidate gene is found more often in patients
than controls (

 

less

 

 often if it is a protective allele). It
should be noted that matching unrelated patients and
controls is hazardous, because of unknown population
stratifications. The currently favored method of testing for
association is within-families comparison of transmitted
versus nontransmitted alleles (Lander and Schork 1994;
Spielman and Ewens 1996). That is, in a series of families a
specific allele is more consistently transmitted from par-
ents to ill offspring than would be expected by chance.

In bipolar illness and schizophrenia, there is a host of
plausible candidate genes, many based on neurophar-
macology of treatment, without direct biological sup-
porting evidence. Significance testing of a result by an
observed 

 

p

 

-value in a study of one such gene must be
corrected for by taking into account the very large num-
ber of genes that could have been tested (Risch and
Merikangas 1996; Crowe 1993) or by testing and repli-
cation in several independent series to generate a single
result. It is misleading to test association with one gene,
such as one of the dopamine receptor genes in schizo-
phrenia, using a nominal 

 

p

 

-value of .05 as the signifi-
cance threshold. Unique reasons for testing a particular
gene can always be advanced, such as the affinity of
clozapine for the D

 

4

 

 dopamine receptor. Nonetheless, we
believe the investigator in such a study should remind
him or herself that the number of potential candidates
includes all the genes that interact with the cellular sig-

 

nal reception and transduction systems affected by any
of the psychotropic drugs useful in an illness. This in-
teraction can be direct or indirect (downstream in a cas-
cade of signal transduction events, for example). Any of
these genes can have a case made that it is a candidate
gene. Because there are 30,000 to 50,000 genes expressed
in the brain, the number of plausible candidates may be
as large as a thousand or more genes (one gene family
of interest, G-protein-coupled receptors, has a thousand
members, for example).

The threshold of significance should thus not be a
nominal 

 

p

 

-value 

 

,

 

 .05. To get less than a .05 probability
that the observation is a false-positive, the threshold for
a significant observed 

 

p

 

-value in a single association
study should be set at .05 divided by the number of genes
which might just as reasonably have been considered.
For 1,000 candidate genes, the threshold for significance
would be .05/1000 or .00005. Furthermore, following a
demonstration of association with a polymorphism for
a candidate gene derived from a biological hypothesis,
the candidate hypothesis should be supported directly
by demonstration of an associated mutation that changes
the function of the candidate gene. This is a set of stan-
dards that has yet to be met in manic-depressive illness
and schizophrenia, but adopting it might be prudent
and protect the field from false-positives. It would be
analogous to the criteria adopted for linkage, to protect
against false-positives in genome scans.

A statistical solution to the multiple genes problem
in association studies has been developed by Risch and
Merikangas (1996), who propose that association be
used as a genome-scanning strategy, with significance
tests that take into account 

 

all the genes in the genome

 

,
and the number of polymorphisms tested in each gene.
They show that a genomic within-family association
scan has greater power (smaller sample size needed)
than a genomic linkage scan to detect genes of small ef-
fect. Small effect genes in their analysis are those with a
genotypic relative risk (GRR; increased chance that an
individual with a particular genotype has disease) be-
tween 2 and 4. (GRR of 2 corresponds in some instances
to a locus-specific recurrence risk (

 

l

 

5

 

) of 1.3 (Scott et al.
1997).) This strategy is not yet implementable, because
of incomplete knowledge of the human genome. The
pivotal assumption that disequilibrium will generally
exist with polymorphisms of disease loci remains to be
supported.

 

CURRENT LINKAGE AND ASSOCIATION
FINDINGS IN BIPOLAR ILLNESS AND

SCHIZOPHRENIA

Genetic Epidemiology of Diagnosis

 

It is commonly asserted that unreliability or uncertainty
in phenotypic definition is a unique problem for molec-
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ular study of psychiatric illnesses, and that valid find-
ings are therefore unlikely. This is a compounding of
several misconceptions about disease definition and
about complex inheritance disorders. Many common
inherited disorders, such as dementia associated with
aging, or malignant melanoma/displastic nevus syn-
drome, have phenotypes that are continuous with nor-
mally observed variation, and about which expert diag-
nosticians will disagree over many cases. This has not
prevented the detection of linkage or association. What
is needed for genetic study of any phenotype is the de-
velopment of standardized and reliable phenotypic
measurements, and their validation in epidemiologic
studies, including coaggregation in families, twin, and
adoption studies. For bipolar illness and schizophrenia,
the validity of phenotype assignment has been amply
demonstrated and reproduced in numerous genetic-
epidemiologic studies (Nurnberger Jr. et al. 1994; Ger-
shon et al. 1982).

Detectability of individual susceptibility genes by a
whole-genome linkage scan is a function of sample size,
informativeness and density of markers, and the statis-
tical role each susceptibility gene plays (in terms of in-
creased risk of illness), as described by Risch (1990a,b).
Certainly, there may be an aspect of a common disease
phenotype which, if known, will greatly aid the detec-
tion of a particular susceptibility gene, such as early on-
set in Alzheimer’s and in breast cancer. Phenotype defi-
nitions in these two disorders gave clear evidence for
single major locus illness subtypes, by analysis of the
distribution of illness in; the pedigrees that fit the defi-
nition. But this is not the only way to detect genes in
complex illnesses. For genes of small effect, we are
aware of no instance in which phenotypic redefinition,
beyond the genetic-epidemiology based definition de-
scribed above, was necessary for initial gene detection.
Furthermore, testing many subdivisions of any data set
increases the probability of false-positive results due to
multiple tests.

By its distribution in families, schizophrenia is an ex-
ample of complex inheritance, where the risk to rela-
tives declines precipitously as the relationship becomes
more distant. Using schizophrenia as an example, Risch
(1990a) showed that with its observed familial risks
schizophrenia could not be due to a single disease gene,
even with reduced penetrance (not all persons with the
disease gene become ill). He demonstrates that for a
dominant or additive disease gene the risk should only
decrease by (roughly) one-half as one progresses to each
more distant class of relative, and that does not occur.
For recessive inheritance, where a different pattern ob-
tains, schizophrenia still does not fit. The observed risks
do fit a pattern of oligogenic inheritance (interaction be-
tween a few genes, in this case two or three). These
would be genes of small effect. As it turned out, the genes
that have been reported and replicated in linkage stud-

 

ies of manic-depressive illness and schizophrenia (Ta-
ble 1) are genes of small effect.

 

Linkage

 

Studying sets of ill relatives (usually affected-sib-pairs)
for concordance on genetic linkage markers (that is, for
identity-by-descent) is a paradigm for genetic investiga-
tion of common diseases, which can detect genes with
subtle effects (Weeks and Lange 1988; Suarez et al. 1978).
It is now the preferred method of linkage detection
(Lander and Schork 1994), although there is still debate
over this among geneticists (Greenberg et al. 1996). De-
tectability depends on the magnitude of the risk im-
parted by a given locus and the size of the sample of
families studied. It does not require correctly specifying
parameters such as the frequency of the gene or the pat-
tern of inheritance (dominant, recessive, etc.).

In a very large pedigree with many individuals af-
fected with a common disease, multiple disease genes,
due to marrying in, may have contributed. At the same
time, if there is reduced penetrance (for a single-locus
disorder), or several susceptibility genes, some gene
carriers will not be ill. Under this circumstance, gener-
ally no single-locus model gives a uniquely best fit to
the data. Because a model must be specified in tradi-
tional Lod score analyses, it may well be wrong. Events
like these could invalidate an analysis based on a fully
specified genetic model (such as a single recessive dis-
ease gene with a specified frequency and penetrance),
which must apply to every ill and well individual in the
pedigree. However, the affected-relative-pair methods
are “model-free” or “parameter-free” (that is, they do not
require the parameters of disease allele frequency and
penetrances) and are more robust to complex inheri-
tance events than other analytic methods. The advan-
tage of this approach is that individual genes can be de-
tected that are components of more complex patterns of
inheritance. There are disadvantages as well. One dis-
advantage is loss of power; a larger number of ill rela-
tives is needed than in traditional analysis, and the par-
ticular value of large pedigrees is lost (see below).
Another disadvantage is that the chromosomal region
to which linkage is found is very broad.

These nonparametric approaches have led to recent
reports of genetic linkage to previously intractable
common diseases, including schizophrenia and manic-
depressive illness. What is different for this series of re-
ports, as contrasted with earlier reports in psychiatry, is
that some have been followed by replications. Table 1
includes published positive findings with significance
thresholds recommended by Lander and Kruglyak
(1995) for definite or suggestive linkage (

 

p
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 2.2 
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or 

 

p

 

 

 

,

 

 7.4 

 

3

 

 10

 

2

 

4

 

; thresholds are for affected-sib-pairs)
with at least one confirmatory report at the significance
threshold for replication (

 

p

 

 

 

,

 

 .01). The significance
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threshold for replication is less stringent because the
probability of a false-positive in a genome-wide scan need
not be accounted for. We include as “corroborative”
studies that do not meet the significance criterion, or
meet it only with some qualification of the phenotype
definition. For example, Wildenauer et al. (1996) stud-
ied schizophrenia and related conditions in the families
of schizophrenia probands, including recurrent major
depression. They found suggestive linkage and associa-
tion evidence in the same area of chromosome 18 as
Berrettini et al. (1994), which implies that the phenotype
related to this gene may be very inclusive.

By and large, the literature if full of controversy, but
these results are the least controversial. There are sev-
eral other reports that could arguably be included in Ta-
ble 1 but were not included because of subthreshold
significance levels, initial reports that later failed to rep-
licate or be corroborated in the same families, controversy
over map inconsistencies, significance levels obscured
by excessive proliferation of models, or significant re-
sults obtained by post hoc sample subdivision (for bi-
polar illness see review in (Gershon, 1995), also (Stine et
al. 1995; Freimer et al. 1996), for schizophrenia see re-
view in (Schizophrenia Linkage Collaborative Group
for Chromosomes 3, 6, and 8 1996). Other recent reports
are too recent to have several attempts at replication
published (Blackwood et al. 1996; Ginns et al. 1996).

Nonetheless, there is an uncomfortable number of
nonreplications for the findings in Table 1, (Freimer et
al. 1996; De Bruyn et al. 1996; Coon et al. 1996) as there
are for small effects genes in other complex diseases,
such as insulin-dependent diabetes mellitus (IDDM)
and multiple sclerosis (Copeman et al. 1995; Bell and
Lathrop 1996; Cordell and Todd 1995). It has been
claimed that inconsistent replication is equivalent to no
replication, and that these diseases may prove too com-
plex to have disease genes detected by linkage (Risch
and Botstein 1996). This claim is a conjecture, offered

 

without logical or simulation support, albeit by scien-
tists whose conjectures deserve consideration. How-
ever, there is a reasonable statistical explanation for the
nonreplications. The susceptibility loci in Table 1 are
small effects genes; for the chromosome 18p bipolar lo-
cus, we estimate the locus-specific risk (

 

l

 

) to be 1.4 to 2.
There is very little statistical power to detect this sort of
linkage in the sample sizes commonly used (100 to 200
affected sib pairs [ASPs]). Even with the higher value of

 

l

 

, a series of 100 ASPs has 15% power to detect linkage
(in an interval mapping scan with a Lod score threshold
of 3 for significance) (Hauser et al. 1996). With 200
ASPs, the power is 51%. The literature can thus contain
a mixed series of reports for a valid linkage. Vastly in-
creasing sample sizes is one way to overcome this prob-
lem, and demonstration of a valid association (linkage
disequilibrium) within the region is another.

A method for meta-analysis for modest-sized-series
studies has yet to be developed (Rice 1997). Our own in-
clination is to accept results from modest-sized pedi-
gree series (roughly 100 or more affected-sib-pairs)
when there is a linkage detection and at least one inde-
pendent replication, because the total number of such
linkage studies is not so very large that the same region
is likely to generate repeated false positive results. This
is our own conjecture, however, and not a criterion based
on rigorous statistical reasoning.

 

Current Issues in Linkage Sampling and Analysis for
Common Diseases.  

 

Criteria for significance: Assump-
tions and studied choices underlie the current consen-
sus on significance of linkage results, and active discus-
sion and reworking of these issues are ongoing. Lander
and Kruglyak’s criteria (1995) for accepting and repli-
cating linkage can be misread to be a true threshold,
where a result just less significant than the threshold is
to be considered differently from one marginally more
significant (Elston 1997). Because the threshold is based

 

Table 1.

 

Linkage Findings Meeting Significance Criteria for Linkage or Probable Linkage with at Least One Replication

 

Initial Report Region Replication Corroboration

 

Bipolar manic-depressive illness
(Berrettini et al. 1994, 1997) 18p (Stine et al. 1995) (Nothen et al. 1996; 

Wildenauer et al. 1996; 
Goldin et al. (in press);
Badner et al. (in press))

(Straub et al. 1994) 21q (Gurling et al. 1995, Smyth et al. 
1997) [Note: same data in both 
studies] (Detera-Wadleigh et al. 
1996)

Schizophrenia
(Straub et al. 1995) [analysis in 

(Kruglyak 1996)], (Wang et al. 
1995) [Note: same data set as 
Straub et al.]

6p (Schwab et al. 1995) (Moises et al. 
1995, Schizophrenia Linkage 
Collaborative Group for 
Chromosomes 3, 6, and 8 1996) 
[Note: overlapping data in these 
three studies.]
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on their computed 5% probability of finding a false-pos-
itive linkage to one locus in a genome-wide search, a
reasonable but arbitrary choice, it is clear that a result
that is marginally less significant is just that, and not to
be rejected out of hand. The replication of schizophre-
nia linkage to 6p in Table 1 includes data (Schizophre-
nia Linkage Collaborative Group for Chromosomes 3,
6, and 8 1996) which are marginally out of the signifi-
cance criterion.

Another problem is the significance threshold for
multilocus results, where currently an equivalent sig-
nificance threshold is used to that for single-locus re-
sults (Risch 1990b; Kruglyak 1996). This is valid be-
cause, in both cases, the significance is based on a
likelihood ratio calculated at a single point. However,
as demonstrated by Goldin and Chase (1997) on simu-
lated data, a less stringent significance level, if it extends
over a few consecutive loci, gives the same power and
rate of false-positives as the Lander and Kruglyak crite-
ria (Lander and Kruglyak 1995).

Multiple overlapping diagnostic classifications are
commonly used in complex disease genetic analyses. Be-
cause these are not independent categories, there is no
obvious way to correct the significance threshold for test-
ing multiple models. Investigators generally do not cor-
rect the significance threshold, but when they do not
correct they will commonly restrict themselves to not
more than two overlapping diagnostic classifications.

Pedigree selection: A genetic mechanism of a few
small-effect susceptibility genes in common diseases
implies that these genes have high population frequen-
cies. As a result, in a large pedigree, even in a popula-
tion isolate, distant relatives may have illness due to the
same gene, but not inherited from the same ancestor.
All the multigenerational analyses we now do are test-
ing for IBD from a common ancestor. In a preliminary
analysis of simulated data analyzed by the GENE-
HUNTER program (Kruglyak 1996), under disease al-
lele frequencies of 5% and 50%, we (Badner and Ger-
shon, unpublished) have demonstrated that distantly
related relatives (such as two pairs of sibs who are sec-
ond cousins to each other) actually give less power to
detect linkage to a marker locus as a single extended
pedigree than they do if they are considered as two nu-
clear families (results not shown).

Genetic isolate populations: High disease allele fre-
quency may be expected to be present in population
isolates, as well. Thus, our conclusion on the reduced
utility of greatly extended pedigrees applies, even though
these pedigrees are more easily assembled in an isolate.
One advantage of isolates remains that some suscepti-
bility genes may be fixed at high frequencies, making
the illness genetically simpler. Linkage disequilibrium
(association) extends over very large distances, if the
isolate is recently formed, which makes linkage more
detectable by association with haplotypes (Houwen et

al. 1994). Of course, the utility of disequilibrium in de-
fining a very small region in which the gene must be
found is lost in that situation.

Large linkage regions: These are commonly ob-
served with small-effects genes (cf., Stine et al. 1995;
Berrettini et al. 1994; Kruglyak and Lander 1995).) There
is no efficient way to use recombinant individuals to
narrow the region in which the disease gene may re-
side, because no relative is an unambiguous recombinant.
Consider two relatives who share alleles at one locus,
but not at the adjacent locus. One cannot be sure there is
a recombination, because there is only a modest proba-
bility that the pair were identical by descent at a disease
locus to begin with. This is quite different from a disease
with a single major locus observed in a large pedigree.

Narrowing a linkage region to detect a disease gene,
using linkage methods alone, will require extremely large
samples, perhaps 3,000 affected-sib-pairs in the case of
the affective disorders linkage on chromosome 18 de-
scribed by Berrettini et al. in 1994 (Kruglyak and Lander
1995). An alternative method is suggested by the argu-
ments of Risch and Merikangas (1996) on using associa-
tion for whole genome scanning. If we were to scan for
association at small intervals, only in the chromosomal
region in which there is evidence for linkage, the num-
ber of tests performed in the scan would be much
smaller than the one million tests in a whole genome
scan for disequilibrium envisaged by Risch and Meri-
kangas. The threshold for significance would be less
stringent. The region could be efficiently sampled for
linkage disequilibrium this way. For a pedigree series
from a population that is not a recent isolate, this is an
appealing strategy.

 

Candidate Genes

 

In the literature on major psychoses, the term candidate
gene is often used to refer to a gene that is part of a bio-
logical system that is 

 

hypothesized

 

 to be disordered in ill-
ness, such as a dopamine receptor or transporter mole-
cule abnormality. Generally, the term candidate should
be reserved for a gene for which there is some direct
supporting evidence, usually a gene in a chromosomal
region in which linkage has been observed, or genes
that can be related to a 

 

demonstrated

 

 pathophysiologic
abnormality, or to an animal model of disease.

Candidate genes related to the processes of monamine
synaptic transmission and signal transduction are di-
rectly appealing to the biological psychiatrist, because
of the neuropharmacological bridge. This refers to the
enormous utility for therapeutic drug development of
the dopamine hypothesis of psychosis and the norepi-
nephrine/serotonin/dopamine hypotheses of depres-
sion and anxiety. Acetylcholine, GABA, glycine, and
aspartate/glutamate transmission systems have also
generated candidate gene hypotheses.
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To evaluate these candidate gene studies, some meth-
odological points should be raised. Testing a candidate
gene hypothesis by linkage rather than association is
not irrational, but this chooses the method with weaker
statistical power (Risch and Merikangas 1996). On the
other hand, one can have more confidence that the ge-
nomic region containing the gene is in fact scanned, and
linkage is robust to the presence of multiple ancestral
mutations.

Among association studies, within-family association
studies are less subject to hidden population stratifica-
tion than comparisons of patients versus controls (Spiel-
man and Ewens 1996; Lander and Schork 1994). De-
pending on which molecular strategy is applied to a
candidate gene, the results will have greater or lesser
biological meaning. In association studies, testing a sin-
gle polymorphism, such as length of a repeat sequence
or a base-pair substitution, does not necessarily serve as
a statistical scan of the entire gene (including the in-
trons, intron/exon junctions, exons, and promoter re-
gion). For a single polymorphism to serve as a valid test
of a mutation elsewhere in the gene, there would have
to be demonstrated disequilibrium over several poly-
morphic sites that encompass the entire gene. Even when
this is present, and the gene studied is in fact a suscepti-
bility gene, disequilibrium of this set of sites with ill-
ness may not be observed, because of multiple ancestral
disease mutations. At some point in the investigative
process, whether to confirm an association or to rule
out a gene as contributing, a direct scan of the gene for
sequence variants must be done. This scan should en-
compass the entire genomic sequence of the gene (in-
cluding expressed sequences, intron/exon junctions, pro-
moter regions). The biological relevance of a detected
variation must be determined through demonstration
of functional differences between the gene variants.

In a brief review such as this, we cannot provide a
comprehensive review of all candidate gene studies in
the major psychiatric disorders. But a recapitulation of
some of the work on dopamine receptor genes in schizo-
phrenia may prove useful as an illustration of the current
strengths and weaknesses of the candidate gene ap-
proach in many psychiatric disorders and as an update.

In 1963, Carlsson and Lindquist (1963) discovered
the general principle that antipsychotic drugs block
dopamine receptors. Blockade of these cell-surface re-
ceptors blocks the subsequent intracellular cascade of
events, termed postsynaptic signal transduction. The
derivative hypothesis of disturbed dopaminergic trans-
mission as an etiologic event in schizophrenia has gen-
erated a great deal of research in the subsequent years
(cf., Losonczy et al. 1987). There are now known to be
two subfamiles of dopamine receptor genes, with dif-
ferent pharmacology, signal transcutions, and genomic
organization. The D

 

1

 

-like subfamily includes D

 

1

 

 and D

 

5

 

,
which couple to Gs proteins, whereas the D

 

2

 

-like sub-

family (D

 

2

 

, D

 

3

 

, and D

 

4

 

) couple to Gi proteins (Gingrich
and Caron 1993).

The dopamine receptor molecules on the synapse
have been the most appealing candidate genes to inves-
tigators of disease susceptibility. These constitute the
molecules with the largest number of candidate gene
studies in schizophrenia found by us in a recent com-
puterized literature search using MEDLINE (also re-
viewed: recent issues of Am. J. Med. Genet. (Neuropsy-
chiat. Genet.) through February 1997). The molecules
involved in post-receptor signal transduction events,
such as subunits of heterotrimeric G-proteins, also rep-
resent plausible candidates for a dopamine-based hy-
pothesis (Ram et al. 1997).

Among the association studies of these genes to date,
only a few complete molecular scans of the entire gene
have been performed (such as (Gejman et al. 1994)). By
and large, the association studies are group compari-
sons, rather than within-family transmission tests. There
are many studies whose entire molecular investigation
consists of one polymorphism. Even for a negative con-
clusion, that there is no disease association with any of
the genes, the evidence is modest because of the meth-
ods used. Also, few sequence variants have been tested
for functional differences (such as was done by Cravchik
et al. 1996 and Asghari et al. 1994).

Nearly all the studies do not detect association or
linkage to these dopamine receptor genes. For dopa-
mine receptor D

 

2

 

 (DRD

 

2

 

), we found 12 studies (refer-
ences omitted for reasons of space). Only one reports
nominal significance (Arinami et al. 1994). For DRD

 

4

 

,
there are 11 studies, with one (Catalano et al. 1993) hav-
ing a nominally significant association with delusional
disorder but not with schizophrenia. Even taking into
account that there could be a very weak effect of one of
these genes, the large number of negative studies, with
no replication at all of the “positive” reports, implies
there is no valid association.

For DRD

 

3

 

, the picture is mixed; a possibly valid
weak positive finding might be contained within two
reports. An initial study (Crocq et al. 1992) did not find
an allelic association with a bi-allelic polymorphism of
DRD

 

3

 

, which codes for a serine to glycine amino acid
substitution. Further examination of the data suggested
a genotypic association with genotype 1-1 (

 

p

 

 

 

,

 

 .008)
and with homozygosity (

 

p

 

 

 

5

 

 .0001). We were able to
find 16 studies of DRD

 

3

 

 association with schizophrenia
following the initial publication. Disregarding studies
that retrospectively subdivided their sample, or that
pooled published with new samples, only one study
(Shaikh et al. 1996) replicates the initial finding. This ar-
ticle studies a similar French and English sample to that
studied by Crocq et al. and finds an association of
schizophrenia with the 1-1 genotype (

 

p

 

 

 

5

 

 .003), as in
Crocq et al., and also an association of illness with allele
1, unlike Crocq. Despite all the nonreplications, it
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would appear worthwhile to do further studies, includ-
ing molecular scanning of the entire receptor gene in
some families, and functional studies of the known
variant and others that may be discovered.

 

Endophenotype Research Strategy of Freedman et al.

 

Freedman et al. (1997) studied inheritance of a neuro-
physiologic abnormality associated with schizophrenia,
a defect in the normal decrease of a cortical evoked po-
tential (P50) after repeated auditory stimuli. A genome-
wide scan of P50 abnormality was done in members of
nine schizophrenia pedigrees, without respect to affec-
tion status with schizophrenia. Linkage was found to be
present, using a single-locus model of the trait, to mark-
ers on chromosome 15, very close to the gene for the 

 

a

 

7
subunit of the nicotinic cholinergic receptor.

This receptor was theoretically a candidate gene for
this phenomenon, based on basic studies, but the statis-
tical significance of the linkage is based on a genome-
wide scan, with a nominal 

 

p

 

-value of .000016. This work
is thus a hybrid of the candidate gene and genome-
wide scan approaches. It was also innovative in choos-
ing as phenotype not the illness, but a component of the
illness that can also be found in well family members.
Interestingly, in these families linkage of this chromo-
somal region to schizophrenia could not be detected by
the same markers. If the finding is in fact related to a
component of illness, one would expect linkage to ill-
ness to be detectable, in a large enough sample.

Several comments can be offered on the study, which
do not detract from its importance. Although the rela-
tion of P50 and the chromosome 15 region is established
by the results, a relationship of the genetic finding to
schizophrenia and to the nicotinic cholinergic receptor
is only suggested. The receptor subunit gene must be
shown to have functional mutations in disequilibrium
with the P50 trait to be implicated definitively. Without
such evidence, it is possible that the variant responsible
for the linkage may in fact be in another nearby gene.

The analysis of the P50 trait does not extract all the in-
formation from the measurements in the family members.
The trait was collapsed into a qualitative trait, rather than
analyzed as a quantitative trait. It may be that the ob-
served variation is, in fact, noise, and that the underlying
trait is a binary one, but this has not been investigated.

Other neurophysiological traits can be studied in this
manner, such as the oculomotor abnormalities in schizo-
phrenia (Arolt et al. 1996). Risch and Zhang (1996) have
developed a very efficient sampling scheme for detect-
ing linkage to one quantitative trait. This consists of
finding sib-pairs who are extremely discordant on the
trait of interest, and genotyping only them. Because
linkage is equivalent to regressing the trait difference on
the genetic difference in marker concordance, this gives
maximal linkage information per genotyped pair. It is

not clear that this scheme can be applied if one is inter-
ested in families with both illness and a quantitative
trait, because it might be out of the bounds of practical-
ity to do the sampling. For example, one might try to
find siblings who have a close relative with schizophre-
nia and are discordant on oculomotor performance, but
it would be a challenge. On the other hand, the oculo-
motor trait could be sampled directly in a population,
and linkage studies of the trait could be done straight-
forwardly and most efficiently with extreme discordant
sib-pairs.

 

CONCLUSION

 

Genetic linkage studies that in retrospect were false
starts and nonreplicated results, and that appeared unique
to the major psychoses some years ago, have since oc-
curred in other classes of common diseases with com-
plex inheritance. Nonetheless, in manic-depressive ill-
ness, as in diabetes mellitus and other traditional
medical disorders, linkages have gradually been estab-
lished. Looking backward in manic-depressive illness
and schizophrenia, it appears that advances in the hu-
man genetic linkage map, and in the analysis of linkage
in complex disease, contributed to the current situation
where at least some of the linkage findings have credi-
bility from multiple positive reports. The major psycho-
ses seem destined to exemplify the dictum that by using
genome scanning methods “one can systematically dis-
cover the genes causing inherited diseases without any
prior biological clue as to how they function” (Lander
and Schork 1994). Although we believe the positive
linkage results represent important progress, we are as
yet a long way from demonstrated disease mutations in
schizophrenia and bipolar illness.

The other major investigative approach, neurophar-
macology-based candidate genes, has been disappoint-
ing thus far. The correct statistical analysis of associa-
tion results when there are many candidates is only
now beginning to be developed. This may reduce the
unfortunate number of never-reproduced positive re-
ports. Nonetheless, neither the candidate gene approach
nor the genome scanning approach has demonstrated
unequivocal superiority in these disorders. The devel-
opment of hybrid genetic investigation strategies, which
combine demonstrated pathophysiology with genome
scanning, recently implemented by Freedman et al. (1997),
is an innovation that may allow us to bypass the “ei-
ther-or” choice of genetic strategy.
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