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Summary.  There are three aspects of schizophrenia that 
are challenges to the design of linkage studies. First, 
analysis of twin and family data have consistently failed 
to identify a single major gene effect. Second, ascertain- 
ment of multiplex families does not guarantee the sam- 
pling of families in whom a major gene is segregating even 
if such a gene exists, Third, environmental influences ap- 
pear to play an essential role in the etiology of at least 
some schizophrenia. The implications of these features 
for linkage strategies in schizophrenia are discussed. 
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Introduction 

Identifying the genetic mechanisms that underly indi- 
vidual differences in human behavior remains one of the 
most significant problems facing the human geneticist. 
Progress, impeded by the complexity of the behavioral 
phenotype, has been slow, however. It is little wonder 
then that the advent of the application of molecular ge- 
netic methods to human behavior (Gurling 1986) and the 
recent claims in linking behavioral conditions including 
affective psychoses (Egeland et al. 1987), reading dis- 
ability (Smith et al. 1983), Alzheimer's disease (St. Ge- 
orge-Hyslop et al. 1987), and schizophrenia (Sherrington 
et al. 1988) to specific regions of the genome has given 
rise to much optimism. Clearly the race has begun to 
apply molecular genetic techniques to the study of human 
behavior. As behavioral geneticists we have long been 
interested in the way knowledge of a genetic influence 
will bring about a better understanding of the develop- 
ment of psychopathology with an eye toward rational in- 
tervention and even prevention. It appears an especially 
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appropriate time to consider whether behavioral pathol- 
ogy is best treated as other human genetic disorders or 
whether the study of genetic influences on behavior will 
require new and unique research approaches. 

Throughout its development, behavioral genetics has 
relied heavily upon a Galtonian biometrical approach. 
This approach, although statistically sophisticated, has 
been widely criticized because of its inability to charac- 
terize the mechanisms of genetic influence (e.g., Vogel 
and Motulsky 1986). Over the past 22 years, we have en- 
gaged in biometrical analyses of schizophrenia twin and 
family data (Gottesman and Shields 1967; Rao et al. 1981; 
McGue et al. 1983, 1986). Although we agree that these 
analyses do not allow us to identify the underlying genet- 
ic processes, we believe they do help us to understand 
the genetics of schizophrenia. Indeed, as research em- 
barks upon intensive molecular genetic studies of schizo- 
phrenia, the results of our biometrical analyses may have 
implications for the probable success of alternative strat- 
egies for identifying single gene effects on schizophrenia. 
We consider those results and some of their implications 
here. 

Genetic  Epidemiology of  Schizophrenia 

The most powerful and consistent predictor of schizo- 
phrenia risk is being an identical twin or first-degree rel- 
ative of a schizophrenic (Gottesman et al. 1982; Eaton 
1985). Table 1 gives estimated life time risks (i.e., age 
corrected values) for developing schizophrenia among 
the relatives of schizophrenics pooled from systematic 
studies undertaken in western Europe since 1920 (for a 
complete description of how the data were compiled see 
Gottesman et al. 1982; Slater and Cowie 1971). Values 
for a broader definition including "probable schizophre- 
nia" are about 25% higher than those given in Table 1. 
With the exception of the twin data, where a large corre- 
lation in age at onset as well as continued follow-up ob- 
viates the need, all risks have been adjusted for variable 
age of onset using variations of the Weinberg method 
(Gottesman et al. 1982). 
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Table 1. Rates of definite schizophrenia among the relatives of 
schizophrenics 

Familial relationship BZN a % Affected 

Offspring of two schizophrenics 134 36.6 
MZ Twins 106 44.3 
DZ Twins 149 12.1 
Siblings 7523 7.3 
Offspring of one schizophrenic 1678 9.4 
Half-siblings 442 2.9 
Nieces or nephews 3965 2.7 
Grandchildren 739 2.8 
First cousins 1600 1.6 
Spouses 399 1.0 

a BZN gives the age adjusted sample size (Gottesman et aI. 1982) 
DZ: dizygotic 
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Fig. 1. Lifetime morbid risks among the relatives of schizophrenics 
observed (Empiric) and expected under a multifactorial threshold 
model with 80% heritability (MFT) and the generalized single 
locus model (GSL) proposed by Matthysse et al. (1986) as a func- 
tion of proportion of genes shared with the proband. Proportion of 
genetic overlap is 1.0 for MZ twins, 0.50 for first-degree relatives, 
0.25 for half-siblings, and 0.125 for third-degree relatives 

There is a strong association between the magnitude 
of the risk in the relative and the degree of genetic re- 
lationship to the proband. The most distinctive features 
of this association are the monozygotic (MZ) twin con- 
cordance rate and the risk to the offspring of two schizo- 
phrenics, both of which are large relative to the risks 
among other family members. The MZ rate is approxi- 
mately five times the rate among first-degree relatives, 
which in turn is approximately two and one half times 
the rate among second-degree-relatives. The association 
between familial risk and proportion of genes shared 
with the index case is approximated by an exponential 
decay function (Fig. 1). Alternative hypotheses about 
the genetic transmission of schizophrenia are distin- 
guished by their ability to account for this essential epi- 
demiological association. 

Table 2. Parameterization of the generalized single-locus model 

Genotype AA Aa aa 
Frequency q2 2q(1-q) (l-q) 2 
Penetrance fAA fAa faa 

Twin, adoption and family studies are consistent in 
indicating that the familial aggregation of schizophrenia 
is accounted for largely, if not entirely, by genetic factors 
(Rosenthal 1972; McGue et al, 1986). Nonetheless, the 
MZ twin concordance rate is substantially less than 100%, 
and thus (non-familial) environmental factors, be they 
prenatal, perinatal or sociocultural, play a significant 
role in the etiology of at least some forms of schizophre- 
nia. The existence of environmental influences serves to 
obscure the mechanism of genetic transmission resulting 
in continued debate as to whether schizophrenia is a 
single gene disorder, multifactorially transmitted or etio- 
logically heterogeneous (Faraone and Tsuang 1985). 
This is not a purely academic concern as the likelihood 
of identifying single gene effects on schizophrenia risk 
depends upon the mode of transmission of the disorder. 

Single Gene Transmission 

The earliest hypothesis (Rosanoff and Orr 1911; Riidin 
1916) for the genetic basis of schizophrenia is that it is a 
single gene defect (B66k 1953; Slater 1958; Heston 1970; 
Slater and Cowie 1971; Matthysse et al. 1986). Under 
the so-called generalized single locus (GSL) model, the 
transmission of schizophrenia is attributed solely to the 
segregation of two alleles (a schizophrenia-promoting al- 
lele, e.g., A, and a non-schizophrenia promoting allele, 
e.g., a) at a single locus. Non-Mendelian familial risks 
are reconciled with single gene transmission by invoking 
reduced penetrance (i.e., individuals who inherit at least 
one copy of the disease-promoting gene do not necessar- 
ily develop the disorder) and allowing for the existence 
of sporadics (i.e, individuals who inherit no copies of the 
disease-promoting gene but who are still at risk). Table 
2 gives the parameterization of the GSL model in terms 
of the frequency of the schizophrenia promoting allele 
(a) and the penetrances of the three genotypes (fAA, fA~, 
and f~).  

Both the parsimony as well as the assumption of a 
unitary genetic etiology for schizophrenia that promises 
success for molecular genetic strategies make the GSL 
model attractive. Nonetheless, the GSL model has re- 
peatedly failed to account for the observed pattern of fa- 
milial risk in schizophrenia (Elston and Campbell 1970; 
Kidd and Cavalli-Sforza 1973; Elston et al. 1978; O'Rour- 
ke et al. 1982; Tsuang et al. 1982; Baron 1986; McGue et 
al. 1986). This failure stems directly from the inability of 
the GSL model to predict an exponential relationship 
between familial risk and degree of the relationship with 
the proband. 

James (1971) has shown how precise quantitative 
predictions of familial risks can be determined under a 
GSL model. The risk to relatives of a given class (Kr) can 
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be expressed as a function of three parameters derivable 
from the penetrances and gene frequency of the GSL 
model; the population prevalence of the disorder (Kp), 
the additive genetic variance (Vj, and the dominance 
genetic variance (Vd); 

K r = Kp + (/.glVa -~- [..12Vd)/K p (1) 
where bq and bt2 are the probabilities that the proband 
and the relative share, respectively, one or two alleles at 
a locus identical by descent. 

In the absence of dominance (as appears to be the 
case for schizophrenia, where the risk to the siblings is 
not greater than the risk to the offspring of schizophren- 
ics), predicted familial risk under the GSL model is given 
by a linear function of proportion of genetic overlap be- 
tween the relative and the proband. That is, in the ab- 
sence of dominance, Eq. i is reduced to 

K~ = Kp + (VJKp)pl. (2) 

This linear prediction is in sharp contrast to the ob- 
served exponential relationship. Along with the empiric 
risks, Fig. 1 plots the familial risks predicted by a re- 
cently proposed, and illustrative, GSL model of schizo- 
phrenia (Matthysse et al. 1986). The degree of reduced 
penetrance required under a GSL model to account for 
the low familial recurrence of schizophrenia is clearly in- 
consistent with the relatively large MZ twin concordance 
rate. In those cases where the GSL model did fit schizo- 
phrenia family data, observations were made  only on 
first-, second-, and third-degree relatives, but not twins 
or the offspring of dual matings (e.g., Holzman et al. 
1988). Study of Fig. 1 shows that the linear relationship 
between risk and shared genetic background predicted 
by the GSL model holds approximately only for these 
classes of relatives. 

Failure of the GSL model leads not only to rejection 
of simple single gene explanations for the transmission 
of schizophrenia but also to rejection of the hypothesis 
that schizophrenia represents a heterogenous mixture of 
single gene disorders only. Suppose that there were k 
different single gene defects, each giving rise, with possi- 
bly reduced penetrance, to schizophrenia. Neglecting 
those exceedingly rare cases who inherit more than one 
of these genes, the composite risk to a relative of a 
schizophrenic index case is a probability-weighted func- 
tion of that relative's risk under each of the k separate 
single gene models. That is, the composite familial risk, 
being a weighted average of k separate linear functions, 
will also be a linear function of proportion of genes 
shared with the proband. The failure of simple single 
gene models clearly complicates the search for single 
gene effects. 

Multiple Gene Models 

Multiple gene models do not share the empirical short- 
comings of the GSL model. Although many alternative 
multiple gene models have been proposed, we will focus 
upon the two most widely applied, the multifactorial 
threshold (MFT) and mixed models. Under a MFT model, 

genetic factors are assumed to be polygenic. That is, 
there is a large number of genes, each of small and equal 
effect, that combine additively with the effects of other 
genes and environmental factors to influence schizophre- 
nia liability. The qualitative phenotype (here a diagnosis 
of schizophrenia) is assumed to arise when an individual's 
combined liability exceeds some threshold value along 
the unobserved liability continuum (Falconer 1965; Got- 
tesman and Shields 1967). 

The MFT model does an excellent job in accounting 
for the distinctive pattern of familial risk in schizophre- 
nia (McGue et al. 1983). Figure 1 gives the predicted 
rates of schizophrenia under an MFT model that assumes 
all familial transmission is owing to polygenic factors 
with a multifactorial heritability of 80%, the remaining 
20% of the liability variance being attributed to non-fa- 
milial environmental effects (McGue et al. 1985). Al- 
though the predicted MZ concordance rate is somewhat 
low, this model is statistically consistent with the ob- 
served familial rates and, more importantly, produces a 
risk function with the characteristic exponential decline. 

Despite its predictive adequacy, there is a general re- 
luctance to accept the MFT model as an explanation for 
the transmission of schizophrenia. This reluctance stems, 
perhaps, from the failure to identify specific genetic and 
environmental contributors to the assumed multifacto- 
rial liability. Additionally, strict polygenic inheritance 
(i.e., many genes all of small effect) might preclude, for 
the near future, attempts at identifying single gene ef- 
fects on schizophrenia risk through molecular genetic 
approaches. However, the fit of the MFT model does 
not preclude the existence of a single major gene whose 
effect upon schizophrenia risk is large relative to the ef- 
fects of other (poly)genes, the possibility of rare single 
gene disorders that give rise to schizophrenia, or a tract- 
able MFT model of a limited number of polygenes (3, 4, 
or 5) each with a "subcomponent effect" on schizophre- 
nia (cf. Wright 1934; Thoday 1967). Molecular genetic 
strategies could, presumably, be tailored for each of the 
possibilities. 

Meehl (1972a, b) was the first to suggest that both a 
major gene and polygenes play a role in the etiology of 
schizophrenia. Under Meehl's theory, inheritance of a 
single gene gives rise to a neural integrative deficit 
termed schizotaxia that is expressed at the personality 
level as schizotypy. Expression of clinical schizophrenia 
among individuals who inherit the single gene defect is 
postulated to be a function of status on a host of poly- 
genical and environmentally influenced potentiators in- 
cluding anxiety, anhedonia, and social introversion. 

The type of model proposed by Meehl has been termed 
the mixed (i.e., mixed major and polygenes) model by 
Morton and McClean (1974) who also developed analyt- 
ical procedures for fitting the model to family data. Al- 
though the procedures outlined by Morton and McClean 
can be used, in theory, to identify major gene effects 
against a polygenic background, in practice the analysis 
of qualitative family data under the mixed model has 
yielded equivocal results. There have been three mixed 
model analyses of schizophrenia family data (Carter and 
Chung 1980; Risch and Baron 1984; Vogler et al. 1990). 
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In all three cases, the researchers failed to reject the 
multifactofial model that included polygenic effects only, 
in favor of a mixed model that included both a single 
major gene and polygenic effects. That  is, they failed to 
find support for a single major gene effect upon schizo- 
phrenia risk. This failure may result from a lack of statis- 
tical power or to an absence of a single major gene effect 
on schizophrenia. With the given data it is difficult to 
choose between these two possibilities, although the re- 
peated failure to identify single major gene effects on 
schizophrenia despite relatively large family studies sug- 
gests that if single gene effects exist they may be of mod- 
est magnitude only. 

Simulation Studies 

In order to identify the characteristics of mixed single 
gene/polygene models that generate accurate predictions 
of familial risk, we recently completed a simulation study 
(Gottesman and McGue  1990). In that study, familial 
risks under 275 different models were computed and 
compared with observed schizophrenia risks. Family 
data were generated under a general model that allowed 
for three additive contributors to schizophrenia liability; 
(1) a major gene component  with two alleles (A and a) at 
a single locus in Hardy-Weinberg equilibrium (2) a poly- 
genic component  that was assumed to be normally distri- 
buted with a constant variance for the three genotypes 
(AA,  Aa, and aa), and (3) a non-familial environmental 
component ,  also assumed to be normally distributed 
with a constant variance. Familial environmental effects, 
for which there is little empirical evidence (McGue et al. 
1985), were not modeled in the simulation. The pene- 
trances of the three genotypes were ordered according to 
fAA > fAa > faa, with the heterozygote penetrance,  fA~, 
constrained to equal the average of the penetrances of 
the two homozygotes as is expected when there is no 

dominance variance at the single locus. In all cases, the 
lifetime prevalence of schizophrenia was fixed at 1.0%. 

Familial risks were functions of three (input) para- 
meters: (1) fAa, the penetrance of the most frequently 
affected genotype, (2) s, the percentage of schizophren- 
ics who do not have any copies of the "schizophrenia 
gene" (i.e., the proportion of schizophrenics with the aa 
genotype termed the proportion of sporadics), and (3) 
h 2, the residual polygenic heritability (i. e, the proportion 
of liability variance due to polygenic factors after the 
major gene effect has been partialled out). Table 3 gives 
illustrative findings from these simulations. Three gen- 
eral conclusions were drawn; 

1. When the penetrance of the most frequently affected 
genoytype was high (fAA greater than or equal to 0.4), 
predicted familial risks were inconsistent with observed 
risks unless both the percentage of schizophrenics with- 
out the major gene was high (s greater than or equal to 
0.60) and the residual heritability was large (h e greater 
than equal to 0.60). Put another way, if there exists a 
highly penetrant  major gene for schizophrenia, simula- 
tions of family data suggest that few schizophrenics pos- 
sess it. This is illustrated in Table 3 by the comparison of 
the three inconsistent models numbered 5, 6 and 7 with 
the consistent model numbered 2. 

2. When the penetrance of the most frequently affected 
genotype was low (fAa less than or equal to 0.2), pre- 
dicted familial risks were inconsistent with observed 
risks unless the residual heritability was large (h z greater 
than equal to 0.60). Put another way, a low-penetrance 
gene is consistent with schizophrenia family data only 
when there is also a substantial polygenic effect. This is 
illustrated in Table 3 by the two consistent models num- 
bered i and 3 and the two inconsistent models numbered 
8 and 9. 

3. A pure MFT model with large heritability (h 2 equal to 
0.80) yields familial risk consistent with observed risks. 

Table 3. Illustrative results from the mixed model simulation of schizophrenia 

Model 

Input parameters 

fAA S h 2 

Predicted risks to relatives of 
Derived parameters - schizophrenics (%) 
% total variance due to MZ 1st 2nd 3rd 

Major Polygene Env 
gene 

Consistent models: 
No. 1 0.10 0.80 0.80 2.2 78.3 19.5 41,3 9.3 3.6 2.0 
No. 2 0.60 0.80 0.80 2.3 78.2 19.5 45.1 11.6 4.7 2.6 
No. 3 0.10 0.025 0.60 32.9 40.3 27.8 43.6 10.8 4.1 2.2 
No. 4 0.0 1.0 0.80 0.0 80.0 20.0 38.3 8.6 3.3 1.9 

Inconsistent models: 
No. 5 0.60 0.60 0.20 4.9 19.0 76.1 17.1 8.1 4.3 2.6 
No. 6 0.60 0.05 0.60 18.9 48.7 32.4 59.2 22.0 9.8 5.0 
No. 7 0.60 0.05 0.20 18.9 16.2 64.9 37.8 17.2 8.6 4.7 
No. 8 0.10 0.025 0.40 32.9 26.8 40.3 24.9 7.6 3.3 2.0 
No. 9 0.10 0.80 0.40 2.2 39.1 58.7 10.5 4.0 2.1 1.5 

Note: faA is the penetrance of the most frequently affected genotype, s is the proportion of schizophrenics who do not carry the major gene 
and h 2 is the residual multifactorial heretability. Table from Gottesman and McGue (1990) 
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Table 4. Distribution of number of affected nuclear family members under four alternative models for schizophrenia 

No. Model Total a 

Input parameters Number (%) of affected family members per family with at least one affected 

fAA S h 2 1 2 3 4 or more 

1 0.10 0.80 0.80 1156 (0.912) 97 (0.076) 14 (0.011) 1 (0.001) 1268 
2 0.60 0.80 0.80 1133 (0.909) 99 (0.079) 12 (0.010) 3 (0.002) 1247 
3 0.10 0.025 0.60 1172 (0.894) 112 (0.085) 24 (0.018) 3 (0.003) 1311 
4 0.0 1.0 0.80 1214 (0.918) 88 (0.067) 17 (0.013) 4 (0.003) 1323 

a Total gives the total number of nuclear families, out of the 50,000 generated, with at least one schizophrenic member 

This is illustrated by the consistent model numbered 4 in 
Table 3. 

These simulations suggest that three alternative classes 
of genetic models are consistent with the genetic epide- 
miology of schizophrenia. First, a heterogeneity-like 
model where the minority of schizophrenics inherit a 
highly penetrant but low4requency gene (gene frequen- 
cies for models numbered 1 and 2 were, respectively, 
0.018 and 0.003), while the majority are affected because 
of a high multifactorial loading. Second, a gene of mod- 
est-effect model where a low penetrance (about 10%) 
moderately prevalent (gene frequency for model 3 was 
0.097) gene contributes along with a sizable multifacto- 
rial component to schizophrenia risk. Third, a pure MFT 
model. Any one of these models could account for the 
failure of mixed model analyses of schizophrenia family 
data to identify a single major gene effect. 

Ascertainment Strategies 

The results of our simulations suggest that the existence 
of a single major gene effect is not inconsistent with the 
observed schizophrenia family data, although the mag- 
nitude of this effect on overall risk may not be great. If a 
single major gene exists, the question remains as to how 
best to sample pedigrees of families for linkage studies 
who are informative with respect to the major gene. One 
popular, and seemingly sensible, strategy for identifying 
families for intensive molecular genetic study is to sam- 
pie "loaded pedigrees" (i.e., so-called multiplex families 
with a large number of affected individuals). We were 
interested in determining, for the four models found to 
generate risk rates consistent with the observed familial 
rates, the extent to which (1) families with multiply af- 
fected members are expected to occur, and (2) multiplex 
ascertainment schemes succeed in enriching the sample 
with families who are segregating for the major gene. 

For each of the four models, 50,000 nuclear families 
consisting of an index member (not necessarily affected) 
and possibly a spouse (probability of marriage was 0.864) 
and up to six children were generated according to the 
parameters of that model. Probability of marriage and 
number of offspring were chosen to reflect demographic 
features of the U.S. adult population. No adjustment 
was made for the reduction in fertility known to be asso- 
ciated with schizophrenia (Erlenmeyer-Kimling 1978; 

Table 5. Proportion of schizophrenics without major gene [P(G-IS+)] 
and proportion of normals with the major gene [P(G+IS-)] under 
three alternative ascertainment schemes 

No. of 
affected 
family 
members 

Model 1 Model 2 Model 3 

7` 7" 7` 7" 7" 7" 

b b b b b + 

lormore 0.748 0 .089  0 .879  0 .035  0 .026  0.480 
2ormore 0.658 0 .089  0 .789  0 .054  0 .000  0.427 
3 or more 0.652 0 .028  0 .542  0 .125  0 .000  0.516 

Vogel 1979, Odegaard 1981). The average number of 
offspring was 2.22 (SD = 1.4, range = 0-6). 

Table 4 gives the distribution of number of affected 
individuals among families with at least one affected 
member. Two features of Table 4 warrant comment. 
First, all four models predict that in a large percentage of 
cases schizophrenics will be the only affected members 
of their nuclear family. This prediction is in accord with 
the distribution of number of affected family members 
observed in large family studies (e.g., Lindelius 1970). 
Second, although rare, pedigrees with multiple affected 
members are expected under all four models of transmis- 
sion. Although expected under highly penetrant single 
gene transmission, the observation, especially under un- 
certain ascertainment, of loaded pedigrees does not al- 
low unequivocal inference of mode of transmission. In- 
deed, of the total of 200,000 nuclear families generated, 
only two contained as many as five affected members. 
One family was generated under model number 3, a 
mixed model with high multifactorial heritability, and 
the other under model number 4, a pure MFT model. 

Table 5 gives the sample proportions of (1) affected 
individuals who carry no copies of the schizophrenia- 
promoting gene [P(G-IS+)], and (2) normal individuals 
who carry at least one copy of the schizophrenia-promot- 
ing gene [P(G+IS-)] under alternative sampling schemes 
for each of the three models for which there is a major 
gene effect. These proportions can be interpreted loose- 
ly as error rates under the alternative ascertainment 
schemes. That is, the chance that an affected individual 
in the sample does not have the gene and the chance that 
a normal individual does. As is evident from Table 5, 
multiplex sampling strategies are not expected necessar- 
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ily to enrich the sample for schizophrenics possessing the 
gene under any of the three models. Only for model 
three, where the gene frequency is high but the pene- 
trance low, are most sampled families expected to be 
segregating the major gene. Nonetheless, in this case a 
significant proportion of unaffected individuals also pos- 
sess the gene. 

The Role  of  the Environment  

The existence of environmentally induced schizophre- 
nia-like conditions (Davison 1987) as well as MZ twin 
concordance rates substantially less than 100%, prompts 
the question: Is the influence of the environment on 
schizophrenia due primarily to environmentally induced 
phenocopies of the disorder, or is it that environmental 
effects combine multifactorially with an underlying ge- 
netic diathesis? We note that the popular distinction be- 
tween sporadic and familial forms of psychopathology 
presumes that a major role of the environment is to in- 
duce nontransmitted forms of the disorder (see, how- 
ever, Eaves et al. 1986 for a critical evaluation of this dis- 
tinction as applied in genetic epidemiology). 

Gottesman and Bertelsen (1989) evaluated schizo- 
phrenia risk among the offspring of Fischer's concordant 
and discordant twins. Relatively low rates of schizophre- 
nia are expected among the offspring of discordant MZ 
twins if discordance among the genetically identical par- 
ents is due largely to environmentally induced pheno- 
copies. Table 6 gives the essential findings from this 
study. Although the small sample allows only preliminary 
and cautiously drawn conclusions, the pattern of off- 
spring risk is striking. For the discordant MZ twins, the 
rate of schizophrenia-like psychosis is similar among the 
offspring of the affected and the unaffected twins, and 
both rates are comparable to the overall risk to the off- 
spring of a schizophrenic parent (Table 1). In contrast, 
for the discordant DZ twins, the rate of schizophrenia- 
like psychosis is significantly higher among the offspring 
of the affected twin than among the offspring of the un- 
affected twin. Furthermore, the rate among the offspring 
of the affected DZ twins is comparable to the rate 
among the offspring of schizophrenics, while the rate 

Table 6. Schizophrenia and schizophrenia-like psychosis in off- 
spring of discordant twins 

Parent status Number Affected MR % 

Monozygotic sample 
Affected twin 14 1 10.0 __+ 9.0 
Unaffected twin 24 4 17.4 _4_- 7.7 

Dizygotic sample 
Affected twin 13 1 8.3 + 7.6 
Unaffected twin 52 1 2.1 + 2.1 

"Affected" column gives the total number of offspring affected 
with either schizophrenia or a schizophrenia-like psychosis, MR 
gives the estimated lifetime morbid risk using the Kaplan-Meier 
age correction procedures. (From Gottesman and Bertlesen 1989) 

among the offspring of the unaffected co-twins is com- 
parable to the risk among the second-degree relatives of 
schizophrenics (Table 1). 

These data suggest that the discordance among the 
MZ twins cannot be attributed wholely to the existence 
of non-transmissible forms of schizophrenia. Apparent- 
ly, the expression of schizophrenia depended upon both 
an inherited genetic diathesis, which was transmitted re- 
gardless of whether the diathesis was phenotypically ex- 
pressed, and exposure to environmental stressors, to 
which the twins are differentially exposed. The possibil- 
ity that the expression of schizophrenia might depend 
upon exposure to requisite environmental triggers would 
seem to complicate, but certainly not preclude, genetic 
linkage studies, which are highly sensitive to the exis- 
tence of "false negatives" in the family. 

Discussion and Conclusion 

Alternative approaches to identifying single major gene 
effects on schizophrenia will be constrained, encouraged 
and/or defeated by salient features of the genetic epide- 
miology of this complex disorder. Here we have reviewed 
three such features, all of which have significant implica- 
tions for designing linkage studies of schizophrenia. 

First, nobody has ever been able to demonstrate 
statistically that a single major gene accounts for a large 
share of the overall risk for schizophrenia. We suggest 
that this reflects more about the nature of this complex 
disorder than it does about limitations of the statistical 
procedures. Approaches premised upon the hypothesis 
that schizophrenia is a unitary single gene disorder run 
counter to a vast amount of empirical data that suggests 
otherwise. At the least, such approaches need to be jus- 
tified relative to their more empirically attractive alter- 
natives. 

Single gene effects on schizophrenia risk may exist. 
Our simulations suggest that if they do, they are likely to 
be the result of either a highly prevalent gene with a very 
low penetrance or a very low prevalent gene with a high 
penetrance. In either case, the contribution to overall 
schizophrenia risk is modest. For example, Huntington's 
disease (HD) is often misdiagnosed as paranoid schizo- 
phrenia; some 20% of HD cases present with paranoid 
schizophrenia phenotypes. HD is quite rare in the popu- 
lation with an incidence of 5 per 100,000. From the care- 
ful total population study in southern Sweden by Essen- 
M611er (Essen-M611er et al. 1956) that used in-depth in- 
terviews by psychiatrists with every inhabitant, we ob- 
tain a lifetime risk of 139 per 10,000 for schizophrenia. 
We can now answer the question: What proportion of 
schizophrenia-like psychoses are actually caused by what 
we now know to be a mutated dominant gene on chro- 
mosome 4 leading to HD? The answer is found by divid- 
ing the two population values or 5/100,000 by 139/10,000 
and then taking 20% to get those HD cases who are, in 
this instance, "genocopies" of schizophrenia. The result 
of the calculations is that 7 in 10,000 schizophrenics have 
this "major gene for schizophrenia-like psychosis" and 
the gene would be identified by studying such special 
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pedigrees with RFLPs  and a lucky choice of chromo- 
some 4 as a starting place. 

Second, ascertainment schemes aimed only at iden- 
tifying "loaded pedigrees" may be useful, but then again 
they may not. Obviously,  linkage studies require loaded 
pedigrees to provide powerful tests for single gene ef- 
fects. Nonetheless,  multiplex families are expected under 
GSL and MFT transmission. This may leave the molecu- 
lar geneticist somewhat  uneasy in claiming that the fam- 
ily he or she is expending great effort  on happens to be a 
family segregating for the major  gene. I t  is notable in 
this regard that  the linkage studies for mental  disorder 
that  are currently available, whether  for schizophrenia 
or affective psychoses, were conducted without defining 
a sampling framework.  We have no way of knowing how 
many families in the general populat ion were,  in effect, 
screened to find the interesting multiplex families utilized 
to obtain the significant lod scores. Under  such condi- 
tions, the linkage studies resemble the important  data 
available f rom individual case histories provided by such 
pioneers as Freud, Kraepelin,  and E. Bleuler. As such, 
pedigrees with impressive lod scores as well as seminal 
case histories can serve as hypothesis-generating sources 
but  not as sufficient proof  of etiology. 

Third, environmental  influences play an essential 
role in the etiology of schizophrenia. In the rush to 
molecular  biology, it appears  shortsighted for psycho- 
pathologists to consider no longer why it is that  of  two 
individuals, both  of whom inherit a genetic diathesis, 
one will go on to develop the disorder while the other 
will not. It  seems that  progress will be maximized by 
tying molecular  genetic approaches to further inquiry 
into environmental  influence. 

Research on the genetic epidemiolgoy of schizophre- 
nia suggests that it is a highly complex genetic disorder 
whose precise mechanism of transmission remains un- 
certain. This will hardly come as a revelation to anyone.  
The pathway f rom gene product  to behavioral  expres- 
sion is obviously long and presumably provides many op- 
portunities for environmental  modulat ion as well as 
moderat ion by other  biological, physiological and be- 
havioral systems. The transmission of schizophrenia ap- 
pears wholly unlike the transmission of Hunt ington 's  dis- 
ease and cystic fibrosis. Coronary  heart  disease and dia- 
betes may represent  more  appropriate  models for de- 
signing linkage studies of schizophrenia. The challenge 
that psychopathology presents to geneticist is not so 
much in finding multiplex families that can be intensively 
studied, but ra ther  in adapting approaches that have 
proven useful with relatively simple medical genetic dis- 
orders to account for the complexities, heterogeneity,  
and environmental  sensitivity of  human behav i o r  
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