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Using a case-control design, an association 
of schizophrenia with the dopamine D3 re- 
ceptor gene (D3RG) locus was investigated. 
Initial analysis of pooled results from pub- 
lished studies revealed a significant excess 
of individuals homozygous for either allele 
among the patients. The association was 
next tested in two cohorts ascertained inde- 
pendently at Pittsburgh, Pennsylvania and 
at Houston, Texas. The Pittsburgh sample 
was comprised of patients with schizophre- 
nia (DSM-111-R) (n = 130). The controls be- 
longed to two groups: adults screened for 
the absence of substance abuse or major 
psychiatric illness (n = 128), and neonates 
(n = 160). Multivariate analysis suggested 
an association with allele 1 of the biallelic 
D3RG polymorphism in comparison with 
the adult, but not the neonatal, controls. The 
association was most marked among Cau- 
casian patients with a family history of 
schizophrenia (odds ratio 13.69, confidence 
intervals 1.80,104.30). Survival analysis sug- 
gested an earlier age of onset among male 
patients homozygous for allele 2. The Hous- 
ton cohort included Caucasian patients 
with schizophrenia or schizoaffective disor- 
der (DSM-111-R criteria, n = 50), and normal 
controls matched for gender (n = 51). In this 
group, no significant associations were noted 
among all the patients or among subgroups 
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INTRODUCTION 
Family, adoption, and twin studies suggest a signifi- 

cant genetic component in the etiology of schizophrenia 
[Gottesman and Shields, 19821. Indeed, the heritability 
of schizophrenia has been estimated at  71% [Rao et al., 
19811. Nevertheless, the mode of inheritance, as well as 
the nature of the genetic factors, are unknown. Segre- 
gation analysis suggests that monogenic forms of in- 
heritance may not explain the observed familial aggre- 
gation adequately [McGue et al., 1983; Carter and Chung, 
19801; on the other hand, a polygenic/multifactorial 
threshold model does so [Gottesman and Shields, 1967; 
Ritsner et al., 19921. Therefore, case-control association 
studies may be used to identify disease susceptibility 
genes [Cooper and Clayton, 1988; Bodmer, 19871. 

Two groups of investigators, based in Cardiff, U.K. 
and Rouffach, France, have independently reported 
an association of schizophrenia with the D3RG locus 
[Crocq et al., 19921. The biallelic restriction fragment 
length polymorphism (RFLP) used in these studies is 
present in the first exon of D3RG and is identifiable by 
enzymatic digestion with the endonuclease BalI [Lann- 
felt et al., 19931. In each study, schizophrenia was asso- 
ciated with increased homozygosity for both D3RG 
alleles. The proposed association is of considerable in- 
terest, because D3RG is a favored “candidate gene” in 
the etiology of schizophrenia [Sokoloff et al., 19901. 

Using an enlarged cohort, the Cardiff group subse- 
quently detected significant associations among pa- 
tients who demonstrated a positive clinical response to 
antipsychotic drugs, and also among patients with a 
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family history of psychiatric illness [Owen et al., 1993; 
Mant et al., 19931. An Italian group reported an associ- 
ation between allele 1 and delusional disorder [DiBella 
et al., 19931. A Swedish group detected nonsignificant 
trends for an excess of homozygosity among patients 
who responded well to antipsychotic drugs [ Jonsson 
et al., 19931. Our initial studies involving individuals of 
Caucasian ethnicity did not detect an association with 
the homozygous state. However, further analysis sug- 
gested an association with allele 1 among patients hav- 
ing first or second degree relatives with schizophrenia: 
there were significant differences in the distribution of 
genotypes, as well as an excess of allele 1 among these 
patients in comparison with adult controls screened for 
psychotic illness [Nimgaonkar et al., 19931. In contrast, 
six other groups did not detect an association with the 
D3RG locus (Table I). Two studies (not listed in Table I) 
did not detect a significant association at this locus, but 
used other restriction enzymes to identify D3RG poly- 
morphisms [Cagle et al., 1993; Sabate et al., 19941. 

Overall, there appears to be substantial evidence for 
and against the association. In order to synthesize 
these results, it is necessary to explain both the dis- 
crepancies in the positive results as well as the nega- 
tive findings. Among the positive studies, the homozy- 
gote excess for both alleles among patients noted by 
Crocq et al. [19921 is difficult to understand. Analogous 
examples of homozygote excess have been noted in as- 
sociation studies of rheumatoid arthritis and uremia 
[Beckman and Frohlander, 19901. The homozygote ex- 
cess has been attributed to typing error, assortative 
mating, or heterozygote advantage [Morell, 1993; Crocq 
et al., 19921. Another plausible reason is that an asso- 
ciation with allele 1 of D3RG exists in schizophrenia, 
but that the expected excess of allele 1 could not be de- 
tected in these cohorts, due to a relatively small sam- 
ple. In support of this, an excess of allele 1 was noted 
among the patients in the initial Cardiff cohort [Crocq 
et al., 19921. A similar excess of allele 1 was noted by 
two other groups [DiBella et al., 1993; Nimgaonkar et al., 

19931. Furthermore, the association of allele 1 with 
delusional disorder [DiBella et al., 19931 (Table I) sug- 
gests that the findings in schizophrenia may be shared 
with other psychotic disorders. On the other hand, an 
association of bipolar disorder with the D3RG locus was 
not detected [Rietschel et al., 19931. 

There are several possible reasons for the negative 
results. First, though all the studies used identical di- 
agnostic criteria for patients, there could still be subtle 
phenotypic differences between the different groups of 
patients (e.g., different syndromic clusters, variations 
in familiality, age of onset, or drug responsiveness). 
Since most of the studies listed in Table I did not pro- 
vide details of the population of patients from which the 
sample was drawn, this possibility cannot be ruled out. 

Second, the sample sizes in these studies may be in- 
adequate. For example, our cohort had a power of 0.8 to 
detect the association reported in the initial Cardiff 
study [Crocq et al., 19921. Thus, a “type II” statistical 
error cannot be ruled out entirely in the negative stud- 
ies, which involved cohorts of similar size. In this con- 
text, the relatively large variances in the estimates of 
allele frequencies are noteworthy (Table I). Larger sam- 
ples are required to demonstrate an association with an 
allele which is common in the control population (as is 
the case with allele 1 of DSRG), than with a rare allele 
[Cox and Bell, 19891. 

A third possible explanation for the negative findings 
is the wide variation among the controls in the differ- 
ent studies. The selection criteria for the controls in- 
cluded married-in members of families seeking genetic 
counseling [Owen et al., 19931, hospital staff [Crocq 
et al., 1992; Nothen et al., 1993; Jonsson et al., 19931, 
or community samples [Nimgaonkar et al., 19931. This 
variation may explain the range of mean allele fre- 
quencies noted among the controls (Table I). Further- 
more, not all the studies screened the controls for the 
absence of schizophrenia. Indeed, only one study used 
controls who had passed the age of risk for schizophre- 
nia [Cagle et al., 19931. 

TABLE I. Review of D3RG Association Studies Using MscIIBaZI Polymorphism* 

Sample size Allele 1 frequency 

Reference Countrylethnicity Patients Controls Patients Controls Association 

Crocq et al. [19921 uwc 68 68 .68 _f .03 .62 ? .03 + a  

FranceIC 73 71 .68 C .04 .65 t .04 +a  

Mant et  al. [19941 uwc 134 166 .67 ? .07 .62 ? .07 fa 
- .68 C .04 .66 t .04 Laurent et al. [19941 FranceIC 76 86 

Jonsson et  al. [19931 SwededC 76 53 .68 C .04 .72 5 .04 
Nothen et al. [19931 GermanylC 111 100 .72 5 .03 .70 t .03 
DiBella et al. [19931 Italy/C 85 78 .68 2 .04 .58 ? .04 

Yang et  al. [19931 ChindCh 107 98 .71 C .03 .71 5 .03 
Nanko et al. [19931 J a p a d J  91 90 .72 ? .03 .72 t .03 
Saha et al. [19951 SingaporeICh 137 125 .69 2 .03 .70 ? .03 

- b 

- 
- 

ItalylC 52 78 .75 ? .04 .58 t .04 + e  

Nimgaonkar et al. [1993] USMC 53 61 .71 +. .04 .62 t .04 + d  

- 

- 
- 

*C, Caucasian; Ch, Chinese; J, Japanese. 
“With homozygosity. 
’Between homozygosity and responsiveness to neuroleptics (uncorrected for multiple comparisons). 
‘Between allele 1 and delusional disorder. 
dBetween allele 1 and family history of positive patients. 
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Recent studies involving multigenerational pedigrees 
have not detected linkage between schizophrenia and 
the D3RG locus, calling into question the relevance of 
the association detected in the above studies [Wiese 
et al., 1993; Sabate et al., 19941. If D3RG does not con- 
tribute substantially to schizophrenia susceptibility (as 
suggested by the relatively low odds ratios in the re- 
ported studies), linkage may not be detectable. In addi- 
tion, linkage may not be detectable if the mode of in- 
heritance is misspecified o r  genetic heterogeneity is 
present. If an association is indeed present, the as- 
sumptions of linkage analysis may be confounded 
[Hodge and Spence, 19831. Finally, distinction has been 
made between a “necessary disease allele” and a “SUS- 
ceptibility allele” in the etiology of genetically complex 
diseases [Greenberg and Hodge, 1989; Greenberg, 1993; 
Hodge, 19931. While the former has to be present for 
disease expression, the latter is neither necessary nor 
sufficient for disease manifestation. Association could 
be detectable in the presence of both types of alleles, 
but linkage would only be detectable in the presence of 
“necessary alleles” [Hodge, 19931. Under this classifica- 
tion, D3RG would be classified as a “susceptibility” 
locus and significant linkage would not necessarily be 
expected. 

In summary, despite the large number of studies, a 
satisfactory consensus has not been attained about the 
etiological role of D3RG has not been attained. It is 
tempting to dismiss the original findings because of the 
discrepancies listed above. However, in view of the 
methodological problems among the negative studies, a 
thorough assessment of the putative association is war- 
ranted. 

In the present study, pooled data from published as- 
sociation studies were initially analyzed. In addition, 
the study was designed to  overcome some of the defi- 
ciencies of the earlier reports. The study sample was 
enlarged from our previous report [Nimgaonkar et al., 
19931 to include individuals of Caucasian and African- 
American ethnicity. Two groups of controls were used 
for comparison. The first consisted of adults matched 
for ethnicity, who were screened to have no history of 
substance abuse or major psychiatric illness. The sec- 
ond control group included umbilical cord blood sam- 
ples from live births a t  a local hospital. The latter pro- 
vided estimates of the “true” population frequencies of 
D3RG alleles. In view of the possible associations with 
subgroups reviewed above, multivariate analysis was 
performed after pooling the results from the patients 
and controls of both ethnic groups. Individual and joint 
effects of D3RG genotype, ethnicity, and gender in pre- 
dicting illness status were thus investigated. In view of 
the discrepant results, an association study was also 
conducted using an independently sampled US.  cohort, 
which was used earlier to demonstrate an association 
with the porphobilinogen deaminase gene locus [Sanders 
et al., 19921. 

MATERIALS AND METHODS 
Clinical 

The cohort included inpatients 
and outpatients being treated at the Schizophrenia 
Treatment and Research Center, Western Psychiatric 

Pittsburgh cohort. 

Institute and Clinic (WPIC). WPIC is a tertiary care fa- 
cility, and also a catchment area Community Mental 
Health Center for a geographically defined area in Al- 
legheny County, western Pennsylvania. Patients of 
Caucasian and African-American ethnicity with a diag- 
nosis of schizophrenia by DSM-III-R criteria were re- 
cruited into the study. The Caucasian individuals in- 
cluded those reported on earlier [Nimgaonkar et al., 
19931. A semistructured interview based on the Sched- 
ule for Affective Disorders and Schizophrenia (SADS), 
[Spitzer et al., 19781 was administered to each patient, 
in order to elicit psychopathology. Age of onset was de- 
fined as the year in which medical help was sought for 
psychiatric abnormalities or the age a t  which such ab- 
normalities first caused subjective distress or impaired 
function. Family history of psychiatric illness in first- 
and second-degree relatives was obtained from medical 
records and by interviewing each patient. Each pa- 
tient’s response to pharmacotherapy during an inpatient 
stay was rated as full, partial, or poor resolution of de- 
lusions, hallucinations, or thought disorder. This in- 
formation, along with the information obtained from 
medical records, was entered into OPCRIT 3.3, a com- 
puterized diagnostic symptom checklist [McGuffin et al., 
19911. 

The adult controls were screened for a lifetime his- 
tory of substance abuse, psychosis, or major depressive 
disorder (Research Diagnostic Criteria: RDC) [Spitzer 
et al., 19781. They were matched for ethnicity to the pa- 
tients and resided in the same geographic area. Thus, 
both groups had similar socioeconomic backgrounds. 
Family history of psychiatric illness was obtained from 
each participant. Venous blood (20 ml) was drawn from 
each individual after written informed consent was 
obtained. 

The second group of controls consisted of neonates 
born during 1993-1994 at  Magee-Women’s Hospital 
(MWH) in Pittsburgh, a local hospital serving a catch- 
ment area overlapping that of WPIC. Umbilical cord 
blood samples (10 ml) were obtained from live births of 
Caucasian and African-American ethnicity. 

Houston cohort. The sample consisted of unre- 
lated individuals with schizophrenia (n = 28) or schizo- 
affective disorder (n = 22) diagnosed by DSM-III-R 
criteria. The latter fulfilled RDC for schizoaffective dis- 
order, mainly schizophrenic. They were predominantly 
drawn from the Veteran Affairs Medical Center (VAMC) 
Psychiatry Service, Houston, Texas. Family history of 
psychiatric illness in first-degree relatives was ob- 
tained from medical records and by interviewing each 
patient. Familiality with respect to  schizophrenia was 
defined using Family History RDC [Andreasen et al., 
19861. The clinical information was stored using 
OPCRIT 3.3. The controls were adults attending the 
Medical Service at the same facility. Both groups were 
of Northern European descent. Further information 
about the cohort has been published [Sanders et al., 
19921. 

Molecular Genetic Analysis 
Lymphocytes were extracted from venous blood using 

density gradient centrifugation, and genomic DNA was 
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extracted by the high salt method [Miller et al., 19881. 
DNA was extracted directly from the cord blood sample 
using a commercial kit (QIAmp Kits, QIAGEN Inc., 
Chatsworth, CA). Genomic DNA was subjected to poly- 
merase chain reaction (PCh:) to amplify the first exon of 
D3RG, using a published method [Crocq et al., 1992; 
Lannfelt et al., 1992; Nimgaonkar et al., 19931. Briefly, 
genomic DNA (200 ng) was amplified with PCR buffer 
(Gibco BRL, Gaithersburg, MD), MgClz (2 mM), dNTPS 
(50 pM each), Tuq polymerase (1.25 units, Boehringer 
Mannheim, Indianapolis, IN), and primers (200 nM 
each) in a total volume of 50 pl. The forward and re- 
verse primer sequences used were 5'-GCTCTATCTC- 
CAACTCTCACAS' and 5'-AAGTCTACTCACCTC- 
CAGGTA-3', respectivelj. PCR involved initial 
denaturation of 94°C for 7 nin, followed by 30 cycles of 
annealing at 55°C for 30 set:, polymerization a t  72°C for 
30 sec, and denaturation at 94°C for 90 sec, with a final 
polymerization at 72°C for 10 min. Following PCR, the 
amplified DNA was digesled with the restriction en- 
donuclease MscI, an  isoschizomer of BaZI (3U, New 
England Biolabs, Beverly, MA), in a total volume of 25 
pl. The digested fragments were electrophoresed in 2% 
agarose, and visualized us ng ethidium bromide stain. 
The size of the fragments was estimated using molecu- 
lar weight markers, and genotypes were obtained for 
each individual as  described in Crocq et al. [1992]. 

Statistical Analysis 
The pooled results from the published studies were 

analyzed using Woolf's method. Student's t-test and 
the chi-square test were used to compare patients and 
controls, as  appropriate. When cell sizes were small, 
the likelihood ratio or Fisher's chi-square tests were 
used. Multivariate analysis was performed using the 
computer program Statistical Program for Social Sci- 
ences (SPSS, Chicago, Ill). Life tables were plotted for 
the patients using age of onset as the outcome vari- 
able. Survival curves were compared using Kaplan- 
Meier analysis (Breslow test). 

RESULTS 
Analysis of Published Results 

The results of the studies listed in Table I were 
pooled and analyzed using Woolf's method. When allele 

frequencies among patients (n = 995) and controls (n = 
1,006) were compared, a nonsignificant excess of allele 
1 was noted among the former (estimated mean odds 
ratio 1.12, pooled x2 = 2.45, 1 df). There was no signif- 
icant evidence for heterogeneity ( x 2  = 5.29,9 df). 

The pooled results were also dichotomized into homo- 
zygotes and heterozygotes, as  suggested by Crocq et al. 
[1992]. There was a significant excess of homozygotes 
among the patients (estimated mean odds ratio 1.21, 
95% C.I. 1.03, 1.39, pooled x2 = 4.15, P < 0.05, 1 df). 
There was no significant evidence for heterogeneity 
(x2 = 14.78, 9 df). 

Associations Between D3RG and Schizoprenia 
in the Pittsburgh Sample 

Demographic features of the patients and adult con- 
trols are given in Table 11. There was no significant dif- 
ference in gender distribution in either ethnic group or 
in the whole sample, but patients were significantly 
older than controls in each ethnic group. Information 
about gender distribution in the neonatal sample was 
not available. 

Associations between schizophrenia and the D3RG 
locus were next tested. The distributions of D3RG geno- 
types and D3RG allele frequencies were used for com- 
parison. The frequency of allele 1 among Caucasians is 
almost double that among African-Americans (Table 
11). In  view of this difference, the two ethnic groups 
were initially analyzed separately. 

African-American cohort. Genotype distributions 
for patients and both groups of controls were in Hardy- 
Weinberg equilibrium. There was a significant differ- 
ence in the distribution of genotypes between the pa- 
tients and adult controls (Table 11, x' = 8.0, P < 0.02, 
2 df). The difference was restricted to female patients 
(results not shown). In contrast, no significant differ- 
ences in distribution of genotypes among patients and 
neonates were observed. There was no significant dif- 
ference in allelic distribution between patients and ei- 
ther group of controls. A significant excess of 1/1 and 
212 homozygotes was not observed among patients, 
though a significant excess of allele 1 homozygotes was 
observed in comparison with adult controls only (x2 = 
7.3, P < 0.007, 1 df). 

No significant deviations from 
Hardy-Weinberg expectations were noted among pa- 

Caucasian cohort. 

TABLE 11. Demographic Characteristics and D3 Receptor Genotypes (Pittsburgh Samp1e)t 

MscI genotypes 

Ethnicity Grcup n Age Male Female 

African-American Patient:;" 65 37.2 ? 9.9" 29 36 
Adult controlsb 63 31.6 5 9.8 27 36 
Neonates 60 ? ? 

Caucasian Patient:; 65 37.2 ? 10.8* 39 26 
Adult controls 65 31.1 2 10.2 31 34 
Neonates 100 ? ? 

111 1/2 2/2 Allele 1 frequency 

13 22 30 .37 ? .04 
3 30 30 .29 ? .04 
9 22 29 .34 2 .04 

33 26 6 .71 2 .04 
27 30 8 .65 2 .04 
44 45 11 .m 5 .ox 

tGenotypes are in accordance with published nomenclature LCrocq et al., 19921. 
"Genotype distribution among Afi ican-American patients vs. adult controls, x2 = 8.0, P < 0.02, 2 dfi 
bGenotype distribution among African-American adult controls vs. Caucasian adult controls, x 2  = 35.6, P < 0.0001,2 df Age presented as mean 
t SD. 
*Significantly different from cont .oh, P < 0.001, Student's t-test. 
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tients or controls. Patients did not differ significantly 
from adult or neonatal controls with respect to geno- 
type distribution (Table 11). No gender-specific differ- 
ences were noted. An excess of homozygotes was not ob- 
served among patients. 

Combined cohort. The above analyses suggest that 
ethnicity and gender may influence allele frequencies 
at the D3RG locus. Multivariate analysis was therefore 
performed. Using illness status as the outcome vari- 
able, logistic regression with backward elimination 
was used to examine the individual and joint effects of 
D3RG genotype, ethnicity, and gender. Only D3RG 
allele 1 homozygotes significantly predicted illness sta- 
tus (p coefficient = 4.1, P < 005, 1 dfi 461130 patients 
were homozygous, vs. 301130 among controls; x = 4.76, 
P < 0.03). All the variables, apart from allele 1 homo- 
zygosity, were sequentially removed from the regression 
equation, without significantly altering goodness of fit. 
D3RG allele 1 homozygosity thus remained the only 
significant predictor of illness. Interactions between 
different combinations of variables were also tested, us- 
ing log linear analysis. The only significant model in- 
volved illness status and D3RG status (results not 
shown). 

Logistic regression analysis was also conducted 
among patients and neonatal controls, and the effects 
of ethnicity and D3RG genotype were examined. Eth- 
nicity, but not D3RG genotype, had a significant contri- 
bution (results not shown). 

Association of D3RG With Subgroups of Patients 
The above results suggest a relatively small contri- 

bution of D3RG allele 1 to illness susceptibility (odds 
ratios: Caucasians, 1.33; African-Americans, 1.46). It is 
possible that more significant associations exist among 
subgroups of patients. Therefore, associations using 
the following variables were examined: familiality, age 
of onset, clinical response to antipsychotic drugs, and 
psychopathological features. 

Patients were subdivided on the basis 
of family history of schizophrenia (first- or second- 
degree relatives). A more restrictive definition (positive 

Familiality. 

family history among first-degree relatives only) was 
also used. None of the adult controls had a family his- 
tory of schizophrenia, but information was unavailable 
for some individuals (Caucasians, n = 4; African- 
Americans, n = 14). 

African-American cohort. Adequate family histo- 
ries were unavailable for 19 patients. A significant dif- 
ference in genotype distribution was observed between 
family history-positive patients and adult controls, 
when familiality was defined as a history of schizo- 
phrenia in first- or second-degree relatives (x2 = 6.5, 
P < 0.04, 2 dfi Table 111). Interestingly, patients with- 
out such a family history also had a significantly differ- 
ent genotype distribution compared with adult controls 
(x2 = 6.7, P < 0.04,2 df ) .  Using the more restrictive de- 
finition, genotype distribution among family history- 
positive patients was not different from that of adult 
controls ( x 2  = 3.8, 2 df ,  ns. ,  Table 111). On the other 
hand, there was a significant difference among patients 
without such a family history (x2 = 9.1,2 dfi P < 0.02). 
There were no significant differences in genotype dis- 
tributions among patients with and without a family 
history, using either definition of familiality. In view of 
the substantial number of patients for whom a family 
history was unavailable, the genotype distribution of 
this group was compared with controls and with the 
other patients. There were no significant differences. 
When neonatal controls were used for comparison in- 
stead of adults, no significant differences between fam- 
ily history-positive patients and controls emerged. All 
these comparisons were repeated using allele frequen- 
cies. No significant differences were noted, though 
there was a nonsignificant trend for an increased fre- 
quency of allele 1 among all subgroups of patients. 

These results suggest that among African-Americans, 
genotype distributions are different when patients 
and adult controls are compared. However, such dif- 
ferences are not dependent on subdivision based on 
familiality. 

A reliable family history could 
not be obtained for some patients (n = 7). As reported 
earlier in a smaller sample [Nimgaonkar et al., 19931, 
the distribution of genotypes among patients with a 

Caucasian cohort. 

TABLE 111. MscI Genotypes of Patients Based on Family History of Schizophrenia (Pittsburgh Sample)* 

Allele 1 MscI genotypes Family history 
Ethnicity ofschizophrenia n 111 112 212 Frequency Comparison group X 2  P 
African-American 1" or 2" relatives 20 5 6 9 .40 ? .07 All adult controls 6.5 <.04 

1" relatives 13 3 5 5 .42 ? .10 All adult controls 3.8 n.s. 
Absent (1" or 2') 26 6 8 12 .38 ? .07 All adult controls 6.7 <.04 

Unknown 19 2 8 9 .32 t .08 All adult controls 0.8 n s .  
Absent (1") 33 8 9 16 .38 t .06 All adult controls 9.1 <.02 

Caucasian 1" or 2" relatives 13 12 1 0 .98 ? .03 All adult controls 13.3 <.002 
Neonatal controls 12.8 <.002 

1" relatives 10 9 1 0 .95 ? .05 All adult controls 9.6 <.01 
Neonatal controls 9.1 <.01 

Absent (1" or 2") 45 20 19 6 .66 2 .05 Familial patients (1" or 2') 11.4 <.004 
Absent (1") 48 23 19 6 .68 ? .05 Familial patients (1") 7.4 <.003 
Unknown 7 1 6 0 5 7  ? .13 All adult controls 4.8 n s .  

"Genotypes are in accordance with published nomenclature [Crocq et  al., 1992; Nimgaonkar et al., 19931. Genotype distributions were compared 
using the likelihood ratio chi-square test (2 df). Genotype distributions for controls are listed in Table 11. n.s., not significant. 
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history of schizophrenia arr ong first- or second-degree 
relatives differed significanl.ly from adult controls (x2 = 
13.3, P < 0.002, Table 111). An increased frequency of 
allele 1 was also observed (,? = 13.5, P < 0.0002; odds 
ratio 13.69, C.I. 1.80, 104.30). Significant differences in 
the distribution of genotypes and alleles were also 
noted when family history-positive patients were com- 
pared with neonatal controls (genotype distribution, 
x2 = 12.8, P < 0.002,2 df;. allele frequencies, x2 = 12.9, 
P < 0.0003, 1 d f ) .  

Similarly, patients with ii first-degree relative diag- 
nosed to have schizophrenii had a significantly differ- 
ent genotype distribution in comparison with either 
adult controls (x2 = 9.6, P <: 0.01) or neonatal controls 
(x2 = 9.1, P < 0.02). An excess of allele 1 was also pre- 
sent among such patients in comparison with either 
group of controls (adult controls, x2 = 9.6, P < 0.002; 
neonatal controls, x2 = 9.1, P < 0.003). Using either de- 
finition of familiality, a significant difference in geno- 
type distribution was obsemed between patients with 
and without a family history of schizophrenia (Table 
111). Unlike the African-American patients, no signifi- 
cant differences in genotype distributions between adult 
controls and family history-negative patients were noted. 

These results support an association between D3RG 
allele 1 and Caucasian family history-positive patients. 

Age of onset (AOO) amd MscI genotype. Using 
the Kaplan-Meier method, comparison of survival 
curves with A 0 0  as outcoine revealed significant dif- 
ferences between male and female patients (median 
AOO: male patients, 19.0 years; female patients, 22.0 
years; Breslow statistic = G.13, 1 df, P < 0.02). No sig- 
nificant differences were noted when patients were 
subdivided by ethnicity or family history (results not 

shown). Therefore, survival curves for patients with the 
three MscI genotypes were compared following stratifi- 
cation by gender. Overall, a significant difference was 
noted (Breslow statistic = 8.64,2 df, P < 0.02). Further 
pairwise comparisons between genotypes among male 
and female patients revealed that the only significant 
differences occurred among males: survival curves for 
allele 2 homozygous individuals were significantly dif- 
ferent from heterozygotes (Breslow statistic = 5.03, 
P < 0.03), as  well as  allele 1 homozygotes (Breslow sta- 
tistic = 9.73, P < 0.002). Thus, allele 2 homozygosity 
may be associated with early A 0 0  (Fig. 1). 

It is possible that associations 
with individual abnormalities exist. Therefore, the 
OPCRIT checklist was used to identify lifetime pres- 
ence of the following abnormalities among patients: 
bizarre behavior, blunted affect, inappropriate affect, 
hallucinations in any modality, auditory hallucina- 
tions, nonauditory hallucinations, positive thought dis- 
order, negative thought disorder, paranoid delusions, 
and nonparanoid delusions and insight. Presence or ab- 
sence of syndromal clusters was also analyzed. These 
included first-rank symptoms, delusions with halluci- 
nations, and paranoid delusions with hallucinations. 
No consistent associations were noted when the two 
ethnic groups were analyzed separately. Appropriate 
corrections for multiple comparisons were made in 
these analyses (data not shown). 

Clinical response to drugs. No significant differ- 
ences in genotype distributions were noted when pa- 
tients subdivided on the basis of response to phar- 
macotherapy were compared with controls, or when 
comparisons between subgroups were made (data not 
shown). 

Psychopathology. 

Homozygotes - Allele #I 

Heterozygotes 
Homozygotes -Allele #2 

I I I I I I I 

5 10 15 20 25 30 35 40 
Age of Onset (years) 

Fig. 1. Age of onset (A001 was plotted as a survival function of dopamine D3 receptor genotype among 
male patients viith schizophrenia (n = 68, Pittsburgh sample). A 0 0  was defined as age in years in which 
medical help v'as sought for psychiatric abnormalities, or the age at which such abnormalities first 
caused subjective distress or impaired function. Using the Kaplan-Meier method, survival curves for al- 
lele 2 homozygous individuals were significantly different from heterozygous, as well as allele l homozy- 
gous, individua 1s. 
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Associations Between D3RG and Schizophrenia 
in the Houston Sample 

There were 4 female patients and 3 female controls. 
Thus, there were no significant differences in gender 
distribution between patients and controls. However, 
the patients were significantly younger (patients, 45.6 

14.0 years; controls, 61.6 * 10.0 years; mean ? SD; 
P < 0.0001, Student's t-test). 

Genotype distributions among controls and patients 
are shown in Table IV. No significant differences in 
genotype distribution or allele frequencies were noted 
between the two groups. Patients were also subdivided 
on the basis of diagnosis (schizophrenia or schizoaffec- 
tive disorder, mainly schizophrenic), family history of 
schizophrenia (first degree relatives), or presence of 
substance abuse. No significant differences in genotype 
distribution or allele frequencies were noted in com- 
parison with controls or within subgroups. 

Due to the small number of female patients (n = 4) 
and the possibility that A 0 0  is later among women 
[Angermeyer and Kuhn, 19881, A 0 0  was examined 
only among male patients. Comparison of survival 
curves with A 0 0  as outcome did not reveal significant 
differences between patients grouped on the basis of 
the MscI genotype (Breslow statistic = 0.22,2 df). 

Thus, no significant evidence for an association with 
the D3RG locus could be detected, unlike the Pitts- 
burgh sample. 

Comparison of Pittsburgh and Houston Cohorts 
In order to identify possible reasons for the disparity 

between the Pittsburgh and Houston samples, individ- 
uals of Caucasian ethnicity from the two cohorts were 
compared. The patients from Pittsburgh included more 
women (P  < 0.0002, likelihood ratio x2 = 14.5, 1 df), as 
did the Pittsburgh controls (P  < 0.00001, likelihood ra- 
tio x2 = 32.5, 1 df). The mean age of onset among the 
Pittsburgh patients was significantly earlier than the 
Houston patients, even when gender was used as a co- 
variate (Pittsburgh, 20.8 ? 5.7 years; Houston, 25.8 2 
9.5 years; mean ? SD; P < 0.001, F = 14.23,l dfi analy- 
sis of covariance with gender as covariate). The propor- 
tion of patients with a positive family history among 
first-degree relatives was similar in the two groups. 

TABLE IV. Characteristics of Houston Sample 

Genotype 

GrouD n 111 112 212 

Controls 51 27 17 7 
All patients 50 24 22 4 
Subgroups of patients 
Schizophrenia 28 12 14 2 
Schizoaffective psychosis 22 12 8 2 
Family history" 
Present 6 3 3 0 
Absent 44 21 19 4 
Substance abuse 
Present 23 12 10 1 
Absent 27 12 12 3 

"Family history of schizophrenia (first-degree relatives). 

DISCUSSION 
Analysis of pooled results from published studies 

suggested an excess of homozygotes among patients, 
but no significant association with allele 1. Such analy- 
sis may be criticized due to variations in criteria for se- 
lection of controls in the different studies, as well as 
possible differences in clinical characteristics of the pa- 
tients. These possibilities were addressed in the pre- 
sent study. The strengths of this investigation stem 
from two independently sampled cohorts. The cohorts 
included a moderately large sample of patients belong- 
ing t o  two ethnic groups, as well as two types of ethni- 
cally matched controls. Analysis of D3 genotypes in the 
Pittsburgh cohort did not reveal an excess of homozy- 
gotes among either group of patients, as suggested ear- 
lier [Crocq et al., 19921. On the other hand, multivari- 
ate analysis supported a significant contribution of 
D3RG allele 1 homozygous status to schizophrenia. The 
overall increase in risk appeared to be small. Further- 
more, the increased risk was not evident when neona- 
tal controls were used in the analysis. In contrast, 
analysis of the Texas cohort did not suggest a signifi- 
cant association with either the illness or its age of 
onset. 

Among the Pittsburgh patients, the differing results 
obtained with the two control groups are of interest, 
and may explain some of the discrepancies in the ear- 
lier reports (Table I). There are important differences 
between the neonatal and the adult control samples, 
though both groups were drawn from the same geo- 
graphical area. While the neonates were unselected, 
the adults were volunteers who were carefully screened 
for absence of substance abuse. During the course of a 
genetic study of alcoholism, Gelernter et al. [19911 sug- 
gested that controls selected for the absence of alco- 
holism need not obscure true associations at  candidate 
gene loci, especially if the risk contributed by an allele 
is large. In the present study, controls were screened 
not only for absence of psychotic illnesses, but also for 
absence of substance abuse and of major depressive dis- 
orders. Since the number and genotypic distribution of 
controls rejected from the study is not known, it is dif- 
ficult to say if the significant differences between pa- 
tients and controls resulted from the screening process. 
Nevertheless, a systematic bias in selection of adult 
(volunteer) controls cannot be ruled out. Interestingly, 
the screening process appears to have also removed 
controls with a family history of schizophrenia. Ascer- 
tainment bias may be reduced using the haplotype rel- 
ative risk method [Falk and Rubinstein, 19871. One 
such study supports an association of schizophrenia 
with homozygosity at D3RG [Owen, personal commu- 
nication]. 

The strong association of allele 1 with familiality 
among individuals of Caucasian ethnicity remained 
even after the cohort reported on earlier [Nimgaonkar 
et al., 19931 was enlarged. It was not dependent on type 
of control group used for comparison. An association 
among a familial subgroup would be predicted if inher- 
itance of schizophrenia is polygenic/multifactorial, and 
possession of allele 1 increases the risk for schizophre- 
nia. Analysis of family history-positive patients would 
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enrich the sample for individuals with a greater genetic 
predisposition, and consequ mtly increase the strength 
of an association with D31tG [Murray et al., 19851. 
Other groups have failed t o  detect associations with 
family history-positive patients [Jonsson et a1.,1993; 
Nothen et al., 1993; Nanko et  al., 1993; DiBella et al., 
1993; Sabate et al., 19941. The discrepancy could be due 
to inherent inaccuracies in the use of the family history 
method for ascertaining individuals with an  increased 
genetic predisposition [Eaves et  al., 19861. I t  could 
also reflect differences in predisposing genetic factors 
among the various populations investigated (Table I). 

In contrast with the Caucasians, the findings among 
the family history-positive African-American patients 
were variable. Differences in genotype distributions be- 
tween familial patients and adult controls were signifi- 
cant only when familiality was defined on the basis of 
illness in first- or second-degree relatives. Surprisingly, 
significant differences were also evident when nonfa- 
milial patients were compared with adult controls. Us- 
ing neonatal controls for comparison eliminated such 
differences. The variability may be due to the large 
number of patients for whom family history informa- 
tion was unavailable. It is a1 so possible that a "true" as- 
sociation with the D3RG locus does not exist among 
African-Americans, and that the variable findings re- 
sult from admixture with Caucasians. Significant ad- 
mixture between the two ethnic groups has been shown 
[Chakraborty et al., 19921. Notably, the frequency of 
allele 1 among controls in t E  e Congo is 0.09 [Crocq, per- 
sonal communication]. The allele frequencies noted 
among African-American individuals in the present 
study are compatible with che admixture proposed by 
Chakraborty et al. [19921. 

A genetic contribution to age of onset of schizophre- 
nia is presumed, because or significant correlations in 
A 0 0  among family members and affected siblings, as  
well as  twins [reviewed by Kendler et al., 19871. Fur- 
thermore, it is thought that factors influencing A 0 0  
are different from those inf Luencing liability to schizo- 
phrenia [Kendler and Maclean, 19901. The onset of schizo- 
phrenia is generally delayed in women [Angermeyer 
and Kuhn, 19881. In agreenent with previous reports, 
the male patients in the present study had earlier A 0 0  
than the female patients. Survival analysis suggests an 
earlier A 0 0  for male patients homozygous for allele 2. 
Similar differences have be 2n noted among patients in 
Cardiff, U.K. and Rouffach, France [Owen and Crocq, 
personal communication]. 7 hese results are intriguing: 
if allele 1 homozygosity in creases liability to schizo- 
phrenia, i t  would also be expected to lower the AOO. 

Alternatively, the presence of the allele 2 homozy- 
gous state may independently lower the AOO. Such 
complex effects on liability 1s well as A 0 0  may lead to 
subtle differences in genotype distribution among sam- 
ples of patients with different ages of onset. For exam- 
ple, patients with relative13 early A 0 0  are more likely 
to be homozygous for allele 2, if the present findings are 
replicable. Such difference:; may explain the variable 
associations summarized in Table I. 

To our knowledge, three cther groups have examined 
the relationship between A 0 0  and the MscI polymor- 

phisms at the D3RG locus [Jonsson et al., 1993; Nanko 
et al., 1993; Nothen et  al., 19931. No significant associ- 
ations were noted. While one study did not specify the 
method of analysis [Nothen et al., 19931, the other two 
examined allele frequencies among patients subdivided 
on the basis of arbitrarily selected AOO. Other vari- 
ables known to influence AOO, such as gender, were 
presumably not included in these analyses. 

In contrast to the results from the Pittsburgh sam- 
ple, the Houston study did not yield significant evi- 
dence for the putative association between schizophre- 
nia and the D3RG locus, either with respect to an 
excess of homozygosity [Crocq et al., 19921, or with re- 
spect to allele 1 frequencies. There are several possible 
reasons for these discrepancies. The most likely reason 
is a difference in sample size. It was estimated earlier 
that a sample size of approximately 100 (patients + 
controls) would have a power of 0.8 to detect an effect of 
the magnitude reported by Crocq et  al. [19921, with a 
set a t  0.05 (one-tailed comparison) [Nimgaonkar et al., 
19931. Since the association with allele 1 reported by 
Nimgaonkar et al. [1993] is of a smaller magnitude, the 
required sample size would be even larger. Thus, the 
possibility of a false-negative result from the present 
sample cannot be ignored. 

The discrepancies may also be attributable to differ- 
ences in the controls in the two studies. Laurent et al. 
[1994], who conducted an association study in France, 
did not detect an  association with homozygosity. They 
attributed the negative results to differences in allele 
frequencies among their controls, in comparison with 
an  earlier French study [Crocq et al., 19921. Our stud- 
ies also suggest an  important role for the controls. As 
discussed above, the association with allele 1 among 
the Pittsburgh patients was noted when screened adult 
controls were used for comparison, but not when un- 
screened neonatal controls were used. The frequency of 
allele 1 was higher among the Houston controls, in 
comparison with the adult Caucasian controls in the 
Pittsburgh sample, but the difference was not statisti- 
cally significant. Therefore, this difference in itself may 
not account for the discrepant results. 

The Pittsburgh and Houston cohorts also differed 
significantly in gender distribution, with relatively 
more males among the latter. Notably, most studies 
published to date have not revealed gender-related dif- 
ferences in allele frequencies. Indeed, Mant et al. 
[19931 reported that the homozygote excess was more 
marked among male patients. Therefore, the present 
sample would be more suited to detect such an effect. 
Moreover, the frequency of allele 1 among the Houston 
patients was almost identical to the frequency among 
the Pittsburgh patients (Tables I1 and 111). Thus, gen- 
der differences cannot account for the differing results. 

In contrast, allele 1 appeared to be more frequent 
among the familial patients a t  Pittsburgh, in compari- 
son with the familial patients at Houston. A smaller 
proportion of the Houston patients also had a positive 
family history for schizophrenia, compared with the 
Pittsburgh cohort (0.14 vs. 0.21). Though neither of 
these differences attained statistical significance, the 
trends may have contributed t o  the overall negative re- 
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sults in the Houston cohort. It is of interest that the sig- 
nificant association with homozygosity in the study by 
Mant et al. [1994] was most marked among patients 
with a family history of schizophrenia. Thus, the famil- 
ial patients may contribute substantially to the overall 
association, and differences between cohorts with re- 
spect to the proportion of family history-positive patients 
may determine whether an association is detected. 

Finally, analysis of the Pittsburgh cohort suggests 
that the D3RG locus, or a linked locus, may not only be 
associated with the liability to schizophrenia, but may 
also influence AOO. In this context, it is notable that 
the Houston patients had a significantly later A 0 0  
compared with the Pittsburgh patients. This difference 
may also have contributed to the different results from 
the two studies. 

In conclusion, multiple regression analysis suggests 
that allele 1 homozygosity a t  the D3RG locus increases 
the risk for schizophrenia. This locus, or a linked locus, 
may also influence the age of onset of schizophrenia. 
The predisposition to schizophrenia explained by allelic 
status at D3RG is small. Furthermore, it is different 
even among Caucasians and African-Americans. Such 
variability is compatible with a polygenic/multifactor- 
ial mode of inheritance for schizophrenia [Gottesman 
and Shields, 19671. If other loci contribute risks of a 
similar magnitude, large-scale association studies will 
be required in order to  dissect the complex etiology of 
schizophrenia. These findings are in disagreement with 
the negative results from the Houston sample. The dif- 
ferent results may be due to a number of causes, in- 
cluding smaller sample size, differences in the preva- 
lence of familiality, or age of onset among patients. 
They could also be attributed to  differences in the se- 
lection of controls, a possibility which could also ac- 
count for the discrepancies in prior studies. The results 
also illustrate potential pitfalls in association studies. 
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