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Table 2. IL-15 increases and IL-2 decreases the total numbers of memory phenotype CD8' T cells in 
animals by affecting dividing cells. Transfer and analyses were done as described in Fig. 48. Cell numbers 
are for CD4Ihigh, CD8+ T cells in the spleens and inguinal, axillary, brachial, superficial cervical, 
mesenteric, lumbar, and caudal lymph nodes of recipients. 

Numbers of donor memory phenotype CD8' 
T cells per recipient X (% control) 

Dividing Nondividing Total 

Control 8.0 (100) 8.1 (100) 16.1 (100) 
Anti-IL-2 170 (2125) 22 (275) ('lg3) 

D. M. Willerford et al., Immunity 3, 521 (1995); j. T. 
Kung, D. Beller. S. T. Ju, Cell. Immunol. 185, 158 
(1998); R. 0. Ehrhardt et al., J. Immunol. 158. 566 
(1997). 

19. J. P. Lodolce et al.. lmmunity 9, 669 (1998). 
20. D. F. Tough, P. Borrow, j. Sprent, Science 272, 1947 

(1996). 
21. L. K. Selin, K. Vergilis, R. M. Welsh. S. R. Nahill, J. Exp. 

Med. 183, 2489 (1996). 

22. T cells were isolated and stained and analyzed as 
described by P. Marrack, j. Kappler, and T. Mitchell 
[J. Exp. Med. 189, 521 (1999)l with antibodies 
from PharMingen (San Diego, CA). Cells were la-
beled with CFSE (Molecular Probes, OR) by the 
method of 5. A. Weston and C. R. Parish [J. lmmu- 
nol. Methods 133, 87 (1990)l. Incorporation of 
BrdU into cellular DNA was meesured as described 
bv P. Caravon and A Bord I / .  Immunol. Methods 
147, 225 (1992)l with a n t i : ~ r d ~  (Becton Dickin- 
son, San Jose. CA). Mice were purchased from the 
Jackson Laboratory (Bar Harbor, ME) or from the 
National Institute of Aging mouse colony at 
Charles River Laboratories (Willington. MA). Mice 
were maintained in a pathogen-free environment 
in accordance with institutional guidelines. 
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Anti-IL-2RP 2.4 (30) 
Anti-IL-7 + Anti-IL-7Ra 10.3 (129) 

may, in fact, limit the total number of CD8+ 
memory CD8+ T cells that the animal can 
sustain (21). Conversely, production of IL-2 
during an immune response may check oth- 
erwise uncontrolled responses by bystander 
CD8+ memory T cells induced by increased 
levels of IL-15. 

In immune responses, the stimulatory ef- 
fects of one process are frequently counter- 
balanced by the inhibitory effects of another. 
Such contrary effects allow the immune sys- 
tem to respond vigorously but not uncontrol- 
lably to infections. The opposing effects of 
IL- 15 and IL-2 reported here represent anoth- 
er example of the checks and balances inher- 
ent in the mechanisms of immunity. 
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Location of a Major Susceptibility 
Locus for Familial Schizophrenia 

on Chromosome Iq21 -q22 
Linda M. Brzusto~icz, '~~*Kathleen A. Hodgkin~on,~ 

Eva W. C. C h o ~ , ~ , ~  Anne S. ~ a s s e t t ~ . ~William C. H ~ n e r , ~  

Schizophrenia is a complex disorder, and there is substantial evidence sup- 
porting a genetic etiology. Despite this, prior attempts t o  localize susceptibility 
loci have produced predominantly suggestive findings. A genome-wide scan for 
schizophrenia susceptibility loci in  22 extended families with high rates of 
schizophrenia provided highly significant evidence of linkage t o  chromosome 
1 (Iq21-q22),with a maximum heterogeneity logarithm of the likelihood of 
linkage (lod) score of 6.50. This linkage result should provide sufficient power 
t o  allow the positional cloning of the underlying susceptibility gene. 

Schizophrenia is a serious neuropsychiatric 
illness affecting -1% of the general popula- 
tion. Family, twin, and adoption studies have 
demonstrated that schizophrenia is predomi- 
nantly genetic, with a high heritability (I). 
Segregation analyses have failed to clearly 
support a single model of inheritance, with 
the suggestion of several, possibly interact- 
ing, susceptibility loci (2). The existence of a 
spectrum of related psychiatric disorders has 
led to uncertainty over the most appropriate 
phenotype for use in genetic studies. The 
complex genetics, unclear role of environ- 

mental interactions, and phenotypic uncer-
tainty have led to the view that significant 
genetic linkage will not be easily obtained 
(3). Of the complete genome scans for 
schizophrenia susceptibility loci published to 
date (4-14), only one (8) has reported a 
significant linkage result, to chromosome 
13q32, which was recently confirmed in our 
independent sample of families (15). Sugges- 
tive (although not significant) results have 
been obtained to many other chromosomal 
regions, but the multitude of these findings 
and the broad regions involved limit their 
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usefulness as starting points for positional 
cloning. 

We conducted a genome-wide search for 
loci contributing to risk for schizophrenia in a 
group of 22 families, selected for study be- 
cause multiple relatives were clinically diag- 
nosed with schizophrenia or schizoaffective 
disorder. Canadian families of Celtic (n = 
21) or German (n = 1) descent were recruited 
for study if schizophrenic illness appeared to 
be segregating in a unilineal (one side of the 
family only), autosomal dominant manner 
(16, 17). An average of 13.8 individuals per 
family participated in the study, and five 
families had 20 to 29 members participating. 
An average of 3.6 individuals with schizo- 
phrenia or schizoaffective disorder participat- 
ed per family, with 15 individuals with these 
diagnoses participating in the largest family. 
On average, two additional participating fam- 
ily members were diagnosed as affected un- 
der a broader definition of schizophrenia-
related disorders (18). Family members diag- 
nosed as affected spanned three generations 
in 27% of families. Individuals reported by 
history to be affected spanned three or four 
generations in 45% of families. Overall, 304 
subjects were evaluated (18), and 288 sub- 
jects had DNA samples available. DNA sam- 
ples were genotyped with 38 1 simple tandem 
repeat markers with an average heterozygos- 
ity of 0.76 and an average marker density of 
9 centimorgans (cM) (19). Parametric linkage 
analyses were conducted (20), as they are 
more powerful than nonparametric methods 
(21, 22) and are robust methods for detecting 
linkage despite errors or simplifications in the 
analyzing model, as long as both a dominant 
and a recessive model are used (21-24). To 
minimize multiple tests, we selected four ge- 
netic models, dominant and recessive for 
each of a "narrow" and a "broad" diagnostic 
classification (18, 25). The narrow classifica- 
tion included the diagnoses of schizophrenia 
and chronic schizoaffective disorder; the 
broad classification included these and sev- 
eral schizophrenia-spectrum disorders (18). 
The parameters of the dominant and recessive 
genetic models were derived from population 
vrevalence and twin concordance rates for 
schizophrenia and related spectrum disorders 
(25). Although these parameters are almost cer- 
tainly not accurate, particularly because they 
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model single-gene inheritance, parametric link- illness and a recessive mode of inheritance 
age analysis with single-gene models is a pow- with marker DlS1679, which maps to chro- 
erfbl method for detecting llnkage to traits con- mosome lq22. Lod scores >2.0 were ob-
trolled by multiple interacting genes, even tained with five adjacent markers from lq, 
when certain parameters, such as penetrance, spanning a region of approximately 39 cM. 
are set to arbitrary values (21-24). Significant linkage was not detected to any 

The threshold to declare significance in other chromosome when two-point analysis 
linkage studies of complex disorders is the was used. All two-point lod scores >1.5 are 
subject of debate (26-28). So as to avoid summarized in Table 1 (33). 
increasing the number of false-positive re- Parametric multipoint analyses of complex 
sults due to multiple testing, statistical cor- disorders must be approached with caution, as 
rections are required to account for analysis incorrect analysis models can exclude a true 
with multiple markers, multiple inheritance linked locus from the region between close 
models and diagnostic classifications, and ge- flanking markers (34). However, multipoint 
netic heterogeneity. Unfortunately, the exact analyses are usehl for combating the practical 
appropriate correction may be difficult to de- limitations caused by uninformative marker 
termine (26-28). Alternatively, simulation typings, whlch can either inflate or deflate the 
studies of unlinked "replicates" can empiri- lod score. With large, complex pedigrees, si- 
cally determine how frequently any given multaneous analysis of multiple highly poly- 
logarithm of the likelihood of linkage (lod) morphic marker loci can be computationally 
score will occur in the absence of linkage, prohibitive, especially when large regions of the 
accurately accounting for multiple markers genome are scanned for linkage. We therefore 
and models. Simulation studies with 2500 conducted three-point analyses with adjacent 
unlinked replicates were conducted to deter- marker loci and the disease locus for all mark- 
mine the lod scores corresponding to P = ers in the genome scan and four-point analyses 
0.05 (29). This produced a lod score thresh- in the regon of significant linkage on lq. Mul- 
old for significance of 3.3  under the hypoth- tipoint analysis with chromosome l markers 
esis of homogeneity and 3.5 under the hy- produced a maximum lod score of 6.50 [P < 
pothesis of heterogeneity. Simulation studies 0.0002; (32)] between the markers DlS1653 
with linked replicates were also conducted to and D1 S 1679, under the recessive-narrow mod- 
assess the power of this sample to detect el and with an estimated 75% of families linked 
linkage under the four models used in this to this locus (Fig. 2). Only multipoint analysis 
study (30). These demonstrated good power on chromosome 13 produced additional signif- 
to detect linkage under all models when 75% icant results, with a maximum lod score of 
or more of families were linked to a given 3.81 [ P  = 0.02; (32)] under the recessive- 
disease locus (31). broad model at D13S793 with an estimated 

A plot of two-point lod scores for the 65% of families linked to this region, con- 
genome-wide scan is shown in Fig. 1. The sistent with our previous findings in these 
highest lod score observed was 5.79 [P < same families (15). 
0.0002; (32)] under the narrow definition of There have been suggestive linkage re-

Chromosome 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 1 9 2 0 2 1 2 2 X  

. , , , . . , . 

. , , . , 

5 , , . , . , . . , . , ,~ . . , , , . . . . . , , Recessive , , 
, , , , , , . , , . . . . , . . . , , , ,. , , , , , . . . , . . ~ . . . . , . . . 

Position (cM) 

Fig. 1. Two-point lod scores for the genome-wide scan. Affected and unaffected individuals in 22 
families segregating schizophrenia were genotyped at  381 marker Loci throughout the genome. 
Maximum two-point lod scores under the narrow definition (78) and the assumption of genetic 
heterogeneity are plotted as a function of marker Location in centimorgans for both recessive and 
dominant models of inheritance. Chromosome number is designated at the top of the plot. 
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sults for chromosome lq22-q23 under auto- not led to significant results for the lq21-q23 of this complex disorder. However, these re- 
soma1 recessive inheritance in one published region or have provided suggestive linkage of sults confirm the predictions of simulation 
( 6 ) ,and one preliminary ( 3 9 , genome scan. major psychotic illness to the more distal studies that parametric linkage analysis with 
Studies showing association of schizophrenia regions of lq25-q32 (40) or lq32-q41 (14), simple genetic models, when conducted un- 
with the Duffy blood group (36), a hetero- perhaps due to the genetic heterogeneity of der both a dominant and recessive mode of 
chromatin variant (37) ,a fragile site (38),and schizophrenia andlor low power of some inheritance, is a powerful method for detect- 
a potassium channel gene [KCNN3 (39)], studies. ing linkage to susceptibility loci in complex 
provide further prior evidence for a suscepti- This unequivocally significant linkage disorders (21-24). Although nonparametric 
bility gene in this region. However, most finding seems somewhat unexpected for (NPL) methods as implemented in GENE-
genome scans and association studies have schizophrenia, given the multiple challenges HUNTER or affected sibpair analysis are 

widely used, simulation studies indicate they 
are not as powerful (21, 22), and sample 

Fig. 2. Multipoint lod scores considerations may limit their utility. As 
for the schizophrenia sus- many of the affected-relative pairs in this 
ceptibility locus relative to  
markers in the lq21-q23 sample were not within sibships, affected 
region. Parametric four- sibpair analysis was not an appropriate 
point lod scores were calcu- choice. The large size of many of the extend- 
lated with the narrow defi- ed families exceeded the capacity of GENE-
nition (78) and the markers HUNTER, limiting the utility of that analysis 
D151653, DlS1679, and package. Although analysis with multiple
Dl51677 under the reces-
sive model of inheritance. other packages could facilitate cross-study 
The results are plotted as a comparisons, we have adopted the approach 
function of distance from suggested by Risch and Botstein ( 2 7 )  and 
Dl51653 under the as- have reported the power of our study sam- 
sumption of homogeneity 0 , 8 . t , , , . , , +1 , + 3 , , , , , , , . 1 ple to detect linkage under the models test- 
(100% of families linked) -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 ed as well as the significance level of pos- 
and heterogeneity (75% of Position (cM) itive results. families linked). In both 
cases, the m a x h u m  lod scores were located within the 12-cM interval between the markers This study demonstrates the importance of 
Dl51653 and D151679, rising from a value of 5.89 (P < 0.0002) under homogeneity to  6.50 (P < careful family selection. Because of the time 
0.0002) under heterogeneity. and effort required to identify and collect 

Table 1. List of all markers with lod scores >1.5. The single phenotype and inheritance model producing the highest Lod score is given for each marker. Z,,,, 
maximum lod score; 8, recombination fraction; a, proportion of families Linked to a given locus; N, narrow; B, broad; R, recessive; D, dominant. 

Two-point analysis Three-point analysis 

Marker Chromosome 
location 

Map 
location* 

Model Homogeneity Heterogeneity Heterogeneity 

zmax 0 z,,, 0 01 z,,, 01 
Location 
of Zmax* 

Chromosome 1 
Dl51631 
Dl53723 
Dl5534 
Dl51653 
Dl51679 
Dl51677 

Chromosome 2 
D252952 
D2S 1400 

Chromosome 3 
D353045 

Chromosome 7 
D751802 

Chromosome 8 
D851106 
D85136 

Chromosome 11 
D l  152371 

Chromosome 12 
PAH 

Chromosome 13 
Dl35317 
Dl35793 
Dl35779 

Chromosome 17 
D l  75784 

*Distances from pter in centimorgans. 
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pedigrees with three or more affected indi- 
viduals in multiple generations, most studies 
have focused On gathering large numbers 
small nuclear families or vairs of affected 
&lings, increasing the chaiceofa  clinically 

and genetically As 
our simulation studies illustrate (30),power 
to detect linkage is greatly reduced when a 
significant proportion of the sample is un-
linked to a particular locus. The population 
selected for study, the inclusion criteria, and 
fortuitous sample variation may have all 
combined to produce a group of families with 
a high proportion linked to the susceptibility 
locus on lq21-q22. We are likely to have 
failed to detect linkage to any contributing 
loci that are present in less than half of the 
families we studied (30). 

Multiple susceptibility loci are almost cer- 
tainly involved in the etiology of schizophre- 
nia, with significant evidence for an addition- 
al locus on 13q32, even within this set of 
families. The magnitude of the chromosome 
1 linkage finding, coupled with the clear lo- 

to the between the markers 
D1S 1653 and Dl  S1679, should facilitate ef- 
forts to positional clone this susceptibility 
gene, ~t is hoped that better of 

the genetic factors involved in this common, 
devastating disorder will lead to earlier and 
more effective interventions. 
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Resetting Central and 
Peripheral Circadian Oscillators 

in Transgenic Rats 
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In multicellular organisms, circadian oscillators are organized into multitissue 
systems which function as biological clocks that regulate the activities of the 
organism in relation to environmental cycles and provide an internal temporal 
framework. To investigate the organization of a mammalian circadian system, 
we constructed a transgenic rat line in which luciferase is rhythmically ex- 
pressed under the control of the mouse Per7 promoter. Light emission from 
cultured suprachiasmatic nuclei (SCN) of these rats was invariably and robustly 
rhythmic and persisted for up to 32 days in vitro. Liver, lung, and skeletal muscle 
also expressed circadian rhythms, which damped after two to seven cycles in 
vitro. In response to advances and delays of the environmental light cycle, the 
circadian rhythm of light emission from the SCN shifted more rapidly than did 
the rhythm of locomotor behavior or the rhythms in peripheral tissues. We 
hypothesize that a self-sustained circadian pacemaker in the SCN entrains 
circadian oscillators in the periphery to maintain adaptive phase control, which 
is temporarily lost following large, abrupt shifts in the environmental light cycle. 

Most (perhaps all) multicellular organisms 
contain multiple circadian oscillators inter- 
connected to form a hierarchical circadian 
system which regulates many discrete 
rhythmic outputs. In mammals, the SCN 
contains self-sustained circadian oscillators 
that act as a pacemaker at the top of the 
hierarchy (1, 2). In addition, a surprising 
number of mammalian peripheral tissues 
appear to contain the molecular machinery 
necessary for circadian oscillation (3, 4 )  
and, in a few cases, peripheral tissues ex- 
hibit damped circadian oscillations in the 
absence of the SCN (5, 6 ) .  Our working 

'NSF Center for Biological Timing and Department of 
Biology, University of Virginia, Charlottesville, VA 
22903-2477, USA. 'Human Genome Center, institute 
of Medical Science, University of Tokyo, 4-6-1, Shiro- 
kanedai, Minato-ku, Tokyo, 108-8639, Japan. 3Y.S. 
New Technology Institute Inc., 519 Shimoishibashi, 
Ishibashi-machi, Tochigi, 329-0500, Japan. 

*These authors contributed equally t o  this work. 

?To whom correspondence should be addressed. E- 

mail: mm7e@virginia.edu (M.M.) or tei@ims.u-tokyo. 

ac.jp (H.T.). 


hypothesis is that the mammalian circadian 
system consists of self-sustained circadian 
oscillators in the SCN that entrain damped 
oscillators in the periphery. Predictions 
from this hypothesis include, but are not 
limited to: (i) the existence of damped cir- 
cadian oscillators in peripheral tissues, and 
(ii) temporary disorganization within the 
circadian system in response to large, 
abrupt changes in the entraining light cycle. 
Such disruption would be a consequence of 
the specific and different response of each 
of the peripheral oscillators to common 
central signals. 

To test the first vrediction. we con-
structed a transgenic rat model in which the 

gene promoter is linked a 
luciferase reporter (Fig. 1A) ( 7 ) .We raised 
the resulting Perl-luc rats in 1ight:dark 
(LD) cycles of 12 hours light and 12 hours 
darkness (LD 12: 12), killed them 30 to 60 
min before lights-off (onset of darkness), 
and explants of SCN' 

liver, and lung under static condi- 
tions (i.e., without changing the medium) in 
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constant darkness and constant temperature 
(36" + 0.2"C) (8) .We measured the light 
output continuously from individual cul- 
tures with a Hamamatsu photomultiplier 
tube detector assembly (9, 10). 

Light emission from the SCN was in-
variably and robustly rhythmic (n = 62), 
indicating that the engineered mouse Per l -  
luc transgene was being rhythmically tran- 
scribed under the control of normal circa- 
dian mechanisms. The SCN rhythm persist- 
ed for up to 32 days in static culture (Fig. 
1B). Preliminary data (11) from animals 
killed 3 or 9 hours before lights-off indi- 
cates that these times of sacrifice do not 
affect the phase of the SCN rhythm. Liver, 
lung, and skeletal muscle all showed circa- 
dian rhythms of light output that phase- 
lagged the SCN rhythm by 7 to 11 hours. 
This phase difference between the SCN and 
peripheral tissues is similar to the phase-lag 
observed in vivo (12). The rhythms that we 
recorded from peripheral tissues were not 
as robust as those recorded from the SCN, 
and always damped after two to seven cy- 
cles in culture (Figs. 1C and 2). Damping 
was not the consequence of tissue death or 
deterioration because we were able to reini- 
tiate rhythmicity in damped cultures by 
simply changing the medium (Fig. 2). This 
reinitiation could be due to removal of 
toxic substances in the old medium, re-
placement of depleted critical components, 
or simply to the shocks associated with the 
medium change (e.g., temperature, pH, and 
mechanical agitation). Any or all of these 
stimuli could act to restart oscillators that 
had stopped or to resynchronize multiple 
oscillators within the tissue. 

To test the second prediction made by our 
hypothesis, we investigated whether abrupt 
shifts of the light cycle caused disorgani- 
zation of the circadian system of the Per l -  
luc rats. We advanced or delayed the LD 
12:12 cycle on which the rats had been 
living by 6 hours (13) and measured the 
phase and, in some cases, the amplitude of 
circadian rhythms of locomotor behavior 
(14), and the phase and amplitude of mPerl 
expression in the SCN, liver, lung, and 
skeletal muscle in vitro (15). Locomotor 
rhythmicity was monitored before and after 
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