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Modern molecular genetic and genomic approaches are revolutionizing the study of 
behavior in the mouse. "Reverse genetics" (from gene to phenotype) with targeted gene 
transfer provides a powerful tool to dissect behavior and has been used successfully to 
study the effects of null mutations in genes implicated in the regulation of long-term 
potentiation and spatial learning in mice. In addition, "forward genetics" (from phenotype 
to gene) with high-efficiency mutagenesis in the mouse can uncover unknown genes and 
has been used to isolate a behavioral mutant of the circadian system. With the recent 
availability of high-density genetic maps and physical mapping resources, positional 
cloning of virtually any mutation is now feasible in the mouse. Together, these ap- 
proaches permit a molecular analysis of both known and previously unknown genes 
regulating behavior. 

Complex as it is, much of the vast network of cellular functions has been successfully dissected, on 
a microscopic scale, by the use of mutants in which one element is altered at a time. A similar 
approach may be fruitful in tackling the complex structures and events underlying behavior, using 
behavioral mutations to indicate modifications of the nervous system. 

-SEYMOUR BENZER (I, p. 11 12) 

Although complex behaviors are generally behavior. Furthermore, forward genetic ap- 
assumed to be under polygenic control, a Goaches have been developed in the mouse 
handful of behaviors, especially among in- (15-18), and it is now feasible to isolate 
vertebrates, are profoundly regulated by mutations of a desired class by chemical 
single genes. In research pioneered by Ben- mutagenesis and screening procedures (1 9- 
zer and colleagues in Drosophila (2, 3), 21). The mapping and molecular identifi- 
examples of such genes include those influ- cation of such induced mutations is now 
encing learning and memory (4), courtship tractable with the development of high- 
behavior (5), and circadian rhythms (6, 7). density genetic linkage maps (22-25) and 
At the same time. mouse eenetics has had a with the availabilitv of substantial vhvsical " . , 

longstanding tradition in behavioral analy- mapping and cloning resources in the 
sis (8). Unlike the mutagenesis and screen- mouse (Boxes 1 and 2) (25, 26). In many 
ing approach favored in Drosophila, howev- ways, mouse genetics now is at the thresh- 
er, most mouse behavioral genetics has old of discovery of behavioral mechanisms 
depended on natural variants and sponta- just as Drosophila genetics was in the 1970s. 
neous mutants. Because genetic screens for Both forward and reverse genetic approach- 
specific behaviors have been rarely under- es can be successfully applied to the mouse 
taken in the mouse, most neurological or 
behavioral mutants have obvious pheno- 
Gpes (such as neuromuscular defects) or 
involve pleiotropic effects of coat color 
mutations (9). The cloning of such muta- 
tions was until recently a serendipitous 
endeavor, at best. 

Recently, however, both forward and 
reverse genetic approaches have become 
feasible in the mouse. The revolution in 
transgenic (10-12) and gene targeting 
methods (13, 14) has opened the way for 
reverse genetic approaches to the study of 
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to analyze behavior. 

Gene Targeting Approaches 
to Behavior 

Reverse genetic approaches, in which mu- 
tations are produced by replacement of a 
gene of choice (13, 14, 27, 28), have been 
used extensively to study development and 
pattern formation in the mouse (29); how- 
ever, their use in the analysis of behavior 
has only recently begun. Of the 250 mutant 
strains that have been produced by gene 
targeting (28), a small but increasing num- 
ber of mutations have been made in genes 
whose functions have been implicated in 
various aspects of neuronal signaling (Table 
1). The use of "eene knockouts" to studv " 

*To whom correspondence should be addressed. behavior was pioneered by the laboratories 

of Tonegawa and colleagues (30, 3 1) and 
Kandel and colleagues (32) to analyze the 
role of serine-threonine and tyrosine ki- 
nases in the regulation of synaptic plasticity 
and forms of learning and memory that 
involve the hippocampus. On the basis of 
extensive behavioral and physiological 
work, the hippocampus has been implicated 
in "declarative" rather than "procedural" 
types of memory tasks in mammals (33). In 
rodents, "spatial" learning and memory 
tasks critically depend on the hippocampus, 
and a role for N-methyl-D-aspartate 
(NMDA) receptors has been strongly im- 
plicated in mediating these behaviors (34). 

In addition, the hippocampus has been 
shown to express a number of forms of 
use-dependent synaptic plasticity (35-39). 
These include: (i) short-term potentiation 
(STP), which is an activity-dependent in- 
crease in synaptic efficiency that lasts less 
than 1 hour; (ii) long-term potentiation 
(LTP), which is a long-lasting, activity- 
dependent increase in synaptic efficiency 
that shows cooperativity, associativity, and 
input-specificity; (iii) post-tetanic potenti- 
ation (PTP) and paired-pulse facilitation 
(PPF), which are increases in synaptic effi- 
ciency that have very short time courses 
and are general features of excitatory trans- 
mission; and (iv) long-term depression 
(LTD) , which is an activity-dependent de- 
crease in synaptic efficiency (37, 39). The 
LTP in the CAI subdivision of the hippo- 
campus is a primary model for activity- 
dependent synaptic plasticity in the mam- 
malian central nervous system (37). The 
induction of LTP in CAI is postsynaptic 
and requires NMDA receptor activation 
and an elevation of intracellular [Ca2+] 
(37). A number of protein kinases have also 
been implicated in the induction of LTP, 
including protein kinase C (PKC), Ca2+- 
calmodulin-dependent protein kinase I1 
(CaMKII), and tyrosine kinases (37). The 
maintenance of LTP appears to involve a 
presynaptic increase in transmitter release, 
which requires a "retrograde messenger"; 
nitric oxide (NO) appears to be the best 
candidate for this (40). In addition, LTP in 
CAI can be subdivided into an early phase 
of LTP, which is triggered by one train of 
high-frequency stimulation and that lasts 
for 2 to 3 hours and is blocked by kinase 
inhibitors but not by protein synthesis in- 
hibitors, versus a later phase of LTP, which 
is triggered by multiple trains of high-fre- 
quency stimulation and that lasts for many 
hours and requires protein synthesis (37). 
Evidence suggests that adenosine 3',5'- 
monophosphate (CAMP) and activation of 
CAMP-dependent protein kinase (PKA) 
may be components that lead to the later 
phase of LTP (41). 

The participation in LTP of three differ- 
ent protein kinase genes, the a isoform of 
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CaMKII (a-CaMKII), the nonreceptor- the induction or maintenance of LTP (32). specific and is enriched in the 
type tyrosine kinase fyn, and the y isoform Interestingly, mutations of a-CaMKII and hippocampus (42). A null muta- 
of protein kinase C (PKC-y), has been Fyn also impair hippocampal-dependent tion of the gene encoding PKC-y 
analyzed by reverse genetics. Gene knock- spatial learning behaviors without affecting also blunts LTP but does not af- 
outs of a-CaMKII and Fyn both strongly tasks that require a nonspatial association fect another form of synaptic plasticity, 
impair the production of LTP but do not (3 1, 32). Thus, in these gene knockouts an LTD (43). In addition, prior treatment of 
completely eliminate it, which suggests that additional correlation between hippocam- hippocampal slices with low-frequency 
these kinases are regulatory rather than pal LTP and spatial learning behavior ex- stimulation that produces LTD enables LTP 
essential in LTP (30, 32). Mutations of ists. In addition, PKC has long been impli- to be subsequently produced in PKC-y 
other nonreceptor-type tyrosine kinases cated in the induction of LTP (42). The knockouts (this type of LTP is called 
(STC, yes, abl) do not interfere with either expression of the PKC-y isoform is brain- "primed LTP"). This priming effect clearly 

Box 1. Glossary of the mouse genome 

I 
Inbred strain. A set of anhats that is produced by at least 20 consew- 
tive m t i o n s  of sister x bmther or parent x offspring mating and that 
can be traced to a single ancestral pair in the 20th or subsequent gen- 
eration. Anirnafs of an inbred strain are nearly fully homozygous, which 
thus provides a defined and consistent genotype for snatysis (128, 1s). 

I 
Congenic m i n .  A strain that d i i r s  from another in the region of one 
genetic locus and that is produoed by at least 10 successive back- 
crosses or intercrosses to the control strain. These mice can be used to 
evaluate a mutation or aAeHc variant against a particular inbred strain 
background (130). 

RI (recamblnnnt inbnd) strains. A set of originating from the 
second generation of intermwsing of two 'nbred Wains, then lnbmeding 
different lnes at least 20 generations. Each RI strain has a different, but 
reproducible, recombined sampling of the genomes of the inbred strains 
of otigin (131, 132). 

. ransgonk m b  These can be made by mkroinjectmn of DNA into the 
pronuCleue of fertilized eggs, wlth the DNA Integrating at random. They 
are useful for studying gene expression, ovemxpression, and rescue of 
the mutant phenotype (ILK$. 

tion, or gene replacement, targeted gene transfer can create knockouts 
and other specific mutations (13, 14). 

Osnetlc map. A map based on the segregation of genes or DNA mark- 
ers in a cross. Units of genetic dgtance are baaed on recombination 
rates-that is, centimorgans (cM). 

Unlcqa of two genes is based on a greater assxiation than expected 
from an independem assortment of chromosomes. It indicates that the 
genes are on the same chromosome and provides for an estimation of 
$#metic or relative distanc;e. Tfie degree of ankage can be staWcaUy 
described by the foprithm of the raaio @robabilfties of linkagdprob- 
ability of no linkage), called the logarithm of the oWs (lod) score. 

HapWype analyeis is a method of lnferrlng the relath podtion of 
genes or DNA markers assuming a minimum number of cmsovers 
have occurred along the chromosome. 

RFLPa (rsatrlcHon fragment length -isms) are DNA frag- 
ments of Werent lenath m r a t e d  bv deavino with a sDecific endonu- 
CI-; they can be d - f o r  geneticmPopiqi particulirfy in interspe- 
cifk crosses (134). 

WLPs [simple s a q m  kngth pdymorphiunr) are variations In 
the number of meats of a sim~le seauence such as [CAI: thev are 
also known as mimsatellites. 'Such ~h~ 6aG.be& ex- 
ploited as DNA markers for intraspecific crosses: with PCR primers 
designed for the unique sequence flanking the repeat, size differences 
can be detected in PCR products (22,23, 135). 

8SCPs (rinple.rtrand conformation pdymarphisms) are sequanc- 

es that d i i  by as We ss a single base and that can be detected b) 
the mlg& of dwrt fraaments in nondenaturirw 
@. t%CPs of PCR p r o d h  can be u d  as markers for linkai 
analysis or for deteeih of mutations (120). 

Phy8kal map. A map twd on the chromosomal position of physica 
markers in unit$ of physial distanm [base pairs (bp) or kilobases (kb)] 

Contig is a series of oontlguous, doned DNA fmgmenb, assembb 
by determination of lhe ovedap regions among clones (136). fhres 
vectors are in currant use and the size of the inserts lhev madllv cam 
are as follows: YAC &wt artif[cial ch-1: ov& 1 & 
(103); PI: about 100kb (119); and cosmld (forplasmid withcos sites) 

STS (v site) is a short, single-copy DNA sequenct 
that chgractenzes a mapping landmark in the genome and that can bc 
detected by PCR (109, 137). 

PFGE @&ed-Wd gd -) enable sepamtion of largt 
DNA fragments (200 to 3aW) kb) for long-range physical mappity 
(108). 

!3lhB (short Inbqmwd ekmemtr) are dispersed repetitive DNI 
seqmmxs hundreds of base pairs in length. The El SINE is -130 tc 
150 bp in length and repeated 130,000 to 180,000 times, thus makin( 
up 0.7 to 1% of the genome. El ha8 strong homology to human Alr 
sequences. B2 is -190 bp in kng€h end has no known human ho 
molog. Beceuse of high copy number and dk.tribution, as weH as spe 
c h  specificity, these elements can be useful in YingerlNinting" YACI 
for building contigs (138). 

WE8 (kng intsnpcwrsd dements) are d i i  repethive DNP 
sequsnces (6 to 7 kb in length with l(r to 105 oopies) (1s). The LINE 
1 Or L1 is the major known mouse LINE and can be used €0 discrimi 
nate DNA itom diirent e p w h  of Mus (139) or for "fingelprinting' 
YACs. 

Qnteny. This refers to genes on the same chrommme. Synteny con 
senrationisdefinedestheoccurrenceoftwoormore~ofhomdo 
gow markers on the same chromosame in two or more species. Link 
age consmatian is consenration not only of synteny but also of gem 
order (140, 141). 

Positjo~I donlng. The process of gene itWMcation, using map pod 
tlon as a starting point. Once the e h r o r n m  region containing UM 
gene is identified, DNA from that region is ckined and the gene is identi 
f i  from the dones (101). 

Caddab gene appmnch. The m ' n g  of daned genes that map in ttw 
region of a mutant for involvement in the phenotype associated with t 
mutation (101). 

QTL (quemiwiM tra# I&). The set of genes that tagether govern the 
quantity of a characteristic not completely detetmined by any one gen6 
acting alone (142). 
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Table 1. Effects of gene targeting on behavior or synaptic plasticity. ND, not determined; NA, not applicable; PPF, paired-pulse facilitation; 
A number of genes involved in either neuronal signaling or function LTP, long-term potentiation; LTP(pri), primed LTP; and LTD, long-term 
have been examined for their effects on spatial learning and LTP. depression. 

Effect of gene disruption 
Gene (protein) Type of behavior 

Refer- 

Behavior PPF LTP LTP(pri) LTD 
ence 

Prn-p (PrPC or prion) 
Camk2a (a-CaMKII) 
Vn (FY~)  
src, yes, abl 
P ~ C C  (PKC-y) 

Syn-1 (synapsin I) 
Ncam .(N-CAM) 
Nos-2 (neuronal nitric 

oxide synthase) 
Vn 

Spatial learning 
Spatial learning 
Spatial learning 
ND 
Spatial, contextual 

learning 
N D 
Spatial learning 
ND 

Suckling behavior 

Normal 
Deficit 
Deficit 
ND 
Mild deficit 

ND 
Deficit 
ND 

Deficit 

N D 
Reduced 
Normal 
Normal 
Small 

increase 
Increase 
N D 
Normal 

N A 

ND 
Deficit 
Deficit 
Normal 
Deficit 

Normal 
ND 
Small 

depression 
N A 

N D 
Deficit* 
N D 
N D 
Normal 

N D 
N D 
ND 

N A 

N D 
Deficit* 
N D 
N D 
Normal 

N D 
N D 
Normal 

N A 

shows that disruption of the gene encoding 
PKC-y does not eliminate, but rather mod- 
ulates, LTP. The effects of PKC-y knock- 
outs on spatial learning are mild and are 
correlated with mild effects on synaptic 
plasticity (44). That a-CaMKII disruption 
is more severe than that of PKC-y is clearly 
seen when spatial learning, LTP, primed 
LTP, and LTD are compared in mice with 
similar genetic backgrounds (Table 1): 
a-CaMKII mutants are deficient in all four 
measures, whereas PKC-y mutants are de- 
ficient only in conventional LTP (44). 
Finally, in addition to null mutations of 
protein kinases, spatial learning is impaired 
in neuronal cell adhesion molecule (N- 
CAM) knockout mice (45), which is con- 
sistent with a role for these molecules in 
long-term sensitization in the marine mol- 
lusk Aplysia (46). 

A number of other neuronally expressed 
genes that function in signaling have also 
been examined for participation in either 
behavior or synaptic transmission (Table 
I), and for the most part the effects are 
modest. For example, knockouts of syn- 
apsip I (47), which is a major phosphopro- 
tein associated with synaptic vesicles (48), 
and neuronal nitric oxide synthase (NOS) 
(49), which is implicated in LTP because of 
the potential role of NO as a retrograde 
messenger in LTP (40, 49), have surpris- 
ingly small effects. The NOS knockout is 

noteworthy because NOS inhibitors still 
block LTP in these mutant mice, which 
suggests the presence of another isoform of 
NOS (49). Indeed, the endothelial isoform 
of NOS is highly enriched in pyramidal 
cells of the hippocampus and may be the 
target of NOS inhibitors that block LTP 
(49). Mice with gene disruption of the 
prion protein (which is enriched in the 
nervous system and in the hippocampus) 
were the first knockouts to be extensivelv 
analyzed at the behavioral level, and no 
bkhavioral deficits were found, which was 
unexpected because of the severe neurode- 
generative disorders associated with prion 
diseases (50). In addition, other knockouts 
of genes implicated in LTP have been 
created; however, these mutations are ei- 
ther lethal, as in the cases of the NMDA 
receptor NMDARl (5 1) and the immediate 
early gene c-jun (52, 53), or have not yet 
been analyzed for LTP or learning, as in the 
cases of c-fos (54, 55) and tissue-plasmino- 
gen activator (56, 57). Finally, in the fyn 
knockout a different behavior, the suckling 
of neonates, appears to be abnormal (58). 

There are a number of important caveats 
in interpreting the effects of mutations. 
Develovmental effects must be dissociated 
from the assumed primary effects of the 
mutation. For example, in fyn knockout 
mice there is a clear defect in the arrange- 
ment of granule cells in the dentate gyrus 

Table 2. Effective germline mutagens in mice. Adapted from Rinchik (18) 

and in the pyramidal cells of the CA3 
region of the hippocampus (32). Whether 
the effects of fyn on LTP and spatial learn- 
ing are primary or secondary to its develop- 
mental effects on hippocampal anatomy 
remain to be established. On the other 
hand, compensatory mechanisms may mask 
the magnitude of the gene's action under 
normal conditions. For example, up-regula- 
tion of other nonreceptor tyrosine kinases, 
in the case of Fyn, or of other isoforms of 
CaM kinases, in the case of a-CaMKII, 
could ameliorate the full effects of null 
mutations of the genes in question. Condi- 
tional gene knockouts (which could be 
induced after the animals have reached 
adulthood) to eliminate developmental ef- 
fects, as well as anatomically region-specific 
knockouts (which could define the critical 
focus for exvression of mutations). should ,, 

help clarify such complications in the future 
(59). Finally, an important variable for 
behavioral analyses concerns the genetic 
backgrounds in which the mutations are 
studied. Distinct differences in many types 
of behavioral measures can be seen among 
different inbred strains of mice (8, 60). 
Unfortunately, the 129 inbred mouse strain 
used for embrvonic stem (ES) cells to nro- . , 

duce knockouts is not well studied behav- 
iorallv. and it is eenerallv difficult to main- , , - 
tain mutant lines on a pure 129 inbred 
background. Thus, the majority of knock- 

Agent Target 
Mutation rate 

per locus (1 0-5) 
Predominant 

mutation Reference 

X-rays Spermatogonia 
Postmeiotic germ cells 
Oocytes 

ENU Spermatogonia 
Chlorambucil Postmeiotic germ cells 
Transgene Pronucleus 
Gene trap ES cells 
None 

Small deletions (155-157) 
Deletions, translocations 
Deletions, translocations 
lntragenic point mutations (1% 68) 
Deletions, translocations (66, 67) 
Insertions, deletions (69, 158, 159) 
Insertions (69, 160, 161) 

(66) 
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out mice are usually hybrids of 129 mice 
with either C57BLl6 or BALBIc mice. Be- 
cause characterization of knockout mice may 
occur during the F, and F, generations, it is 
important to keep in mind that the genetic 
backgrounds will be segregating in these 
crosses and could modify effects of the mu- 
tations under study. [In both the fyn and 
PKC-y knockouts, at least two different 
genetic backgrounds were assessed and the 
results were comparable (32, 44) .] 

Forward Genetic Approaches to 
Behavior in Mice 

In many situations, one is faced with a 
phenomenon, such as behavior, in which 
genetic control is apparent but reverse ge- 
netic approaches are either not possible or 
unlikely to succeed because the genes in- 
volved are either unknown or not cloned. 
In such situations, classical forward genetics 
has been a powerful and productive ap- 
proach. Mutant screens make no assump- 
tions concerning the mechanisms underly- 
ing a behavior and require only a clear 
phenotype to be expressed. With efficient 
mutagenesis coupled with carefully crafted 
screening procedures, informative mutants 
have been isolated in many systems. For 
example, in the case of the cell cycle, a 
large number of mutants that arrest or 
modify the cell cycle have been isolated in 
yeast (61, 62). A surprisingly large propor- 
tion (perhaps one-third) of these mutants 
have defined either novel genes or critical 
regulatory steps within the cell cycle. Ben- 

ENU 

J 

Test GI progeny for 
dominant mutat~ons 

zer and colleagues pioneered this forward 
genetic approach to behavior in Drosophila 
over 25 years ago (1, 2). 

It is generally assumed that forward ge- 
netic approaches that use classical muta- 
genesis and screening procedures are not 
feasible in the mouse: "limitations imposed 
by attainable mutation rates, the sizes of 
available mouse colonies and the eenera- - 
tion time of the mouse make it impractical 
to isolate mutations of a desired class" (63, 
p. 70). Although substantial investments, 
mutagenesis screens can be performed in 
the mouse successfully (18, 64). Table 2 
compares the best known methods for pro- 
ducing germline mutations in the mouse. 
Irradiation with x-rays (16, 65) and treat- 
ment with chlorambucil (66, 67) are best 
for ~roducing large deletions; however, in 
practice it is difficult to recover large num- 
bers of mutant animals. The alkylating 
agent N-ethyl-N-nitrosourea (ENU) is best 
for producing point mutations, and the 
development of high-efficiency germline 
mutagenesis procedures by Russell et d. 
(1 5, 68) have made it feasible to undertake 
large-scale mutant screens in the mouse. 
~ecause ENU induces intragenic point mu- 
tations, it is likely that both gain-of-func- 
tion and loss-of-function mutations can be 
produced. Finally, two methods, transgene 
and gene trap insertions, have the advan- 
tage of producing "tagged" mutations, but 
the low mutation frequencies make them 
unsuitable for mutant screens (69). 

Two considerations have been critical in 
the production of mutations in the mouse: 

Backcross 
G2 0 to 
GI father 

Test Gp progeny for 
recesswe mutations 

Fig. 1. Mutagenesis screen. A behavioral test can be used to detect mutations in either first- or 
third-generation offspring of N-ethyl-N-nitrosourea (ENU)-treated males. (A) Genetic screen for 
dominant or semidominant mutations in first-generation (GI) offspring. Male mice were injected 
intraperitoneally with ENU to intervene at the stage of spermatogonia and enter a period of sterility. 
Upon recovery of fertility (12 to 16 weeks after treatment), they were bred with multiple females to 
produce G, progeny that were heterozygous for any ENU-induced mutation (indicated by an 
asterisk). (B) Genetic screen for recessive mutations in third-generation (G,) offspring. In this 
scheme, G, male progeny are bred with wild-type females to produce second-generation (G,) 
progeny. The G, female progeny are then bred with their GI father to produce G, progeny. 
Compared to intercrossing G, females and males, backcrossing G, females to the GI father 
doubles the likelihood of producing G, progeny that are honiozygous for a mutation. 

the achievable mutation rate and 
whether the germline target is 
premeiotic or postmeiotic. The 
procedures for ENU mutagenesis 
Hnd screening of either dominant or reces- 
sive mutations are shown in Fig. 1. With 
ENU, premeiotic germ cells (spermatogo- 
nia) are the targets, and this confers two 
advantages. First, the G, progeny are non- 
mosaic, which is not necessarily the case 
with mutagenesis of postmeiotic germ cells. 
Second, a single mutagenized male mouse 
can produce a large number (100 to 150) of 
progeny, each of which represents one mu- 
tagenized (heterozygous) gamete. Average 
forward mutation frequencies of 0.0015 per 
locus per gamete can be achieved in the 
mouse with ENU (Table 2) (68). This 
means that one has a 50% chance of finding 
a mutation, on average, in any single locus 

Time (hours) 
48 

Time (hours) 
48 

0 
Time (hours) 

48 

Fig. 2. Locomotor activity records of Clock 
mutant mice. The wheel-running activity rec- 
ords of three (BALBIcJ x C57BU6J)F2 off- 
spring are shown. All animals were kept on a 
light-dark cycle of 12 hours (LD 12:12) for the 
first 7 days illustrated, then transferred to con- 
stant darkness (DD) on the day indicated (line 
on the right); they later received a 6-hour light 
pulse on the day indicated (arrow). (A) Activity 
record of a wild-type F, mouse. In DD, this 
animal's activity rhythm had a period of 23.1 
hours. (B) Activity record of a heterozygous 
Clock/+ F, mouse. In DD, this animal's activity 
rhythm had a period of 24.9 hours. (C) Activity 
record of a homozygous Clock/Clock F, 
mouse. This individual had a complete loss of 
circadian rhythmicity upon transfer to DD, with 
a rhythm of 28.4 hours transiently expressed 
after the light pulse. 
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by screening about 655 gametes. In the case 
of a dominant screen, each GI  mouse rep- 
resents one mutagenized gamete (Fig. 1A). 
To approach saturation mutagenesis (that 
is, to be able to mutate all loci at least once 
assuming Poisson statistics and a mutation 
frequency of 0.001 per locus per gamete), 
one would have to screen about 3000 ga- 
metes. In contrast. to screen for recessive 
mutations, each male G I  mouse is used to 
found a three-generation pedigree in which 
three G2 females are backcrossed to the G, 
parent in order to isolate G3 progeny that 
are homozygous for the mutagenized gamete 
(Fig. 1B). To insure an 80% "efficiency of 
scanning" of the genome, six progeny from 
each of the three daughters must be tested 
in each pedigree (70). 

Although this procedure is daunting, 
Shedlovsky, Dove, and colleagues have 
successfully performed recessive screens of 
about 350 gametes each to isolate muta- 
tions in the t region (70) and in the 
phenylalanine hydroxylase (Pah) locus 
(71). Two additional alleles at the Pah . , 

locus were then obtained in a locus-specific 
noncom~lementation screen of 350 muta- 
genized gametes (21). Finally, saturation 
mutagenesis screens have been performed 
in two regions of the mouse genome: the t 
region of mouse chromosome 17 already 
mentioned (20) and the albino (c) region of 
chromosome 7 with a hemizygous screen 
over a large deletion (19). Thus, even 
when one must make mutagenized gametes 

homozygous for the screening of recessives, 
the extremely high efficiency of ENU mu- 
tagenesis makes it possible to isolate mu- 
tants of a desired class. At a rate of 300 
mutagenized gametes screened per year, it 
would take about ten laboratory years to 
reach saturation of the mouse genome. 
Thus, one could imagine two laboratories 
completing a saturation screen in 5 years. 

Until recently, mutagenesis screens with 
behavioral end~oints have not been under- 
taken in the mouse. Three factors are crit- 
ical in considering the feasibility of behav- 
ioral genetic screens. First, the behavioral 
screen should either be easy to perform or 
be easy to automate so that the phenotypes 
of large numbers of mice can be deter- 
mined. A starting point would be determin- 
ing the phenotypes of 1000 animals per year 
in a dominant screen. Second. the abilitv 
to determine the phenotype of individual 
animals is extremely useful (and perhaps 
essential) in genetic mapping experiments. 
Finally, the possibility of screening for dom- 
inant mutations should be taken seriously 
because only in this case will it be feasible 
to screen enough mice to approach ge- 
nome-wide saturation mutagenesis (of 
genes capable of yielding dominant muta- 
tions). Given the previous calculations, a 
saturation screen (3000 mutagenized ga- 
metes) for dominant mutations with a be- 
havioral assay could be achieved in 3 years. 

With these considerations in mind, we 
initiated a behavioral screen for ENU-in- 

duced mutations of the circadian system in 
the mouse (72). Circadian rhythms are 
24-hour oscillations in an organism's be- 
havior and physiology that are the overt 
manifestation of an internal physiological 
clock system (73, 74). In mammals, much 
is known about the physiology of circadian 
rhythms, and the suprachiasmatic nucleus 
of the hv~othalamus acts as a circadian , . 
pacemaker controlling circadian rhythms 
expressed at the organismal level (75, 76). 
On the basis of a wide variety of evidence, 
the mechanism of the circadian clock ap- 
pears to be cell-autonomous and to involve 
periodic gene expression (74). In Drosophih 
and Neurospora, a number of "clock mu- 
tants" have been isolated (77-79). Recent 
molecular work with the Drosobhih beriod . . 
(per) and Neuroswra frequency (frq) genes 
suggests that circadian cycles of per and frq 
transcription, respectively, which involve 
negative autoregulatory feedback loops, 
may lie at the heart of the oscillator mech- 
anism in these species (80-83). However, 
little information exists concerning the mo- 
lecular elements of the clock system in 
mammals. 

Because circadian behavior in the mouse 
is precise and easily quantitated, it is espe- 
cially suited for genetic screening. Normal 
C57BLJ6J mice exhibit a robust circadian 
rhythm of wheel-running activity (84, 85), 
and we used this behavioral assay to screen 
for mutants that ex~ressed abnormal circa- 
dian periods in constant darkness. Because 

Box 2. Mouse genome resources and informatics 
DATABASES 

GBASE, the genomic database of the mouse, compiles published ge- 
netic mapping data and is available with a character-cell interface online 
over Internet. 

Encyclopedia of the Mouse Genome consists of software tools that dis- 
play genetic linkage maps, cytogenetic maps, and a text searching tool. 
Data from several independent sources are integrated, including the 
Mouse Chromosome Committee reports, MIT Genome Center data re- 
leases, mammalian comparative mapping data, GBASE, the Mouse Lo- 
cus Catalog, and mouse cytogenetic mapping data. Data sets may be 
obtained with File Transfer Protocol (FTP), Gopher, or World Wide Web 
(WWW) software. Software is available in Sun {UNIX) and Macintosh ver- 
sions. 

The Mouse Genome Database (MGD) integrates existing databases of 
mouse genetic information and will include mapping data, molecular 
probes-clones data, strains and allelic polymorphism data, phenotypic in- 
formation, and comparative mapping data. Initial availabil~ty of the data- 
base will be through WWW beginning the third week of June 1994. 
For any of the above, contact Mouse Genome Informatics-User Support, 
The Jackson Laboratory, 600 Main Street, Bar Harbor, ME 04609, USA. 
Phone: 207 288 3371 ext 1900; fax: 207 288 2516; Internet: 
mgi-help@informatics.jax.org 

Whitehead InstitutelMlT Genetic Map of the Mouse consists of SSLPs 
mapn~" nn (c57BU6.J-ow06 x CAST)Fz cross (23-25). The newest re- 

lease has information about 3752 SSLPs and also integrates data fmm a 
second interspecific backcross panel, which is gene-based and devel- 
oped at the National Cancer Institute Frederick Cancer Research and De- 
velopment Center, Frederick. MD. The database includes PCR primer 
pair sequences, genotypes, product allele sizes for multiple inbred strains 
and MacDraw maDs of chromosomes. Lists of markers can be retrieved 
by email and selected for polymorphism between pairs of strains or for 
chromosome, map position, or name. Contact: Eric Lander, Whitehead 
InstituteMIT Center for Genome Research, Cambridge, MA 02142, USA. 
Phone: 61 7 252 1900; fax: 61 7 252 1933; Internet: 
lander@genome.wi.mit.edu 
To receive a query form and instructions, send email message ahelp" to: 
genome-database 6 genome.wi.mit.edu 

The Portable Dictionary of the Mouse Genome is a compact database 
containing information on 12.000 genes and anonvmous DNA loci in the 
mouse ({a). The dictionary incldes three sepaiate estimates of gene 
position, accession numbers to GenBank sequences, data on homdogs 
in human and 10 other mammalian species, a complete set of data on 
recombinant inbred strain distribution patterns, data on phenotypes, PCR 
primers, alleles, references, and several additional data types. The 10- 
megabyte dictionary file is designed for use on either Macintosh or PC. It 

I is available in FileMaker Pro, Excel, and text formats and can be easily 
converted for a variety of other applications. The entire dictjonary or chro- 
mosomes~ecifii files are available via Internet IWWW. Go~her. or FTPI 
The dictioiary is available on CD-ROM (~ation;~ center fdr ~ibtechnol: 
ogy Information) or on floppy disk (R. Williams). 
Contact: Robed w Williams, Center for Neuroscience, Uni-qity of Ten- 
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most clock mutations isolated in other or- 
ganisms have been semidominant (7, 79), 
we performed a dominant screen with the 
procedure shown in Fig. 1A. In testing 
about 300 gametes of ENU-treated mice, 
one animal expressed a circadian period 
that was more than 1 hour longer than 
normal. The long-period phenotype was 
inherited as a semidominant autosomal mu- 
tation, which we named Clock (72) (Fig. 
2). Homozygous Clock mice expressed ex- 
tremely long periods of 27 to 28 hours upon 
initial transfer to constant darkness, which 
was followed by a complete loss of circadian 
rhythmicity after about 2 weeks in constant 
darkness (Fig. 2C). The Clock gene thus 
regulates at least two fundamental proper- 
ties of the circadian clock system: the in- 
trinsic circadian period and the persistence 
of circadian rhvthmicitv. Because a wild- 
type allele of c L ~  is nedessary for sustained 
circadian rhvthmicitv. Clock defines an es- , , 
sential gene for this behavior. Moreover, 
because no anatomical or developmental 
defects have been observed in association 
with the Clock mutation (72), Clock ap- 
pears to be a "behavioral mutation" limited 
to circadian rhythmicity. 

Given the extensive genetic mapping 
information available in the mouse (Box 
2), we were able to map Clock rapidly by 
linkage analysis using intraspecific mapping 
crosses and simple sequence length poly- 
morphism~ (SSLPs) from the Whitehead 
Institute/MIT genetic map (72). Clock 

mapped to the midportion of mouse chro- 
mosome 5 between two SSLP markers, 
DSMit24 and DSMit83, in a region that 
shows conserved synteny with human chro- 
mosome 4 (2.5). 

Forward genetics may be one of the few 
ways in which to identify genes involved in 
the clock mechanism in mammals. Because 
the two examples of cloned clock genes 
(Drosophila per and Neurospora frq) are 
unique and are expressed in low abundance 
(78, 79), it is unlikely that these genes 
could have been identified and their func- 
tion studied by other means. It is also 
important to emphasize that in both Dro- 
sophila and mice, other genetic approaches 
such as selection of natural variants, com- 
parison of strain differences, or recombi- 
nant inbred (RI) strain analysis all initially 
suggested genetic control but yielded subtle 
differences that were polygenic and "un- 
mappable" (78, 85-87). These results sug- 
gest that natural allelic variation is normal- 
ly not as extreme as that attainable by 
induced mutagenesis, because in both Dro- 
sophila and mice single genes that strongly 
influence circadian rhythmicity have been 
identified by forward genetics. Whether 
this difference will generally apply to other 
types of behavior should be kept in mind. 

Des~ite the lack of success with the use 
of quantitative genetics in identifying genes 
regulating circadian behavior, this ap- 
proach should not be abandoned. With 
high-density genetic maps in the mouse, 

techniques are available to map 
quantitative trait loci (QTL) , 
making it possible to identify 
multi~le eenes involved in differ- . - 
ences between strains or between lines se- 8 
lected for a behavioral trait. QTL analysis, 
which was pioneered in plant genetics (88); 
has now been successfully applied to the 
mapping of genes involved in autoimmune 
type 1 diabetes in nonobese diabetic 
(NOD) mice (89) and Brattleboro (BB) rats 
(90), hypertension in stroke-prone sponta- 
neously hypertensive rats (91), epilepsy in 
different strains of mice (92), and audio- 
genic seizures in RI strains (93). A partic- 
ularly important variant of the QTL ap- 
proach was recently used to map a modifier 
gene, Mom-I, that influences the quantita- 
tive expression in different genetic strain 
backgrounds of a single-gene mutation, Min, 
that leads to the formation of intestinal 
tumors (94). This example clearly shows the 
advantage of combining single-gene ap- 
proaches with QTL analysis to identify in- 
teracting loci that could not be detected by 
use of natural variants. Single-gene behav- 
ioral mutants could be used in an identical 
fashion to "sensitize" and detect other inter- 
acting genes that influence the expression of 
a behavioral trait in different genetic back- 
grounds. 

Another consideration in the use of 
forward genetics concerns the feasibility of 
approaching saturation mutagenesis. This is 
important for two reasons. First, one would 
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like to identify and define all of the genes 
that are essential for a behavior in order to 
have some measure of the complexity of the 
system: Will there be hundreds of genes 
involved or will only a handful be critical? 
Such assessments have been achieved only 
in organisms such as Drosophila for genes 
regulating pattern formation (95) and are 
on the horizon for zebrafish (96, 97). One 
can imagine that this goal is attainable for 
circadian behavior in Drosophila and per- 
haps in the mouse for genes mutable to a 
dominant phenotype. Second, the isolation 
of multiple mutations is crucial because 
many are likely to be uninformative-being 
either nonspecific, pleiotropic, or second- 
ary to a developmental effect. Because the 
recovery of such uninformative mutants is 
unavoidable, the only ways to insure that 
informative mutants will be found are to use 
stringent phenotyping methods and to test 
large numbers of mutagenized gametes. 

Finally, the isolation of mutations is not 
only useful in identifying genes, but also 
provides advantages for physiological analy- 
sis. For example, mosaic analysis, in which 
animals express a patchwork of either mu- 
tant or wild-type cells, can be used to iden- 
tlfY the critical tissue "focus" of a gene's 
action. In Drosophila, mosaic analysis with 
the clock gene per has localized cells in the 
brain required for robust expression of circa- 
dian behavioral rhythms (98). In mammals, 
the tau mutation in the hamster, which 
shortens circadian period by 2 hours in 

heterozygotes and by 4 hours in homozygotes 
(99), has been used in transplantation ex- 
periments to show that expression of tau in 
the suprachiasmatic nucleus region is suffi- 
cient for realation of circadian behavior " 
and that the suprachiasmatic nucleus con- 
tains a circadian pacemaker that controls 
period in hamsters (100). Thus, mutations 
enable both transplantation and mosaic anal- 
ysis to be applied to the study of behavior. 

Mouse molecular genetics will likely be 
crucial to unraveling the mechanisms under- " 
lying behavior in mammals. The power of 
ENU mutagenesis combined with the ability 
to clone genes by map position provides a 
way to study complex behavior in mammals. 
If efficient screening procedures can be de- 
vised, this approach should have widespread 
utility in neuroscience and behavior to ana- 
lyze processes such as learning and memory. 

Positional Cloning of 
Mutations in Mice 

Given the substantial genetic and physical 
mapping resources being applied to studies 
of the mouse (Box 2), it should be feasible 
to clone almost any mutation. As reviewed 
by Copeland et al. (25), about 40 classical 
mouse mutations have been cloned. Three- 
quarters of these were cloned by the "can- 
didate gene" approach, which involves 
mapping a new cloned gene and determin- 
ing whether any existing mutants mapping 
in the region have phenotypes that are 

consistent with an alteration in the cloned 
gene. The candidate gene is then tested by 
comparing wild-type and mutant mice for 
mutations at the molecular level. If no 
obvious candidate genes exist in the region 
of the mutation, the strategy for cloning a 
gene defined solely by a mutant phenotype 
is to use the method of positional cloning 
(1 01 ) . This method requires a high-resolu- 
tion meiotic (genetic) map position derived 
from crosses segregating the mutation of 
interest before initiating physical mapping 
and cloning procedures. Once an initial 
chromosomal map position for the muta- 
tion is established, an expanded backcross 
with 1000 to 2000 meioses must be pro- 
duced to have sufficient resolution to pro- 
ceed with physical mapping. To optimize 
this fine-structure meiotic mapping step 
(1 02), one selects flanking markers within a 
few centimorgans (cM) of the mutation, 
and only animals with recombination be- 
tween flanking markers are assayed for phe- 
notype. Screening 1000 meioses will yield a 
map position within a 0.3-cM interval (at 
95% probability), which is equivalent in 
physical units to the insert size (-600 kb) 
of available yeast artificial chromosome 
(YAC) libraries (103, 104) in the mouse 
(1 05-1 07). Next, estimates of physical 
linkage of the genetic markers in the fine- 
structure meiotic mapping should be deter- 
mined by long-range restriction mapping 
and pulsed-field gel electrophoresis with 
markers converted to single-copy probes 

I (c-uedfrwnpage 1729) 

GENETIC MAPPING RESOURCES 
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fined by a phenotype (such as a newly k id fkd  mutatbn) must be 
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(108). At the same time, screening of 
mouse YAC libraries can begin either with 
sequence-tagged sites (STSs) (109) (Box 1) 
[with use of the polymerase chain reaction 
(PCR) of linked SSLP markers and cloned 
DNA sequences (1 lo)] or with arrayed 
YAC clones on filters [with use of cloned 
DNA probes (1 1 I)] to build a contiguous 
segment of cloned genomic DNA with 
overlapping YAC clones that covers the 
region of the mutation; this set of overlap- 
ping clones is called a "contig" (Box 1). 
This step has been facilitated recently by 
the commercial availability of a C57BL16J 
mouse YAC library that is already pooled 
and ready for PCR analysis (1 07) and by the 
availability of YAC clones arrayed on filters 
(Box 2) (1 12). 

If a reasonable number of YAC clones 
covers the region of the mutation and the 
mutant can be rescued by wild-type DNA, 
then one can contemplate expressing can- 
didate YAC clones in mouse to comple- 
ment or "rescue" the mutation. This tech- 
nical feat has been accomplished with 
germline transmission and expression of 
YAC clones in the mouse either by pronu- 
clear injection of gel-purified YAC DNA 
with transgenic methods (1 13) or by intro- 
ducing purified YAC DNA into ES cells by 
lipofection and producing chimeric mice 
that transmitted the YAC transgene 
through the germline (1 14). Once a YAC 
clone has been found that rescues the mu- 
tant, then all effort can be focused on such 

clones to identify transcription units and 
determine which gene encodes the muta- 
tion within the YAC clone. Currently, the 
most efficient method for identification of 
expressed sequences appears to be "exon 
amplification" (1 15-1 18) of cosmid or P1 
clones (1 19) derived from the YAC. Finally, 
mutations in individual candidate genes can 
be identified with single-strand conforma- 
tion polymorphism (SSCP) (120) or other 
methods (12 1 ) . The final proof that the gene 
has been identified is confirmed by expres- 
sion of the gene and rescue of the mutant 
phenotype in transgenic mice. 

Positional clonine of mutations can be .. 
an arduous task, but at least four mutations, 
Brachyury (T) (1 22), short ear (se) (1 23), 
agouti (a) (1 24, 125), and a mycobacterial 
resistance gene (Bcg) (126), have been 
cloned by this method in mice. In the case 
of the Brachyury and short ear genes, a large 
number of deletions were available to facil- 
itate physical mapping of the region. A 
radiation-induced inversion mutation with 
a breakpoint within the agouti locus was 
instrumental in cloning this gene. So far, 
only the Bcg gene has been cloned in the 
mouse solely by its map position with the 
use of "pure" genetics. 

In the near future, positional cloning 
methods will become even more powerful. 
The Whitehead Institute/MIT genetic map 
will be completed with a total of 6000 SSLPs 
by 1995. In addition, these 6000 SSLPs will 
be mapped on the European Collaborative 
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Interspecies Backcross (EUCIB) 
panel that has 1000 meioses and 
0.3-cM resolution (Box 2). Fur- 
thermore, a complete physical 
map of the mouse-genome in the form of 
STS-ordered YAC clones should be com- 
plete in about 3 to 5 years (26, 127). 
Ultimately, the human and mouse genomes 
are planned to be sequenced side by side 
(1 27) so that functional analysis rather than 
cloning will become the rate-limiting step in 
analyzing the genetics of behavior. 

Summary 

The single-gene approach can be success- 
fully applied to study behavior in the mouse 
with the use of both forward and reverse 
genetics. Both approaches have only re- 
cently been applied to the analysis of the 
mechanisms underlying behavior. Gene 
targeting provides a novel approach to 
study the functional role of identified genes 
in regulating behavior. Because it is clear 
that the genes for a large number of key 
molecules involved in neuronal signaling 
are targets for disruption in many laborato- 
ries, there will be no shortage of mutations 
to examine as candidates for behavioral 
analysis in the future. In a complementary 
manner, ENU mutagenesis and screening 
for behavioral mutants provides an efficient 
approach to identify previously unknown 
genes with the use of phenotype-driven 
methods. With behavior, this forward ge- 
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1 

netic approach could be especially powerful 
because in most cases the underlying mech­
anisms are unknown. Coupled together 
with the genetic and physical mapping re­
sources available from the "new mouse ge­
nomics" (Box 2), mutations defined by 
phenotype alone can be molecularly iden­
tified by the method of positional cloning. 
Thus, mouse genetics has entered a new 
era: it is now possible to study the "genom­
ics of behavior." 

REFERENCES AND NOTES 

1. S. Benzer, Proc. Natl. Acad. Sci. U.S.A. 58,1112 
(1967). 

2.. , Sci. Am. 229, 24 (December 1973). 
3. R. J. Greenspan, Semin. Neurosci. 2, 145 

(1990). 
4. Y. Dudai, Annu. Rev. Neurosci. 11, 537 (1988). 
5. J. C.' Hall, Science 264, 1702 (1994). 
6. R. J. Konopka, Annu. Rev. Genet. 21, 227 

(1987). 
7. J. C. Hall and C. P. Kyriacou, Adv. Insect Phys­

iol. 22, 221 (1990). 
8. B. E. Ginsburg, in. Techniques for the Genetic 
. Analysis of Brain and Behavior, D. Goldowitz, D. 

Wahlsten, R. E. Wimer, Eds. (Elsevier, New York, 
1992), pp. 3-14. 

9. J. Peters, M. C. Kirby, Y. M. Cocking, J. 
Rischmiller, ibid., pp. 67-91. 

10. R. D. Palmiter and R. L Brinster, Annu. Rev. 
Genet. 20, 465 (1986). 

11. R. Jaenisch, Science 240, 1468 (1988). 
12. D. Hanahan, ibid. 246, 1265 (1989). 
13. M. R. Capecchi, ibid. 244, 1288 (1989). 
14. A. L Joyner, Gene Targeting: A Practical Ap­

proach (Oxford Univ. Press, New York, 1993). 
15. W. L Russell etai, Proc. Natl. Acad. Sci. USA. 

76,5818(1979). 
16. E. M. Rinchikand L B. Russell, Genome Anal. 1, 

121 (1990). 
17. W. F. Dove, Genetics 116, 5 (1987). 
18. E. M. Rinchik, Trends Genet. 7, 15 (1991). 
19. E. M. Rinchik, D. A. Carpenter, P. B. Shelby, 

Proc. Natl. Acad. Sci. U.S.A. 87, 896 (1990). 
20. A. Shedlovsky, T. R. King, W. F. Dove, ibid. 85, 

180(1988). 
21. A. Shedlovsky, J. D. McDonald, D. Symula, W. F. 

Dove, Genetics 134, 1205 (1993). 
22. C. M. Hearne, S. Ghosh, J. A. Todd, Trends 

Genet. 8, 288 (1992). 
23. W. Dietrich etai, Genetics 131, 423 (1992). 
24. W. F. Dietrich et ai, Nature Genet, in press. 
25. N. G. Copeland etai, Science262, 57 (1993). 
26. V. M. Chapman etai, Mammal. Genome4, 293 

'(1993). 
27. J. Rossant, C. B. Moens, A. Nagy, Philos. Trans. 

R. Soc. London Ser. B 339, 207 (1993). 
28. M. R. Capecchi, Sci Am. 270, 52 (March 1994). 
29. A. L. Joyner and F. Guillemot, Curr. Opin. Neu-

robiol. 4, 37 (1994). 
30. A. J. Silva, C. F. Stevens, S. Tonegawa, Y. Wang, 

Science 257, 201 (1992). 
31. A. J. Silva, R. Paylor, J. M. Wehner, S. Tone­

gawa, ibid., p. 206. 
32. S. G. N. Grant etai, ibid. £58, 1903 (1992). 
33. H. Eichenbaum, T. Otto, N. J. Cohen, Behav. 

Neural Biol. 57, 2 (1992). 
34. R. G. M. Morris, E. Anderson, G. S. Lynch, M. 

Baudry, Nature 319, 774 (1986). 
35. D. V. Madison, R. C. Malenka, R. A. Nicoll, Annu. 

Rev. Neurosci. 14, 379 (1991). 
36. B. L. McNaughton, Annu. Rev. Physiol. 55, 375 

(1993). 
37. T. V. P. Bliss and G. L Collingridge, Nature 36J\, 

31 (1993). 
38. R. D. Hawkins, E. R. Kandel, S. A. Siegelbaum, 

Annu. Rev. Neurosci. 16, 625 (1993). 
39. C. F. Stevens, Cell 72/Neuron 10 (suppl.), 55 

(1993). 
40. E. M. Schuman and D. V. Madison, Annu. Rev. 

Neurosci. 17, 153 (1994). 
41. U. Frey, Y.-Y. Huang, E. R. Kandel, Science260, 

1661 (1993). 
42. C. Tanaka and Y. Nishizuka, Annu. Rev. Neuro­

sci. 17, 551 (1994). 
43. A. Abeliovich etai, Cell75, 1253 (1993). 
44. A. Abeliovich etai, ibid., p. 1263. 
45. H. Cremer et ai, Nature 367, 455 (1994). 
46. M. Mayford, A. Barzilai, F. Keller, S. Schacher, E. 

R. Kandel, Science 256, 638 (1992). 
47. T. W. Rosahl etai, Cell75, 661 (1993). 
48. P. Greengard, F. Valtorta, A. J. Czernik, F. Ben-

fenati, Science 259, 780 (1993). 
49. P. L Huang, T. M. Dawson, D. S. Bredt, S. H. 

Snyder, M. C. Fishman, Ce//75, 1273 (1993); T. 
J. O'Dell et ai, Science, in press. 

50. H. Bueler etai, Nature356, 577 (1992). 
51. Y. Li, R. S. Erzurumlu, C. Chen, S. Jhaveri, S. 

Tonegawa, Ce//76, 427 (1994). 
52. F. Hilberg, A. Aguzzi, N. Howells, E. F. Wagner, 

Nature 365, 179(1993). 
53. R. S. Johnson and B. van Lingen, Genes Dev. 7, 

1309(1993). 
54. R. S. Johnson, B. M. Spiegelman, V. Papaioan-

nou, Ce//71, 577 (1992). 
55. Z.-Q. Wang etai, Nature360, 741 (1992). 
56. Z. Qian, M. E. Gilbert, M. A. Colicos, E. R. 

Kandel, D. Kuhl, ibid. 361, 453 (1993). 
57. P. Carmellet etai, ibid. 368, 419 (1994). 
58. T. Yagi etai, ibid. 366, 742 (1993). 
59. S. G. N. Grant and A. J. Silva, Trends Neurosci. 

17, 71 (1994). 
60. R. Paylor, L. Baskall, J. M. Wehner, Psychobiol-

ogy2\, 11 (1993). 
61. L H. Hartwell, J. Culotti, J. R. Pringle, B. J. Reid, 

Science 183, 46(1974). 
62. L. H. Hartwell and T. A. Weinert; ibid. 246, 629 

(1989). 
63. M. R. Capecchi, Trends Genet. 5, 70 (1989). 
64. R. J. Greenspan, in (5), pp. 93-110. 
£5. B. M. Cattanach, M. D. Burtenshaw, C. Rasberry, 

E. P. Evans, Nature Genet. 3, 56 (1993). 
66. L. B. Russell etai, Proc. Natl. Acad. Sci. U.SA. 

86, 3704 (1989). 
67. E. M. Rinchik etai, ibid. 87, 1416 (1990). 
68. S. Hitotsumachi, D. A. Carpenter, W. L Russell, 

ibid. 82, 6619 (1985). 
69. J. Rossant and N. Hopkins, Genes Dev. 6, 1 

(1992). 
70. A. Shedlovsky, J.-L Guenet, L L Johnson, W. F. 

Dove, Genet. Res. 47, 135 (1986). 
71. J. D. McDonald, V. C. Bode, W. F. Dove, A. 

Shedlovsky, Proc. Natl. Acad. Sci. U.SA. 87, 
1965 (1990). 

72. M. H. Vitaterna etai, Science264, 719 (1994). 
73. J. S. Takahashi, Curr. Opin. Neurobiol. 1, 556 

(1991). 
74. , Curr. Opin. Genet. Dev. 3, 301 (1993). 
75. D. C. Klein, R. Y. Moore, S. M. Reppert, Eds., 

Suprachiasmatic Nucleus: The Mind's Clock 
(Oxford Univ. Press, New York, 1991). 

76. J. H. Meijer and W. J. Rietveld, Physiol. Rev. 69, 
671 (1989). 

77. M. Rosbash and J. C. Hall, Neuron3,387 (1989). 
78. J. C. Hall, Annu. Rev. Genet. 24, 659 (1990). 
79. J. C. Dunlap, Annu. Rev. Physiol. 55, 683 (1993). 
80. P. E. Hardin, J. C. Hall, M. Rosbash, Nature 343, 

536 (1990). 
81. P. E. Hardin, J. C. Hall, M. Rosbash, Proc. Natl. 

Acad. Sci. U.SA. 89, 11711 (1992). 
82. I. Edery, J. E. Rutila, M. Rosbash, Science 263, 

237 (1994). 
83. B. D. Aronson, K. A. Johnson, J. J. Loros, J. C. 

Dunlap, ibid., p. 1578. 
84. C. S. Pittendrigh and S. Daan, J. Comp. Physiol. 

106, 223 (1976). 
85. W. J. Schwartz and P. Zimmerman, J. Neurosci. 

10, 3685 (1990). 
86. C. S. Pittendrigh, in The Neurosciences Third 

Study Program, F. C. Schmitt and F. G. Worden, 
Eds. (MIT Press, Cambridge, MA, 1974), p. 437. 

87. G. R. Lynch and C. B. Lynch, in (8), pp. 251-
268. 

88. S. D. Tanksley, Annu. Rev. Genet. 27, 205 
(1993). 

89. J. A. Todd etai, Nature351, 542 (1991). 

90. H. J. Jacob etai, Nature Genet. 2, 56 (1992). 
91. H. J. Jacob etai, Cell67, 213 (1991). 
92. M. L Rise, W. N. Frankel, J. M. Coffin, T. N. 

Seyfried, Science 253, 669 (1991). 
93. P. E. Neumann and R. L Collins, Proc. Natl. 

Acad. Sci. USA. 88, 5408 (1991). 
94. W. F. Dietrich etai, Cell75, 631 (1993). 
95. C. Nusslein-Volhard and E. Wieschaus, Nature 

287, 795 (1980). 
96. M. C. Mullins, M. Hammerschmidt, P. Haffter, C. 

Nusslein-Volhard, Curr. Biol. 4, 189 (1994). 
97. W. Driever, D. Stemple, A. Schier, L. Solnica-

Krezel, Trends Genet. 10, 152 (1994). 
98. J. Ewer, B. Frisch, M. J. Hamblen-Coyle, M. 

Rosbash, J. C. Hall, J. Neurosci. 12, 3321 
(1992). 

99. M. R. Ralph and M. Menaker, Science 241,1225 
(1988). 

100. M. R. Ralph, R. G. Foster, F. C. Davis, M. 
Menaker, ibid. 247, 975 (1990). 

101. F. S. Collins, Nature Genet. 1, 3 (1992). 
102. T. R. King, W. F. Dove, J.-L. Guenet, B. G. 

Herrmann, A. Shedlovsky, Mammal. Genome 1, 
37 (1991). 

103. D. T. Burke, G. F. Carle, M. V. Olson, Science 
236, 806 (1987). 

104. D. L Nelson and B. H. Brownstein, Eds., YAC 
Libraries: A User's Guide (W. H. Freeman, New 
York, 1994). 

105. Z. Larin, A. P. Monaco, H. Lehrach, Proc. Natl. 
Acad. Sci. USA. 88, 4123 (1991). 

106. F. L Chartier etai, Nature Genet. 1,132 (1992). 
107. K. Kusumi, J. S. Smith, J. A. Segre, D. S. Koos, E. 

S. Lander, Mammal. Genome 4, 391 (1993). 
108. B. Birren and E. Lai, Pulsed Field Gel Electro­

phoresis: A Practical Guide (Academic Press, 
San Diego, 1993). 

109. M. Olson, L Hood, C. Cantor, D. Botstein, Sci­
ence 245, 1434(1989). 

110. E. D. Green and M. V. Olson, ibid. 250, 94 
(1990). 

111. R. D. Cox et ai, Methods Enzymol. 225, 637 
(1993). 

112. G. Zehetner and H. Lehrach, Nature 367, 489 
(1994). 

113. A. Schedl, L Montoliu, G. Kelsey, G. Schiitz, 
ibid. 362, 258 (1993). 

114. W. M. Strauss etai, Science259, 1904 (1993). 
115. G. M. Duyk, S. Kim, R. M. Myers, D. R. Cox, Proc. 

Natl. Acad. Sci. USA. 87, 8995 (1990). 
116. A. J. Buckler etai, ibid. 88, 4005 (1991). 
117. M. A. North et ai, Mammal. Genome 4, 466 

(1993). 
118. D. M. Church etai, Nature Genet. 6, 98 (1994). 
119. J. C. Pierce, N. Sternberg, B. Sauer, Mammal. 

Genome 3, 550 (1992). 
120. D. R. Beier, ibid. 4, 627 (1993). 
121. I. Dianzani, C. Camaschella, A. Ponzone, R. G. 

H. Cotton, Trends Genet. 9, 403 (1993). 
122. B. G. Herrmann, S. Labiet, A. Poustka, T. R. 

King, H. Lehrach, Nature 343, 617 (1990). 
123. D. M. Kingsley etai, Ce//71, 399 (1992). 
124. S. J. Bultman, E. J. Michaud, R. P. Woychik, 

ibid., p. 1195. 
125. M. W. Miller etai, Genes Dev. 7, 454 (1993). 
126. S. M. Vidal, D. Malo, K. Vogan, E. Skamene, P. 

Gros, Cell 73, 469(1993). 
127. F. Collins and D. Galas, Science 262, 43 (1993). 
128. M. W. Festing, in Genetic Variants and Strains of 

the Laboratory Mouse, M. F. Lyon and A. G. 
Searle, Eds. (Oxford Univ. Press, New York, 
1989), pp. 636-648. 

129. M. F. Lyon, ibid., pp. 632-635. 
130. J. Klein, P. W. Lane, M. F. Lyon, ibid., pp. 

797-842. 
131. B. A. Taylor, ibid., pp. 773-796. 
132. D. W. Bailey, Transplantation 11, 325 (1971). 
133. B. Hogan, R. Beddington, F. Constantini, E. 

Lacey, Manipulating the Mouse Embryo, A Lab­
oratory Manual (Cold Spring Harbor Laboratory 
Press, Plainview, NY, 1994). 

134. D. Botstein, R. L. White, M. Skolnick, R. W. Davis, 
Am. J. Hum. Genet. 32, 314 (1980). 

135. J. L. Weber and P. E. May, ibid. 44, 388 (1989). 
136. A. R. Coulson, J. Sulston, S. Brenner, J. Karn, 

Proc. Natl. Acad. Sci. U.S.A. 83, 7821 (1986). 

1732 SCIENCE • VOL.264 • 17 JUNE 1994 



137. C. Robinson, Trends Biotechnol. 10, 1 (1992). 150. L. B. Rowe et a/., Mammal. Genome 5, 253 160. D. P. Hill and W. Wurst, Methods 
138. N. D. Hastie, in (128), pp. 559573. (1 994). Enzymol. 225, 664 (1 993). 
139. B. A. Rikke and S. C. Hardies, Genomics 11,895 151. M. Breen etal., Hum. Mol. Genet 3, 621 (1994). 161. G. Friedrich and P. Soriano, ibid., p. 

(1991). 152. B. A. Taylor, in Origins of Inbred Mice, H. Morse, 681. 
140. J. H. Nadeau, Trends Genet 5, 82 (1989). Ed. (Academic Press, New York, 1978), pp. Special thanks are due tow. F. Dove, 
141. a n d  A. H. Reiner, in (128), pp. 506-5136. 423-438. whose wisdom and influence are 
142. A. H. Paterson et a/., Nature 335, 721 (1 988). 53, E. S, Lander et G~~~~~~~ 74 987). throughout this paper. We thank E. R. Kandel, S. 
143. R. W. Williams, Mammal. Genome, in press. Tonegawa, E. S. Lander, S. Brown, N. A. Jenkins, 
144, R, P, woychik, J, S, wassom, D, ~ i ~ ~ ~ b ~ ~ ,  154. K. F. Manly, Mammal. Genome 4, 303 (1993). N. G. Copeland, K. Manly, M. Barter, L. Rowe, J. 

Nature 363, 375 (1 993). 155. W. L. Russell, Proc. Natl. Acad. Sci. U.S.A. 48, 
1 724 (1 962). 

Eppig, and R. W. Williams for advice and com- 
,145. D. Benson, D. J. Lipman, J. Ostell, NucleicAcids ments; and our colleagues in the NSF Center for 

Res. 21, 2963 (1993). 156. , Nucleonics 23, 53 (1 965). Biological Timing for their support. Supported by 
146. P. Avner, L. Amar, L. Dandolo, J.-L. Guenet, 157. P. B. Selby, in The Mouse in Biomedical Re- a grant from the MacArthur Foundation Network 

Trends Genet 4, 18 (1 988). search, H. L. Foster, J. D. Small, J. G. Fox, Eds. on Depression, the NSF Center for Biological 
147. M. F. Seldin etal., J. h p .  Med. 167, 688 (1988). (Academic Press, New York, 1981), vol. I, pp. Timing, a State of Illinois HECA award (J.S.T., F. 
148., M. Danciger, D. B. Farber, M. Peyser, C. A. 264-284. W. Turek, and L.H.P.), NIH grants MH39592, 

Kozak, Genomics 6,428 (1 990). 158. T. Gridley, P. Soriano, R. Jaenisch, Trends Gen- MH49241, and EY08467 (J.S.T.), and postdoctor- 
149. M. Danciger, D. B. Faber, C. A. Kozak, ibid. 16, et. 3, 162 (1 987). al training awards T32 NS07140 and T32 

361 (1993). 159. M. H. Meisler, ibid. 8, 341 (1992). DC00015 (M.H.V.). 

especially in psychiatry, that a reminder is The Genetic Bas is of C O ~  P ~ X  warranted ,bout how environmentalistic 

Human Behaviors 
Robert Plomin, Michael J. Owen, Peter McGuffin 

Quantitative genetic research has built a strong case for the importance of genetic factors 
in many complex behavioral disorders and dimensions in the domains of psychopathology, 
personality, and cognitive abilities. Quantitative genetics can also provide an empirical 
guide and a conceptual framework for the application of molecular genetics. The success 
of molecular genetics in elucidating the genetic basis of behavioral disorders has largely 
relied on a reductionistic one gene, one disorder (OGOD) approach in which a single gene 
is necessary and sufficient to develop a disorddr. In contrast, a quantitative trait loci (QTL) 
approach involves the search for multiple genes, each of which is neither necessary nor 
sufficient for the development of a trait. The OGOD and QTL approaches have both 
advantages and disadvantages for identifying genes that affect complex human behaviors. 

T h e  received wisdom of the behavioral 
sciences concerning the importance of "na- 
ture" (genetics) and "nurture" (environ- 
ment) in the origins of behavioral differ- 
ences among people has changed dramati- 
cally during the past few decades. Environ- 
mentalism, which attributes all that we are 
to nurture, peaked in the 1950s. A more 
balanced view that considers both nature 
and nurture swept into psychiatry in the 
1960s and 1970s. Although this balanced 
view has been slower to reach some realms 
of psychology, there are signs that it has 
arrived. For example, at its centennial meet- 
ing in 1992, the American Psychological 
Association identified genetics as one of the 
themes that best represent the present and 
especially the future of psychology (1). 

Behavioral genetic research began in the 
1920s with inbred strain and selection stud- 
ies of animal behavior and family, twin, and 

adoption studies of human behavior (2). 
These quantitative genetic designs assess the 
"bottom line" of transmissible genetic effects 
on behavior, regardless of the number of 
genes involved, the complexity of their in- 
teractions, or the influence of nongenetic 
factors. As discussed in the first part of this 
article, quantitative genetic research has 
built a strong case for the importance of 
genetic factors in many complex dimensions 
and disorders of human behavior. 

Although more quantitative genetic re- 
search is needed, the future of behavioral 
genetics lies in harnessing the power of 
molecular genetics to identify specific genes 
for complex behaviors. In the second part of 
this paper, initial successes are described and 
research strategies are discussed. Although 
more powerful methods and results are avail- 
able for the investigation of animal than 
human behavior, animal work is discussed in 
accompanying articles in this issue. 

R. Plomin is director of the Center for Developmental 
and Health Genetics, Pennsylvania State University, 
University Park, PA 16802, USA. M. J. Owen is in the 
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P. McGuffin is chair of the Department of Psychiatry, 
University of Wales College of Medicine, Cardiff, of genetic factors in the behavioral sciences 
Wales CF4 4XN, UK. has occurred so rapidly and thoroughly, 

the behavioral sciences were, even in the 
1960s. For example, the major explanation 
for schizophrenia was abnormal parenting. 

Adoption studies were pivotal in leading 
psychiatrists to consider nature as well as 
nurture. Schizophrenia was known to run 
in families, with a risk of 13% for offspring 
of schizophrenic parents, 13 times the pop- 
ulation rate of about 1% (3). Adoption 
experiments allow a determination of 
whether schizophrenia runs in families for 
reasons of nature or of nurture. In a classic 
study, Heston (4) examined the offspring of 
schizophrenic mothers who had been 
adopted at birth and compared their rate of 
schizophrenia to a control group of adopted 
offspring. Of the 47 adopted-away offspring 
of schizophrenic mothers, 5 were diagnosed 
as schizophrenic, as compared to none of 
the 50 control adoptees. Indeed, the risk of 
schizophrenia for the adopted-away off- 
spring of schizophrenic mothers is the same 
as the risk for individuals reared by a schizo- 
phrenic parent. 

These findings implicating substantial 
genetic influence in schizophrenia have 
been replicated and extended in other 
adoption studies, and they confirm the re- 
sults of twin studies that show greater con- 
cordance for identical twins (about 45%) 
than fraternal twins (about 15%) (3). This 
twin method is a natural experiment in 
which the phenotypic resemblance for pairs 
of genetically identical individuals [identi- 
cal, monozygotic (MZ) twins] is compared 
to the resemblance for pairs of individuals 
whose coefficient of genetic relationship is 
only 0.50 [fraternal, dizygotic (DZ) twins]. 

The convergence of evidence from fam- 
ily, twin, and adoption designs--each with 
distinct assumptions-provides the most 
convincing argument for the importance of 
genetic factors in behavioral traits. 

Behavioral disorders. Evidence for genetic 
influence has been found for nearly all 
behavioral disorders that have been inves- 
tigated (5). Figure 1 summarizes the results 
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