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he intellectual paths some scientists

have followed toward behavioral ex-
perimentation have traversed the physical
sciences, as well as biology and other
academic territories. Those who have
studied physics may well be disposed to
strive for a universal lawfulness, expressed
quantitatively, in the demonstration of
stimulus-response connections. This en-
deavor can be hard, because of the com-
plexity of some stimuli and certain behav-
ioral responses and because of the need to
recognize and control the relevant envi-
ronmental variables.

Even harder is the delineation of causal
relations between particular genes and
specific behaviors (1). The pleiotropy of
individual genes and overlapping func-
tions between genes make trouble to begin
with. Our lack of understanding of mech-
anisms for penetrance of dominant alleles
make it difficult to construct meaningful
gene dose/response relationships (2). In-
terpretations of gene knockout data can
stumble over unexpected compensa-
tions, effects on other gene products,
altered endocrine and neuronal feed-
back loops, and a lack of control over
the temporal and spatial impact of the
genetic manipulation.

Nevertheless, a significant body of
mouse behavior genetics that depends on
modern molecular manipulations has
emerged. When the experimenter chooses
well-controlled stimuli and biologically
important responses of enough simplicity,
and their connections are driven by iden-
tified neuroendocrine or neurochemical
influences of sufficient power, reliable
and interesting knowledge can be gained.
Therefore, it was surprising when Crabbe
et al. (3) reported that they got somewhat
different results on different campuses
during analyses of mouse strain differ-
ences in behavior. More disturbing were
the echoes in secondary sources that
seemed to reinforce an old stereotype that
many behavioral results are unreliable.
Thus, I have collected here just a few
examples of recent bodies of behavioral
data, reliable products of a new mouse
functional genomics.

Mutations with Motor Performance
Phenotypes

Brutally clear are the effects of genes
whose alterations lead to developmental
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pathologies in the cerebellum or other
sensory-motor control regions. A deletion
within the RORa gene produces the stag-
gerer mouse, showing abnormalities in cer-
ebellar Purkinje cells associated with se-
vere motor ataxia (4). This phenotype can
be contrasted with the whole-body action
tremors characteristic of the vibrator
mouse (5). Here the pathology is due to a
retroposon insertion in an intron of the
phosphatidylinositol transfer proten «
gene, preventing a normal accumulation
of its RNA.

Fletcher and his colleagues (6, 7) found
that mutation of the subunit of a voltage-
gated calcium channel could produce the
tottering phenotype, which includes both
ataxia and paroxysmal dyskinesis. Lurcher
is a mutation that causes postnatal abnor-
malities in the mouse cerebellum. The
heterozygotes live long enough to display
an unsteady, swaying gait and a tendency
to walk backward (8, 9). The weaver
mouse, which suffers from severe ataxia, is
a result of a substitution of a serine for a
glycine in a G protein-gated inwardly rec-
tifying potassium channel (10, 11).

Genes for Nuclear Receptors

Predicted from neural and molecular
analysis (12), the complete loss of normal
female reproductive behavior after a func-
tional knockout of the classical estrogen
receptor gene (ER-«), initially was re-
ported as early as 1996 (13). That discov-
ery has been thoroughly replicated (14)
and extended by the use of ovariectomized
female mice given controlled administra-
tions of estradiol and progesterone, and
then assayed for sexual and aggressive
behaviors (15). Overall, comparing results
of mice bearing the ER-a knockout with
those bearing a knockout of the novel
ER-pB gene, it has become apparent that
different patterns of mating responses
require different patterns of ER gene
activation (16).

Genes for Neuropeptides and Their
Receptors

Behavioral studies of oxytocin knockout
and vasopressin receptor transgenic mice
provide excellent examples of experiments
using simple, quantifiable behaviors that
examine the role of these genes in the
regulation of social behaviors. Oxytocin is
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a neuropeptide associated with various
aspects of affiliative behaviors, social at-
tachment, and social memory. For exam-
ple, pharmacological studies have demon-
strated a role for oxytocin in the formation
of long-lasting pairbonds in monogamous
rodent species and it is involved in the
olfactory memory of the ewe for her lamb
(17, 18). Results with the oxytocin knock-
out mice have shown a role for the oxy-
tocin gene in modulating social behavior.
Male oxytocin knockout mice fail to dis-
play social recognition (19). They do not
have the ability to recognize individuals
that they have previously encountered.
Although wild-type (WT) and oxytocin
knockout mice spend similar amounts of
time investigating a novel female, WTs
consistently exhibit a decline in olfactory
investigation after repeated exposures to
the same female, whereas oxytocin knock-
out males do not. A variety of control
experiments proved that the memory def-
icit was specific for the recognition of
socially relevant odors.

Social recognition in oxytocin mutant
mice can be restored by a single injection
of oxytocin into the brain just before the
initial exposure, demonstrating that the
deficit in social recognition was not due to
a neurological problem caused by the lack
of oxytocin during development. Con-
versely, a specific oxytocin receptor an-
tagonist prevents social recognition in
WT mice (19). More recent studies in
these mice have used c-Fos immunocyto-
chemistry to identify a region of the amyg-
dala that fails to become activated in the
oxytocin knockout mice, compared with
WT mice, during a social encounter.
Pharmacological studies have demon-
strated that injection of picogram
amounts of peptide directly into this re-
gion, which is rich in oxytocin receptors,
fully restores social recognition. Thus, the
behavioral phenotype of these mice has
remained consistent among several types
of experiments.

Developmental behavioral studies in
these mice also have produced results
consistent with pharmacological data. Ro-
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Representative wheel-running activity record of a C57BL/6J mouse. By convention, activity

records are double-plotted with 48 hr across, so that each day’s record is both to the right of and beneath
the preceding day. Times of activity are indicated by black marks; the height of the mark indicates the
intensity of activity. For the first 7 days shown, the mouse was kept on a light/dark cycle as illustrated by
the bar above the activity record. Activity onset occurs very near the time of lights-off, providing a precisely
timed behavioral indication of the beginning of night, or a phase reference point. In the absence of a
light/dark cycle to provide time cues, activity onset acts as a precise phase reference point, indicating the
beginning of the animal’s subjective night. In the record shown after 7 days, lights were allowed to go out
at the usual time, but not to come on the following morning. In continuous darkness, the cycle of activity
persists, but with a period slightly less than 24 hr, resulting in the slope to the left. (Figure kindly supplied
by Martha Hotz Vitaterna and Joseph S. Takahashi, Northwestern University, Evanston, IL.)

dent pups emit ultrasonic vocalizations
when separated from their mother. Oxy-
tocin decreases the numbers of isolation
calls in rat pups, which has led to the hy-
pothesis that oxytocin produces the calming
effects of social contact, and therefore de-
creases the numbers of calls (21). Oxytocin
knockout pups produce significantly fewer
ultrasonic calls protesting isolation com-
pared with WT pups (22).

Vasopressin, with only two of nine
amino acids different from oxytocin (per-
haps resulting from a gene duplication),
also has been implicated in the regulation
of social behaviors (23). Vasopressin fa-
cilitates pair bonding in monogamous
prairie voles and increases social interac-
tions in this highly social species (18).
Interestingly, montane voles, which are
nonmonogamous and less social, have
similar levels of vasopressin, but differ in
the neuroanatomical distribution of vaso-
pressin receptor gene expression (24).
Transgenic mice were created by using a
genomic vasopressin receptor clone con-
taining the 5’ flanking region of the prai-
rie vole (25). These mice displayed a pat-
tern of vasopressin receptor expression
that was remarkably similar to that of the
prairie voles, but quite distinct from WT
mice. When treated with vasopressin, the
transgenic mice displayed an elevation in
the duration of social contact, exactly as
occurs in prairie voles. In contrast, the
identical vasopressin treatment had no
effect on social contact in WT mice. This
experiment has provided strong proof for
the association between localized expres-
sion of a gene and social behavior.

Galanin. Recently, galanin-overexpressing

transgenic mice have been shown to dis-
play cognitive deficits, e.g., in the Morris
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water maze, which could be considered
reminiscent of Alzheimer’s disease symp-
toms (26). These findings have been rep-
licated within the same batch of mice at
three ages and are consistent with well-
documented pharmacologic results in
which galanin has been administered in-
traventricularly (27-29). Within and be-
tween labs, galanin molecular pharmacol-
ogy seems to exhibit a high degree of
reliability.

Enkephalin. A collaborative study involving
three laboratories examined mice with
knockout of a gene for the opioid peptide
enkephalin (30). Three different pha-
lanxes of knockout and WT mice were
assayed, over a period of 18 months, in-
cluding different seasons of the year. In
every epoch of testing, the knockout mice
displayed exaggerated responses to situa-
tions evoking fear or anxiety. In fact, the
enkephalin knockout mouse may com-
prise a useful genetic model of chronic
fear and anxiety. While the results were
being written up, the authors learned of a
paper by Filliol ef al. (31) analyzing the
phenotype of mice with knockouts of the
delta opioid receptor. This is the neu-
ropeptide receptor through which only
enkephalins can act effectively. The great
similarity of results with the delta opioid
receptor knockout to those obtained with
the enkephalin knockout further sup-
ported the reliability of findings in this
important area of neurobiology.

Genes for Neurotransmitter Receptors

Dopamine Receptors. A useful example of
the need for careful and complex thinking
about the analysis of a seemingly simple
behavior is the effect of loss-of-function
dopamine D2 receptor mutations on lo-
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comotor activity. Baik et al. (32) reported
the first D2R knockout mouse strain. Grid
crossings were reduced to such a degree
that the mice were nearly akinetic, con-
sistent with the phenotype predicted by
pharmacological blockade of D2 recep-
tors, and prompting the eponymic descrip-
tion “Parkinsonian-like.” Kelly et al. (33,
34) generated a second strain of D2R
knockout mice. Their data indicated a
more subtle locomotor dysfunction char-
acterized by a 50% reduction in horizontal
distance traveled over a 30-min period,
which could largely be attributed to de-
creased initiation of bouts of locomotor
activity, particularly in the earlier blocks
of time when the testing environment was
the most novel (or unfamiliar). This group
further reported that the nominal dis-
tanced traveled by D2R knockout mice
highly depended on genetic background
(greatest on the active C57BL/6 strain and
least on the indolent 19S6 strain) although
the percentage reduction from controls of
the same background remained constant
at 50%.

The mutations introduced into the D2dr
gene by each laboratory differed in the
choice of deleted exon. Although both
groups showed comparable evidence for a
functionally null allele by the loss of spe-
cific radioligand binding (32, 33, 35), ab-
sence of receptor imunoreactivity with
specific antisera and associated neuro-
chemical alterations such as increased stri-
atal enkephalin expression (32, 35) the
possibility exists that either mutant allele
might express some cryptic receptor frag-
ment that subtly alters function by mech-
anisms such as receptor heterodimeriza-
tion. Further, genetic background of the
original F, animals differed, and housing/
environmental circumstances were differ-
ent between laboratories.

Since these initial publications, both
strains of mice have been used in many
other collaborative studies that have in-
cluded additional behavioral analyses.
These data reveal a pattern of striking
agreement among the results from multi-
ple investigators. Basal activity was con-
sistently decreased ~50% in all of these
studies, and the differences between
D2dr—/— and D2dr+/+ mice were
greatest when the mice were tested under
the more stressful conditions of a novel
environment and nearly disappeared
when testing was performed in familiar
environments or after habituation (35—
38). Finally, with D2dr mutants in the
Waddington laboratory (39), the same set
of ethologically based procedures was
used to study the two strains of mice and
found essentially identical profiles of be-
haviors within the natural repertoire of
the species, including initial modest reduc-
tions in locomotion.
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Serotonin (5-HT) Receptors. In 1998 three
groups reported the generation of a
5-HT1A receptor knockout mouse on dif-
ferent strain backgrounds (ref. 40, Swiss—
Webster background; ref. 41, 129sv back-
ground; ref. 42, C57 background). All
three groups reported that the mutant
mice demonstrate consistently enhanced
anxiety-type behaviors alongside reduced
immobility in the forced swim test (40) or
tail suspension test (41, 42), indicating an
antidepressant-like effect. These data in-
dicate that the phenotype may not be
significantly affected by genetic modifiers.
It should be noted that other 5-HT recep-
tor genes may not be as easy to deal with
as the 5-HT1A receptor.

Nitric Oxide Synthase

To examine the specific behavioral roles of
neuronal NO synthase (nNOS), homolo-
gous recombination was used to create
nNOS gene knockout (nNOS—/—) mice.
The combination of the missing nNOS gene
and isolated housing conditions facilitated
extreme aggressiveness when the animals
were subsequently housed in groups of five.
Male nNOS—/— residents engaged in 3-4
times more aggressive encounters than WT
mice in the intruder-resident model (43).
Nearly 90% of the aggressive encounters
were initiated by the nNOS—/— animals.
Similar results were obtained in diadic or
group encounters in neutral arenas. In all
test situations, male nNOS—/— mice rarely
displayed submissive behaviors.
Behavioral studies of mice with tar-
geted deletion of specific genes suffer
from the criticism that the gene product is
not only missing during the testing period,
but missing throughout development
when critical ontogenetic processes, in-
cluding activation of compensatory mech-
anisms, may be affected (44). To address
this criticism, mice were treated with
7-nitroindazole (7-NI) (50 mg/kg ip) that
specifically inhibits nNOS formation in
vivo (45). Mice treated with 7-NI dis-
played substantially increased aggression
in two different tests of aggressiveness as
compared with control animals (45). Drug
treatment did not affect nonspecific loco-
motor activities. Importantly, NOS activ-
ity in brain homogenates was reduced
>90% in 7-NI-treated mice. Similarly, im-
munohistochemical staining for citrulline
revealed a dramatic reduction in 7-NI-
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treated animals (45). These pharmacolog-
ical results confirm and extend the results
obtained in nNOS—/— mice.

Plasma androgen concentrations influ-
ences aggression. nNOS—/— and WT
mice do not differ in blood testosterone
concentrations either before or after ag-
onistic encounters (43). However, recent
data on castrated nNOS—/— males sug-
gest that testosterone is necessary, if not
sufficient, to promote increased aggres-
sion in these mutants (46). Castrated
nNOS—/— mice displayed low levels of
aggression that was equivalent to the re-
duced aggression observed among cas-
trated WT males. Androgen-replacement
therapy restored the elevated levels of
aggression in nNOS—/— mice. Elevated
aggression in nNOS—/— males was con-
tingent on individual housing, and aggres-
sion increased lawfully in response to ag-
gressive experience (47).

Recently, the excessive aggressiveness
and impulsiveness of nNOS knockout mice
was shown to be caused by selective decre-
ments in 5-HT turnover and deficient
5-HT(1A) and 5-HT(1B) receptor function
in brain regions regulating emotion (47).
The consistently high levels of aggression
observed in nNOS—/— mice could be re-
versed by 5-HT precursors and by treatment
with specific 5-HT 4 and 5-HT;p receptor
agonists. Taken together, these results indi-
cate an important role for NO in normal
brain 5-HT function and may have signifi-
cant implications for the treatment of psy-
chiatric disorders characterized by aggres-
siveness and impulsivity.

For comparison, endothelial NO synthase
(eNOS)—/— mice were tested by using two
behavioral paradigms (48). In the resident-
intruder paradigm, eNOS—/— mice dis-
played virtually no aggressive encounters
and a dramatically decreased duration of
aggression relative to WT mice. Second,
when tested in a neutral arena with a WT
stimulus male, eNOS—/— mice displayed
many fewer attacks and a greatly increased
latency to attack the stimulus male relative
to WT mice (48). Thus, the two isoforms of
NOS have balanced, opposite effects: to
increase (eNOS) and decrease (nNOS) ag-
gressive behavior.

Circadian Behaviors

Circadian rhythms are one of the best
examples of precision in mouse behavior.
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Wheel-running behavior in mice is exquis-
itely timed (e.g., Fig. 1). The daily onset of
activity varies less than a few minutes per
cycle (=0.2%), and the circadian period of
a normal mouse in constant darkness can
be accurately measured by recording
many cycles in a cumulative manner.
These quantitative features allowed Taka-
hashi and his colleagues (49) to use this
behavior to mutagenize, screen, and iso-
late the circadian Clock mutation in mice.
The Clock mutant mouse then was used to
positionally clone the Clock gene using
both transgenic rescue and molecular
analysis (50, 51). In addition to these
single-gene experiments, mouse circadian
behavior will be useful for analyzing more
subtle features such as strain differences
and quantitative trait loci.

Outlook

Surely the behavioral aspects of functional
genomics can fall prey to the complexities
of modifier genes and subtle environmen-
tal variables. Effects of genetic back-
ground, strain differences, and cosegre-
gating genes may be encountered even in
straightforward neurochemical/behav-
ioral systems (refs. 52 and 53; cf. refs.
54-56). As well, a familial pattern of be-
havior change can be routed through non-
genomic transmission, which depends on
variations in maternal care (57). Never-
theless, when the right level of neurobio-
logical problem is identified—simple
enough to be analyzable, while still em-
bodying emergent behavioral phenome-
na—an interesting science of behavior ge-
netics comes forth. In 1941 and 1942
Beadle and Tatum (20, 58), working with
fungus Neurospora, made discoveries that
yielded the classical “one gene-one en-
zyme” hypothesis. It may fairly be said
that modern neurobiologists are strug-
gling to move one step beyond Beadle and
Tatum, to show patterns of genes control-
ling patterns of behavioral responses. In
sum, the findings quoted above amply
illustrate that when experimenters have
control over the relevant variables, reli-
ability and precision can be expected in
this area of functional genomics, the de-
lineation of causal relations between par-
ticular genes, and mouse behavioral
responses.
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