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Human chromosome 22q11.2 has been implicated in various be-
havioral abnormalities, including schizophrenia and other neuro-
psychiatric/behavioral disorders. However, the specific genes
within 22q11.2 that contribute to these disorders are still poorly
understood. Here, we show that an ~200-kb segment of human
22q11.2 causes specific behavioral abnormalities in mice. Mice that
overexpress an ~200-kb region of human 22q11.2, containing
CDCrel, GP1BB, TBX1, and WDR14, exhibited spontaneous sensiti-
zation of hyperactivity and a lack of habituation. These effects
were ameliorated by antipsychotic drugs. The transgenic mice
were also impaired in nesting behavior. Although Tbx17 has been
shown to be responsible for many physical defects associated with
22g11.2 haploinsufficiency, Thx1 heterozygous mice did not dis-
play these behavioral abnormalities. Our results show that
the ~200-kb region of 22g11.2 contains a gene(s) responsible
for behavioral abnormalities and suggest that distinct genetic
components within 22q11.2 mediate physical and behavioral
abnormalities.
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he genetic abnormality in 22q11.2 is better delineated than

those of most human chromosomal loci that have been
implicated in neuropsychiatric and behavioral disorders. Higher-
than-expected rates of schizophrenia and other neuropsychiatric
disorders are seen in adult patients with 1.5- to 3-Mb haploin-
sufficiency (i.e., deletion) in 22q11.2 (1-7). Reciprocal duplica-
tion of the same chromosomal region also has been identified,
and these individuals exhibit impulsivity, aggression, opposi-
tional defiant disorder, social immaturity, short attention spans,
attention deficit disorder, and cognitive deficits (§—12). Because
most of these individuals are infants or children at present, their
neuropsychiatric disorders have not been fully characterized.
However, preliminary data show that individuals with duplica-
tions also suffer from neuropsychiatric disorders (9, 12).

It remains poorly understood precisely how a gene or set of
genes within 22q11.2 contributes to these behavioral phenotypes.
In non-duplication/deletion cases, polymorphisms of various
genes residing in 22q11.2 have been associated with schizophre-
nia and related behavioral and cognitive defects (13, 14). For
example, a high activity allele of catechol-O-methyl-transferase
(COMT) is associated with a heightened risk for schizophrenia
in humans (15). As for 22q11.2 deletion cases, haploinsufficiency
is associated with prepulse inhibition (PPI) deficits in humans
(16), and a comparable deficit is seen in mice with a relatively
large 1-Mb heterozygosity, including 19 genes of the mouse
synteny of human 22q11.2 (17). Mice defective for either Prodh
(proline dehydrogenase) or ZdhhcS8 (zinc finger, DHHC-type
containing 8) exhibit much weaker PPI deficits (18, 19). Given
the presumed polygenetic nature of neuropsychiatric disorders
and the weak PPI deficits observed in Prodh- and ZdhhcS-
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deficient mice, it is likely that other 22q11.2 genes contribute to
behavioral abnormalities.

Another critical issue is whether the same set of genes
contributes to the behavioral and physical abnormalities ob-
served in response to 22q11.2 deletion and duplication. Patients
with 22q11.2 deletions and duplications also show physical
abnormalities encompassing the cardiovascular, velophargyn-
geal, and ear systems. 7bx/ (T-box 1), a 22q11.2 gene encoding
a T-box transcription factor, is responsible, at least in part, for
most of these physical defects (20-29), but it is not known
whether this gene also mediates behavioral abnormalities.

We have identified an ~200-kb region of human 22q11.2,
which includes CDCrel (cell division control-related protein 1),
GPIBB (glycoprotein Ib, B polypeptide), TBXI, and WDRI4,
that, when overexpressed in mice, is associated with sensitized
hyperactivity and lack of habituation. These effects are reversed
when mice are treated with antipsychotic drugs. The transgenic
(TG) mice also exhibited defects in nesting behavior. Although
heterozygosity of ThxI is associated with many physical abnor-
malities in mice (20-22, 24, 26-28), Tbx! heterozygous mice did
not exhibit such behavioral abnormalities. Our data suggest that
this ~200-kb region of 22q11.2 contains one or more genes that
are responsible for some behavioral disorders associated with
22q11.2 duplications, and that heterozygosity of 7bxI alone is not
responsible for all behavioral abnormalities in 22q11.2 deletion
cases.

Materials and Methods

Mice. Transgenic mice carrying 8—10 copies (BAC316.23, coiso-
genic FVB background) or 1-2 copies (BAC316.27, a mixed
C57BL/6J and FVB background, N4 in FVB) of a bacterial
artificial chromosome (BAC), harboring human CDCrel,
GPIBB, TBX1, and WDRI4, were generated, as described (22,
30). These two lines of BAC TG mice were separately developed
by injecting the BAC into different pronuclei, resulting in
different copy numbers and presumably different sites of inser-
tion in the mouse genome. All four transgenes, as well as their
mouse orthologs, are expressed in the brain (30). Male and
female mice were tested at the age of 2-4 months. A separate
group of adolescent BAC316.23 mice were tested at the age of
5 weeks.

Male and female congenic 7bxI heterozygous mice and their
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WT littermates were tested at the age of 2-4 months. These mice
are heterozygous for Thx1 only and do not express the BAC
transgene. This mouse line was originally developed in a mixed
genetic background of 129sv] and C57BL/6J, and was later
backcrossed to FVB mice for 12 generations (22). Tbx! homozy-
gous mice were not used for behavioral analysis, because they
were not born alive (20-22)

Mice were housed on a 14-h light/10-h dark cycle with access
to food and water ad libitum. All experimental procedures were
approved by the Animal Institute Committee of the Albert
Einstein College of Medicine.

Behavioral Analyses. Spontaneous locomotor activity. High copy
(316.23) and low copy (316.27) BAC TG mice and their WT
littermates or 7bxI heterozygous mice and their WT littermates
were tested in open field activity apparatuses (Truscan, Coul-
bourn Instruments, Lehigh Valley, PA). Horizontal activity was
recorded for 30 min per day, and distance traveled was used as
an index of horizontal activity (31).

The acute effects of haloperidol and clozapine on hyperac-
tivity were tested in adult BAC (316.23) TG mice and their WT
littermates. Locomotor activity was measured for 8 days. Hal-
operidol (0, 0.5, or 1.0 mg base/kg, s.c., Sigma) or clozapine (0,
10, or 20 mg base/kg, s.c., Sigma and a gift from Novartis) was
injected 30 min before the 8th session.

We devised a chronic injection regimen in BAC (316.23) TG
mice to avoid the acute motor effects of clozapine while main-
taining the chronic effects. A separate set of adult BAC TG and
WT littermates received clozapine injections (0, 5, or 10 mg
base/kg, s.c.) for 3 weeks in their home cages before behavioral
testing began. This duration of antipsychotic treatment is re-
quired to restore sensorimotor gating deficits in rodents (32) and
to significantly attenuate schizophrenic symptoms in humans
(33). During testing, mice were injected with either vehicle or
clozapine 1-2 h after each testing session, to avoid the acute
motor effects of clozapine on behavior while maintaining
chronic treatment. Mice were tested in an open field for 7 days.
For qualitative analysis of movement paths, mice were tested for
5 min on either day 8 or 9.

The half-life of clozapine in mice is 110 min, and it is
completely cleared from the rodent brain within 12 h (34).
Therefore, no remaining clozapine would be expected to accu-
mulate between sessions. Because the behavioral effects of these
drugs within the selected dose range disappear within 6 h in
rodents (35), the motor depressant effects of clozapine would not
be expected to carry over into the next day.

Amphetamine test. A separate group of ThxI mice was tested for
the locomotor activating effects of d-amphetamine (0, 0.5, or 1.0
mg base/kg, s.c.). Thxl heterozygous mice and their WT litter-
mates received saline injections for the first 3 days and amphet-
amine on the 4th day. 7bx/ heterozygous mice and WT litter-
mates showed a stable baseline level of spontaneous locomotor
activity by day 4 of habituation. Mice received injections imme-
diately before being placed in an open field.

Nest building. We followed a published procedure for evaluating
nesting behavior (36-38). Adult BAC (316.23) mice were singly
housed in individual cages with food and water available ad
libitum. A weighed cotton nestlet (5 X 5 cm, Ancare, Bellmore,
NY) was placed on the wire cage lid. The cotton remaining on
the lid was weighed on each of 3 consecutive days. The depth of
a nest and the amount of a nestlet used to build a nest were
measured daily by an observer blinded to genotype. After each
measurement, the nest within the cage was removed daily and a
new nestlet was placed on the cage lid. The temperature of the
animal room was held constant at 20°C-22°C, because mice tend
to build bigger nests in a cold room (36). Rectal temperature was
recorded by using a digital thermometer.

Hiroi et al.

Statistical Analyses. All quantitative data were analyzed by
ANOVA. When significance was detected, Newman-Keuls’s
post hoc tests were used for further analysis. When there were
only two groups for comparison, a ¢ test was used.

Results and Discussion

Overexpression of Four Human 22q11.2 Genes Induces Hyperactivity
and Sensitization. High copy (316.23) and low copy (316.27) BAC
TG mice displayed equal levels of hyperactivity that became
progressively sensitized in the absence of pharmacological stim-
ulation at the age of 2—4 months (Fig. 14). Adolescent BAC TG
mice (316.23) also showed hyperactivity and spontaneous sen-
sitization at the age of 5 weeks (Fig. 1B). Because the two
separate lines of TG mice with different genetic backgrounds
exhibit indistinguishable abnormalities in locomotor activity, the
behavioral abnormalities are unlikely to result from an acciden-
tal disruption by the BAC of an endogenous mouse gene or from
genetic backgrounds.

Antipsychotic Drugs Attenuate Hyperactivity and Reinstate Habitua-
tion in BAC Transgenic Mice. Although it is inherently difficult to
model the symptoms of human neuropsychiatric conditions in
mice, an approach to ascertain the correlation of this mouse
behavior with one aspect of schizophrenia is to test whether
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Fig. 1. BAC TG mice exhibited hyperactivity and its spontaneous sensitiza-
tion. Mice were tested in an open field for 30 min on 7 consecutive days. (A)
Two separate adult BAC TG mouse lines overexpressed 810 copies of the BAC
(316.23) or 1-2 copies of the BAC (316.27). Both lines of BAC TG mice showed
hyperactivity (F2,59 = 41.9, P < 0.01). TG mice, but not WT mice, showed
spontaneous sensitization over 7 days as evidenced by interaction between
genotype and day (Fi2354 = 4.5, P < 0.01). WT, n = 34; BAC316.23, n = 19;
BAC316.27, n = 9. (B) Five-week-old, adolescent WT and TG mice (316.23)
differed (genotype, Fi,16 = 61.44, P < 0.01), and TG, but not WT, mice showed
sensitization of locomotor activity, as evidenced by a significant interaction
between genotype and day (Fe 96 = 3.44, P < 0.01). WT, n = 10; TG, n = 8. **,
Significant difference for the two TG mouse lines from day 1 at 1% level
(Newman-Keuls post hoc tests). SEMs were relatively small in WT mice, and the
error bars are not visible at this scale.
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Fig. 2. Acute effects of antipsychotics on sensitized hyperactivity in BAC TG
mice (316.23). Mice were tested in the open field for 8 days and received acute
injections of vehicle (V), haloperidol (Hal; 0.5, 0.5 mg/kg; 1.0, 1.0 mg/kg; s.c.)
or clozapine (Clz; 10, 10 mg/kg; 20, 20 mg/kg; s.c.) 30 min before testing on
day 8. Horizontal locomotor activity was recorded for 30 min. (A) TG and WT
mice differed (F1,91 = 190.03, P < 0.01) and the drugs significantly attenuated
locomotor activity (Fa91 = 25.09, P < 0.01). The drugs reduced locomotor
activity to different degrees in WT and TG mice, as evidenced by a significant
interaction between genotype and treatment (F4,91 = 11.82, P < 0.01). Aster-
isks indicate a statistically significant difference from respective vehicle con-
trols at 1% (**) levels, as determined by Newman-Keuls tests. Error bars
represent =SEM. n = 5-21 mice per group. (B) Locomotor activity at every 5
min for a 30-min session. The drugs differentially reduced locomotor activity
during the session in WT and TG mice (genotype X drug X time, F0,455 = 20.02,
P < 0.01). Both drugs reduced spontaneous locomotor activity in WT mice
(Fa,71 = 109.81, P < 0.01) significantly more during later time points (drug x
time, Fy0,355 = 5.07, P < 0.01). The drugs reduced the sensitized hyperactivity
in TG mice (Fa,20 = 5.33, P < 0.01) in a time-dependent manner (drug X time,
F20,100 = 2.20, P < 0.01). Error bars represent =SEM. HO0.5, Haloperidol 0.5
mg/kg; H1, haloperidol, 1.0 mg/kg; Clz10, clozapine 10 mg/kg; Clz20, cloza-
pine 20 mg/kg.

antipsychotic drugs ameliorate the behavioral abnormality (i.e.,
predictive validity). Antipsychotic drugs attenuate schizophrenic
symptoms in humans with or without 22q11.2 abnormality
(39-41). Therefore, we tested whether the sensitized locomotor
hyperactivity exhibited by the BAC (316.23) TG mice responds
to acute treatments with the two antipsychotic drugs clozapine
and haloperidol. Clozapine and haloperidol acutely reduced the
sensitized locomotor activity in BAC mice on day 8 (Fig. 2). The
clinically relevant doses of clozapine and haloperidol in rodents
are estimated to be 5-15 mg/kg and 0.04-0.08 mg/kg, respec-
tively (42, 43). Although clozapine attenuated hyperactivity
within this dose range, similar levels of reduction in hyperactivity
were seen at high doses of haloperidol.

Clozapine does not generally induce extrapyramidal motor
side effects in humans (39), but it acutely reduces spontaneous
locomotor activity in mice (44-47). In fact, clozapine, as well as
haloperidol, attenuated normal motor activity in WT mice,
presumably due to their sedative or nonspecific motor depres-
sant effects (see Fig. 2). We developed an injection schedule to
maintain chronic treatment without inducing the acute sedative
effects of clozapine. Mice were treated with clozapine for 3
weeks before the onset of behavioral analysis, and clozapine was
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Fig.3. Chronicclozapine treatment blocks the sensitization of hyperactivity
in BACTG mice. WT and TG (316.23) mice were treated with either vehicle (V)
or clozapine (5 or 10 mg/kg, s.c.) for 3 weeks in their home cages and
subsequently tested in an open field for 7 days. During testing, vehicle or
clozapine was given 1-2 h after each 30-min testing session, to avoid the acute
effects of clozapine but to maintain chronic treatment. Data are presented for
7 days (A) and at every 5 min for each 30-min session (B). (A) TG mice differed
from WT mice (F,30 = 232.65, P < 0.01) in their response to drugs (genotype X
treatment, F,,39 = 8.96, P<0.01) and over days (genotype X day, Fg 234 = 12.83,
P < 0.01). The three-way interaction was significant (genotype X treatment X
day, Fi2,23a = 2.4, P < 0.01). Note that clozapine blocked the development of
sensitized locomotor activity without reducing hyperactivity per se. #, A
statistically significant difference from Day 1in vehicle-treated TG mice. * and
**, A statistically significant difference between vehicle-treated and cloza-
pine (10 mg/kg)-treated TG mice at 5% and 1% levels, respectively. +, A
statistically significant difference in all dose groups between WT and TG mice
at 1% level (Newman-Keuls post hoc test). (B) Chronic clozapine exerted
differential effects on WT and TG mice over 7 days, as evidenced by significant
three-way interaction among genotype, treatment, and day (F2,141 = 9.78, P <
0.01). Clozapine dose-dependently attenuated locomotor sensitization in TG
mice across sessions (dose X session, Fi2,108 = 2.2, P < 0.05) and within sessions
(dose X time intervals, Fgo5a0 = 1.41, P < 0.05). +, A statistically significant
difference between vehicle-treated and clozapine (10 mg/kg)-treated TG
mice (P < 0.05, Newman-Keuls post hoc tests). Error bars represent £SEM. n =
6-9 mice per group.

injected 1-2 h after each test session during behavioral sessions.
This treatment significantly attenuated the development of
sensitization of hyperactivity in BAC mice without attenuating
hyperactivity per se (Fig. 34). Moreover, clozapine at least
partially reinstated a habituation-like decline in hyperactivity in
BAC TG mice like vehicle-treated WT mice [see Fig. 3B,
clozapine (10 mg/kg) treatment BAC group]. Locomotor activ-
ity in clozapine-treated BAC TG mice was gradually reduced
within each of the first four sessions, and low levels of activity
were maintained on days 6 and 7. By contrast, a habituation-like
decline was not seen in TG mice after acute clozapine treatment
(see Fig. 2B).

The compulsive nature of sensitized hyperactivity was appar-
ent in the movement paths of vehicle-treated BAC TG mice, as
compared with random paths of WT mice (Fig. 4; see also Movie
1, which is published as supporting information on the PNAS

Hiroi et al.
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Fig.4. Representative movement paths of mice. The movement path of mice
chronically treated with vehicle (V) or clozapine (CLZ, 10 mg/kg, s.c., 3 weeks
followed by 1-2 h after each session) was recorded for 5 min on the 8th day;
longer testing yielded movement paths too dense to discern. Some mice were
tested on the 9th day and showed the same pattern (data not shown). WT,
wild-type littermates; TG, BAC TG mice (316.23). n = 6-9 mice per group.

web site). Chronic clozapine treatment significantly attenuated
the compulsive, sensitized movement pattern exhibited by BAC
TG mice. This behavioral pattern also demonstrates that the
reduced hyperactivity seen in clozapine-treated BAC TG mice is
not due to increased focal stereotyped behavior, which would
have replaced and reduced hyperactivity. The level of hyperac-
tivity was so high that no normal inter-individual interaction was
possible between a TG mouse and a WT mouse (see Movie 2,
which is published as supporting information on the PNAS web
site).

Both lines of BAC mice (317.23 and 317.27) exhibit abnor-
malities in the vestibular and middle/inner ear systems and
circling behavior (26, 30). However, it is unlikely that the
hyperactivity we detected is entirely due to circling behavior.
BAC mice clearly show noncircling hyperactivity (see Movies
1 and 2), and the two antipsychotic drugs with no known action
on the vestibular/ear system significantly attenuated the sen-
sitized hyperactivity (Fig. 2 and 3). Moreover, although low-
copy BAC mice (317.27) show fewer vestibular deficits than
high-copy BAC mice (317.23) (30), the two lines of mice
showed indistinguishable levels of hyperactivity and sensitiza-
tion (see Fig. 1). Thus, although we cannot exclude the
possibility that circling behavior contributes to the hyperac-
tivity, the BAC mice also exhibit noncircling hyperactivity that
is independent of vestibular deficits.

BAC Transgenic Mice Are Impaired in Nesting. Nest building is
considered to be an expression of natural mouse behavior that
allows mice to camouflage themselves from predators in the wild
(48). This behavior is sensitive to disruption of non-22q11 genes
implicated in schizophrenia (38, 49). BAC TG mice did not make
nests or made shallower nests than those of WT littermates
(Table 1). It is unlikely that this behavioral defect simply reflects
the extraordinarily high level of hyperactivity, because BAC TG
mice often exhibit normal motor activity in their home cage and
are capable of eating food pellets from the cage ceiling (data not
shown). Moreover, hyperactivity per se does not necessarily cause
less nest-building activity in mice (50). It is also unlikely that
hyperactivity increased body temperature in TG mice, which
indirectly reduced the size of nests, because WT and TG mice
have indistinguishable levels of body temperature [WT, 37.2°C

Hiroi et al.

Table 1. Nest depths of WT and TG mice
Nest depth, cm

Mice Day 1 Day 2 Day 3
WT (n = 23) 3.8+0.2 3.8+0.2 42 +0.3
TG (n = 8) 0.1 + 0.04** 0.5 + 0.4** 0.1 = 0.1**

Mean = SEM of nest depths. WT and BAC TG (316.23) mice differed (F1,20 =
117.1, P < 0.01) without daily fluctuation (F,,sg = 0.43, n.s.) or interaction (F, sg =
1.1, n.s.). **, Significance between WT and TG mice (P < 0.01) was determined
by Newman-Keul's post hoc tests.

(SEM = 0.26); TG, 37.1°C (SEM = 0.31); t(14) = 0.31, not
significant (n.s.)].

Thx1 Heterozygous Mice Are Normal in Locomotor Activity, Habitua-
tion, Nesting, and Locomotor Response to Amphetamine. Mice with
heterozygous deletion or overexpression of 7hx1 have been
shown to exhibit cardiovascular and middle/inner ear defects
associated with human 22q11.2 haploinsufficiency and duplica-
tion cases (20-22, 24, 26-28). In non-deletion/duplication cases,
TbxI mutation with reduced transcriptional activity is also
associated with cardiovascular abnormalities in humans (51, 52).
Therefore, we examined whether heterozygosity of this gene
alone causes behavioral abnormalities. 7bx1 heterozygous mice
exhibited normal levels of spontaneous locomotor activity and
daily habituation (Fig. 54) and nest building behavior (Table 2).

Even when schizophrenic patients are asymptomatic during
remission, psychomotor stimulants such as amphetamine can
evoke behavioral effects in these patients at doses that have no
discernible effect in normal individuals (53). To further examine
the relevance of ThxI to behavioral abnormalities, we examined
the behavioral response to amphetamine in 7bx/ heterozygous
mice and WT littermates. The locomotor response to amphet-
amine was indistinguishable between heterozygous and WT mice
(Fig. 5B). Given that ThxI deletion in mice, at least in part,
recapitulates most of the physical abnormalities of human
22q11.2 haploinsufficiency (20-29), our results suggest that
different genes are responsible for physical and behavioral
abnormalities associated with 22q11.2.

Our study shows that overexpression of the ~200-kb region of
the human 22q11.2 is associated with the absence of habituation,
antipsychotic-responsive sensitized hyperactivity, and abnormal
nesting. The relevance of these mouse behavioral abnormalities
to the human neuropsychiatric disorders associated with 22q11.2
duplication remains unclear. Because most individuals with
22q11.2 duplication who have been identified to date are infants
or children, their adulthood neuropsychiatric profile has not
been fully characterized. However, these children exhibit a host
of developmental, behavioral, and cognitive defects (8-12) that
are present among children who subsequently develop schizo-
phrenia (54, 55). Moreover, preliminary data suggest that indi-
viduals with 22q11.2 duplication also suffer from neuropsychi-
atric disorders (9, 12).

Three aspects of the behavioral abnormalities of BAC TG

Table 2. Nest depths of WT and HT mice
Nest depth, cm

Mice Day 1 Day 2 Day 3
WT (n = 11) 3.3+0.3 3.2+0.3 3.1+0.2
HT (n = 6) 3.5+0.6 34 +0.7 25+09

Mean + SEM of nest depths. WT and Thx/ HT mice did not differ (F;,15 = 0.06,
n.s.). There was no daily fluctuation (F;, 30 = 1.1, n.s.) or interaction (F, 30 =
0.68, n.s.). There was no significant difference between WT and HT mice, as
determined by Newman-Keuls’s post hoc tests. HT, Thx/ heterozygous mice.

PNAS | December 27,2005 | vol. 102 | no.52 | 19135

NEUROSCIENCE



Lo L

P

1\

=y

3;
<
2
ot
é_
(cm/30
-
N
o
)

B.—-u.

€ 20000, o

5’_ 150001 ¥

!
u!

o

2 800

E 600 -

F

é Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
=]

0.0 0.5 1.0
d-Amphetamine (base mg/kg, s.c.)

Distance Traveled

Fig. 5. Spontaneous locomotor activity and amphetamine-induced locomotor activity in Thx7 heterozygous (HT) mice. (A) Time course of locomotor activity
in Tbx1 HT mice and WT littermates. Data are presented at every 5 min for each 30-min session. Both HT and WT mice showed a daily habituation (Fs 150 = 6.14,
P < 0.01), but locomotor activity did not differ between the two groups (F1,25 = 1.30, n.s.). Error bars represent =SEM. WT, n = 14; HT, n = 13. (B) Effects of
d-amphetamine on spontaneous locomotor activity in WT littermates (filled bars) and Thx7 heterozygous mice (open bars). Mice were tested in the open field
for 3 days and received acute injections of d-amphetamine (0, 0.5, or 1.0 mg/kg, s.c.) immediately before testing on day 4. Horizontal locomotor activity was
recorded for 30 min. Data are presented for each 30-min session. Although the drug significantly increased locomotor activity in a dose-dependent manner
(F2,56 = 8.69, P < 0.01), HT and WT mice did not differ (F1,56 = 0.58, n.s.). Asterisks indicate a statistically significant difference from respective vehicle controls
at 5% (*) and 1% (**) levels, as determined by Newman-Keuls tests. Error bars represent =SEM. n = 6-16 mice per group.

mice are also consistent with some characteristics of schizophre-
nia. First, behavioral excitement is a salient feature of schizo-
phrenia with 22q11.2 deletion (6). Hyperactivity is seen in mice
lacking non-22q11 genes that have been implicated in schizo-
phrenia (e.g., calcineurin, NMDA receptor, and neuregulinl)
(38, 45, 56, 57). Moreover, hyperactivity is induced in rodents by
psychotomimetics, which induce schizophrenic symptoms in
humans (58). Similarly, nesting deficits have been observed
in mice that lack calcineurin, a non-22q11 gene implicated in
schizophrenia (38). Second, hyperactivity in BAC TG mice was
attenuated by chronic clozapine injections, a treatment known to
attenuate schizophrenic symptoms in patients with 22q11.2
deletions (40, 41). Third, chronic clozapine treatment partly
restored a habituation-like decline in hyperactivity in BAC TG
mice. The absence of habituation is cross-modally seen in
schizophrenic patients and is thought to be an intermediate trait
of schizophrenia (59).

It is important to point out that there is no animal model that
recapitulates the entire symptomatology of schizophrenia; avail-
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