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Abstract

The GTF2IRD1 general transcription factor is a candidate for involvement in the varied cognitive
and neurobehavioral symptoms of the microdeletion disorder, Williams—Beuren syndrome (WBS).
We show that mice with heterozygous or homozygous disruption of Gtf2ird1 exhibit decreased
fear and aggression and increased social behaviors. These findings are reminiscent of the
hypersociability and diminished fear of strangers that are hallmarks of WBS. Other core features
of WBS, such as increased anxiety and problems with spatial learning were not present in the
targeted mice. Investigation of a possible neurochemical basis for the altered behaviors in these
mice using high-performance liquid chromatography analysis showed increased levels of serotonin
metabolites in several brain regions, including the amygdala, frontal cortex and parietal cortex.
Serotonin levels have previously been implicated in fear and aggression, through modulation of
the neural pathway connecting the prefrontal cortex and amygdala. These results suggest that
hemizygosity for GTF2IRDI1 may play a role in the complex behavioral phenotype seen in patients
with WBS, either individually, or in combination with other genes, and that the GTF2I
transcription factors may influence fear and social behavior through the alteration of
neurochemical pathways.
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Williams-Beuren syndrome (WBS; OMIM 194050) is an autosomal dominant disorder, with
a frequency of between in 1/7500 and 1/20 000 live births, that presents with a unique
spectrum of physical and behavioral features (Greenberg 1990; Pober & Dykens 1996;
Stromme et a/. 2002). WBS is associated with mild to moderate mental retardation, but the
uneven neurocognitive profile is characterized by significant deficits in visuospatial
constructive cognition alongside relative strengths in language, auditory rote memory and
facial recognition (Mervis & Klein-Tasman 2000; Mervis et a/. 2000). The most striking
aspect of the WBS phenotype is the distinctive behavioral profile, which is a unique
combination of both friendliness and anxiety (Mervis & Klein-Tasman 2000; Pober &
Dykens 1996).

The majority of individuals with WBS harbor a 1.55 Mb deletion spanning the same genes
because of unequal meiotic recombination between flanking low copy repeats (Bayés et al.
2003). Individuals have been identified with smaller deletions, who do not exhibit all of the
typical WBS cognitive and behavioral features, and based on their phenotypic descriptions,
it appears that genes near the distal deletion breakpoint contribute much to the unique WBS
cognitive and behavioral profile (Botta et al. 1999; Frangiskakis et al. 1996; Gagliardi et al.
2003; Heller et al. 2003; Hirota et al. 2003; Morris et al. 2003; Tassabehji et al. 1999, 2005).
These candidate genes include a novel three-member family of general transcription factors
characterized by multiple helix-loop—helix I-repeat domains (Hinsley et al. 2004; Roy
2001), two of which (GTF2/ and GTF2/IRDI) are always deleted and one of which
(GTF2IRD2) is variably deleted in WBS (Tipney et al. 2004).

Both Gtf2iand GtfZird1 are widely expressed during the embryonic stages of mouse
development (Enkhmandakh et a/. 2004; Palmer et a/. 2006). In adult mice, GTF2I is present
exclusively in neurons, with the greatest expression levels observed in cerebellar Purkinje
cells, hippocampal interneurons and the large neurons of the cerebral cortex, whereas
GTF2IRD1 showed greatest expression in granular cell layer of the olfactory bulb, the
Purkinje cells of the cerebellum and the neurons in the piriform cortex (Danoff et al. 2004;
Palmer et al. 2006). These results suggest that the two proteins play nonredundant,
differentially regulated roles, despite their similar structure.

A Gt2ird1 insertional mutant was generated previously, but only limited cognitive testing
was performed (Durkin et al. 2001; van Hagen et al. 2006; Tassabehji ef al. 2005). To better
understand the contribution G7F2/RD1 haploinsufficiency makes to the cognitive and
behavioral phenotype of WBS, we generated a gene-targeted mouse model and subjected
heterozygous and homozygous Gtf2ird1 mutant mice to a variety of neurobehavioral
paradigms that evaluate different domains of central nervous system functioning. In
addition, to further probe the mechanism by which haploinsufficiency for this gene might
translate into altered behavior, we analyzed neurotransmitter levels in a variety of different
brain areas.

Genes Brain Behav. Author manuscript; available in PMC 2010 June 10.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHIO

1duosnue Joyiny gHID

Young et al. Page 3

Materials and methods

Generation of Gtf2ird1-targeted mice

The murine Gtf2ird1 gene was disrupted using a conventional replacement targeting
strategy. The targeting vector consisted of 2.7 kb short arm and a 5.8 kb long arm derived
from RPCI-21-510M19 (PAC library derived from 129S6/SvEvTac mice) cloned into the
EcoRl and Kpnl sites, respectively, of the pKSLoxPNT cloning vector (Hanks et al. 1995).
The resulting vector contained a neomycin-resistant gene (Neo), flanked by loxP sites, in the
same transcriptional orientation as the G#f2ird1 gene (Fig. 1a). Integration of the linearized
vector into the Gtf2ird1 gene locus of R1 murine embryonic stem cells (Nagy et al. 1993)
generated neomycin-resistant clones with the expected genomic fragments by Southern blot
and polymerase chain reaction (PCR) analysis (Fig. 1b). The targeting resulted in the
replacement of Gtf2ird1 exons 2, 3, 4 and part of 5 with the neomycin-resistant gene cassette
transcribed by the PGK1 promoter (Fig. 1a). Mice carrying the targeted allele were
generated by aggregation of targeted cells with ICR morula-stage embryos to obtain
germline-transmitting chimeric mice (Nagy et al. 2002).

Chimeric males were mated with CD1 females to produce hybrid CD1x[ICRx129] GtfZird1
heterozygously targeted mice, and these mice were subsequently backcrossed to CD1 to
generate animals for intercross breeding. Both Gtf2irdI*~ and Gtf2ird1™~ mice were viable
and fertile and the mutant allele was transmitted at the expected Mendelian ratio. F1
heterozygous littermates were crossed to homozygosity in order to generate Gtf2ird1™/~
mice. Genotyping was performed by PCR analysis of purified genomic DNA using the
forward primer mIRD1-GF (5"-CGACCACCATAGGTTGAAGG-3"), in combination with
the two reverse primers mIRD1-GR (5'-TGGGGAACTGTTTGAGAAGG-3") and NEO-GR
(5"-GGGGAACTTCCTGACTAGGG-3"). A 381 bp product is generated from the wild-type
(WT) locus and a 350 bp product is generated from the targeted locus.

Expression analysis

Total RNA was prepared from adult and neonate brain using TriRe-agent (Sigma-Aldrich
Canada, Oakville, Ontario, Canada) following manufacturer’s instructions. Following
DNAse treatment, 5 g of RNA was converted to complementary DNA using the
SuperScript™ First-Strand Synthesis System (Invitrogen Canada Inc., Burlington, Ontario,
Canada) and random hexamer primers. Samples were diluted 1/100 with sterile water and
used directly in real-time assays using the AB Prism 7900HT sequence detection system as
described previously (Somerville et al. 2005). Gtf2ird1 and its flanking genes, Gtf2/ and
CylIn2were tested. Each test gene was normalized to control genes Hprtl, Hmbs and Sdha.
Normalized values for each gene were then pooled for each of the genotype groups
(GtR2irdI**, Gtf2ird1*'~ and Gtf2ird1™'-). Comparative expression ratios (%) were
calculated by dividing the pooled normalized values for each of the test genes in the
Gitf2ird1*!~ and Gtf2ird1™~ genotype groups by the normalized test gene values for the
Gtf2ird1*"* control group. Primers for real-time amplification from cDNA were as follows:
Gtf2ird1 exon 2, mMIRD1RTe2-F (5'-ACTGTGACATCCCCACCAAC-3") and mIRD1RTe2-
R (5-GAGTCTAAGGCGGACACCAG-3’); GtfZird1 exon 9, mIRD1RTe9-F (5 '-
CGAGGCTGTGGAAATTGTG-3 ’) and mIRD1RTe9-R (5'-

Genes Brain Behav. Author manuscript; available in PMC 2010 June 10.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHIO

1duosnue Joyiny gHID

Young et al.

Page 4

TGTGTCGCTCCTCCAGAATC-3"); CyIn2 exon 4, mCYLN2RTe4-F (5'-
CAACAGAGGAGGCCACAGAG-3") and mCYLN2RTe4-R (5'-
CAAGGCCAAGAAGACCAAAC-3"); GtfZiexon 30, m2IRTe30-F (5'-
CAGGAAGATCACCATCAACC-3') and m2IRTe30-R (5'-
AGATCCTCCTCATGGAGCTG-3").

General morphological analysis

Mice were routinely examined for obvious morphological or anatomical abnormalities. All
testing was performed on mice produced from the intercross of hybrid CD1x[ICRx129]
mice. For determination of body weight, adult male and female mice were weighed with the
same scale (accuracy +0.1 g). For determination of growth curves, mice were weighed twice
per week from weaning (3 weeks) until 10 weeks at approximately the same time of day.

Behavioral experiments

For behavioral testing, adult mice between 3 and 9 months of age were used. All animals
were group housed with access to food and water ad /ibitum and were on a 12 h light/dark
cycle throughout the experiments. All the experiments were conducted during the light phase
from 0900-1700 h. Four cohorts of Gtf2ird1*'~ and Gtf2ird1~'~ mice and their WT
littermate controls were used to minimize the effect of multiple testing. Cohort 1: elevated
plus maze, cube exploration and open field; cohort 2: resident intruder test and olfactory
function test; cohort 3: Morris water maze test; cohort 4: cued and contextual fear
conditioning. The mice were given minimum 7-day-interval between the tests. Prior to all
experiments, mice were left undisturbed in the room for 30 min to allow acclimation. Where
no effect of gender was found, male and female data were pooled.

Resident—intruder test

Aggression was assessed using the resident—intruder test in isolated male mice, essentially as
previously described (Moy et al. 2004). Males (+/+, n= 17; +/-, n=10; -/, n=18) were
housed individually for at least 1 week before assessment, which was performed over three
sessions in the same day. Intruders (unfamiliar socially housed C57BL/6J male mice, age
and weight matched with each resident) were individually placed in the resident home cage
for a 10-min test session and observation was started. The latency, duration and number of
events were recorded as: aggressive behavior (contact between the resident and the intruder
such as biting or wrestling and aggressive grooming of partner) or social interest behavior
(following and sniffing of partner). A different intruder animal was used for each resident.
Animals that did not attack the intruder were given an attack latency of 10 min. All
behavioral events were video recorded and analyzed by Observer 5.0 software (Noldus
Information Technology, Wageningen, the Netherlands).

A simple test of olfactory function in each test animal was conducted following the resident—
intruder test. This was carried out as described previously, by measuring the time it took for
each mouse to find food buried in bedding (Moy et al. 2004). All mice were first habituated
to the food (Bud’s Best Cookies, Hoover, AL, USA) by the experimenter placing pieces of
cookie in the home cage overnight. The next day, chow was removed from the cages and the
mice were food deprived for 24 h. The test was conducted in a plastic cage 30 x 17 x 12 cm.
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The food was placed in the randomly chosen area (1 x 1 x 0.5 cm) and the entire bottom of
the cage covered with standard bedding to a depth of 2.5 cm. Mice were then placed into the
cage individually and the latency to find the food was recorded, with a maximum time of 15
min.

Elevated plus maze

The elevated plus maze was used to estimate the anxious state of the mice (Rodgers & Cole
1994). Testing was performed as described previously (Avgustinovich ef al. 2004). All
measurements were taken in a dimly lit experimental room to which the mice were
acclimatized, and the maze was thoroughly cleaned between sessions. Over a 5-min test
period, the following measures of plus-maze behavior were recorded: (1) time spent in the
open arms, enclosed arms and on the central platform time, expressed as a percentage of
total time; (2) number of open arms entries, enclosed arms entries and central platform
entries, expressed as a percentage of total entries; (3) number of total entries; (4) number of
head dips. Testing was performed on the following mice: +/+, n= 11 (9 males, 2 females);
+/-, n=12 (9 males, 3 females); —/—, n=14 (10 males, 4 females).

Cube exploration test

The cube exploration test was used to assess approach anxiety as previously described
(Avgustinovich et al. 2000). Briefly, a small cube (3 cm3) was carefully placed in the center
of each home cage and measurements were recorded over a 5-min test period. All
measurements were taken in a dimly lit experimental room to which the mice were
acclimatized, and the novel object (cube) was thoroughly cleaned between tests.

Locomotor activity in the open field

Open-field activity assessments were carried out as described previously (Abramow-
Newerly et al. 2006). The activity cage consisted of a cubical box (41 x 41 x 33 cm3) (model
7420/7430; Ugo Basile, Comerio, Italy) with a floor equipped with horizontal and vertical
infrared sensors. The subject’s behavior was recorded using a computer event-recording
program (Ethograph, observer 5.0 from Noldus Information Technology). Each mouse [+/+,
n=11 (9 males, 2 females); +/-, n= 12 (9 males, 3 females); —/-, n= 14 (10 males, 4
females)] was placed individually into the center of the activity cage for 5 min and the
following behavioral measures recorded: (1) latency (seconds) to first escape from the
center; (2) length of time of immobility periods (seconds); (3) time spent self grooming
(seconds); (4) number of risk assessment behaviors involving the mouse stretching its body
from corners/wall toward the center; (5) horizontal and (6) vertical activity. Exploratory
activity and walking were recorded separately for the central and peripheral field of the open
arena and ratio between central and peripheral activity was calculated. The arena was
cleaned with 70% ethanol solution between the subjects.

Contextual and cued fear conditioning

Contextual and cued fear conditioning was carried out according to previously published
protocols (Clapcote et al. 2005). Briefly, a fear conditioning apparatus (MED Associates
Inc., Georgia, VT, USA) consisting of a test chamber (25 cm high x 30 cm wide x 25 cm
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deep) was cleaned prior to testing with 70% ethanol. Freezing activity was recorded using
automated fear conditioning software (Actimetrics software, FREEZEFRAME v. 1.6e) and
presented as a percentage of total time. Tests subjects [+/+, 7=9 (6 males, 3 females); +/-, n
=20 (12 males, 8 females); —/-, n= 6 (3 males, 3 females)] were removed from home cage
and allowed to explore for 2 min. Conditioning consisted of a single pairing of an auditory
cue (3600 Hz, 80 dB) with a foot shock (1 mA scrambled). The auditory cue was present 2
min after the training session started and was 30 seconds in duration. The foot shock was
delivered continuously during the last 2 seconds of the auditory cue. The subject was
removed from the chamber 30 seconds later and returned to its home cage. Approximately
24 h later, each subject was returned to the test chamber and monitored for 5 min. Two hours
later, the context was altered and each subject was placed into the altered chamber and
allowed 3 min for exploration, after which the auditory tone cue of 3 min was delivered.

Morris water maze test

The Morris water maze apparatus and testing procedures were described previously
(Clapcote et al. 2005). Briefly, on the first day, each mouse was given four visible platform
trials (V) in the Morris water maze apparatus (117 cm diameter). Mice [+/+, n=7 (four
males, three females); +/—, 7= 11 (seven males, three females); —/-, n= 12 (six males, six
females)] were then subjected to 5 days of four training trials per day with the submerged
platform in the same position (hidden phase). On the sixth day, the platform was moved to a
different position, and the mice were subjected to 4 days of four training trials per day
(reversal phase). A probe trial was administered 20 min after the last trial on the fifth day of
the hidden phase and the fourth day of the reversal phase. Each subject was placed into the
water diagonally opposite the target quadrant (T) and allowed 60 seconds to search the
water, from which the platform had been removed. Behavioral variables were quantified
with the aid of HVS Water 2020 (HVS Image Ltd, Twickenham, Middlesex, UK).

Neurochemical analyses

Mice were killed with a brief head-focused pulse of high-intensity microwave radiation (8
kW, 2.4 GHz), delivered by a 10 kW Muoromachi Brain Fixation System (Stoelting Co.,
Chicago, IL, USA) to rapidly and effectively fix the brain /n situ. The fixed brains were
dissected on ice to isolate the individual brain regions (amygdala, frontal cortex, parietal
cortex and occipital cortex) and stored at —80°C until analysis. Tissues were processed as
described previously, divided into aliquots of 50 pl, and stored at —80°C or analyzed
immediately (Mount ef al. 2004). Tissue pellets were retained for the determination of
protein content. Six to nine individual tissue samples were obtained for each brain region.

Levels of serotonin (5-HT) and 5-hydroxyindoleacetic acid (5-HIAA) were quantified using
high-performance liquid chromatography with electrochemical detection. Analyses were
performed on a system consisting of a Thermo Separation Products (TSP, Piscataway, NJ,
USA) P4000 pump, a TSP AS3000 autosampler with cooling unit, an ESA Coulochem I
electrochemical detector (ESA 5011 Analytical Cell and 5020 Guard Cell; ESA Biosciences,
Chelmsford, MA, USA) and a Spectra Physics 4290 Integrator (Spectra Physics, Irvine, CA,
USA) connected to a PC running TSP WOW chromatography software. The mobile phase,
an aqueous mixture of 0.098 M glacial acetic acid, 0.09 M sodium acetate (pH 3.7), 0.118
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mM ethylenediaminetetra-acetic acid, 7% methanol and 0.8 mM octane sulphonate was
delivered at a flow rate of 0.8 ml/min. Separation of the 100 pl samples was performed on an
ACE 250 x 4.6 mm column with Ace C18, 5 um stationary phase. Peak heights recorded at
E2 were detected using electrode potentials as follows (Guard cell +450 mV: analytical cell
E1 + 100 mV; E2 -400 mV). Quantification of monoamines was performed on 0.1 N
percholoric acid extracts in a procedure involving two 30 min runs per sample. An
appropriately diluted sample was run followed by a second run consisting of one-half
sample and one-half standard cocktail (pure monoamines and metabolites in concentrations
of 10 pg/ul). Monoamine and metabolite levels in pg/mg tissue wet weight were then
calculated.

Statistical analysis

Results

Data were expressed as mean + SEM. Statistical analysis was performed using a two-way
analysis of variance (ANOVA) to detect main effects or interacting effects of gender and
genotype. Where no effect was found, male and female data were pooled. Body weight
analysis was performed using a two-way ANOVA to detect a main effect or interaction,
followed by Tukey’s post hoc analysis. Neurochemical analysis was performed using a two-
tailed Student’s #test for independent samples. For all other analyses, statistical analysis was
performed using a one-way ANOVA to detect a main effect of genotype. Where stated,
Tukey’s HSD post hoc analysis was used when ANOVAs yielded statistically significant
main effect of genotype. A difference among genotypes in the Morris water maze was
evaluated using repeated measures ANOVA. Probabilities of <0.05 were considered
significant.

Effects of Gtf2ird1 targeting on gene expression

To understand the function of GTF2IRD1, we generated a mouse model in which the first
four coding exons of the gene have been deleted. We measured expression of Gtf2ird1 in
brain tissue from mice heterozygous and homozygous for the targeted allele, using real-time
PCR, and examined expression of the immediately flanking genes. A primer set within the
deleted region of the gene (exon 2, containing the translation start site), showed a dose-
dependent reduction in expression in the heterozygous mice and absence of expression in the
Gif2ird1™~ mice (Fig. 1c). Amplification with a primer set downstream of the replacement
targeting (exon 9) showed the existence of aberrant transcripts consisting of the upstream,
untranslated exon 1 spliced directly into exon 6 of Gtf2ird1. Depending on the initiation
choice, translation of this transcript (lacking the first four coding exons) would produce a
small, out-of-frame peptide, or an in-frame truncated protein lacking the leucine zipper
necessary for dimerization, along with at least one of the I-repeats (Cheriyath & Roy 2000,
2001). Because of low expression of the GTF2IRD1 protein and the lack of a specific
antibody against GTF2IRD1, we were unable to perform Western blot analysis.
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Mice heterozygous and homozygous for the Gtf2ird1 deletion show mild growth

retardation

Two-way ANOVA showed that Gt#2irdI-targeted mice showed a significant main effect of
gender (F1 114 = 9.20, £<0.01) and phenotype (/114 = 7.43, P< 0.001) but no interaction
of gender and phenotype (/114 = 1.49, P=0.22). Post hoc analysis showed that male
Gtf2ird1™'~ mice showed significantly decreased body weights compared with WT males (2
< 0.005). Adult female Gt2ird1~~ mice were also found to be significantly smaller than
WT females (P< 0.05) (Fig. 2). No significant difference was seen in the adult Gt£2ird1*'~
male or female mice. Similar results were also seen in growth curve analysis in Gtf2ird1-
targeted mice from 3 to 10 weeks of age (data not shown).

Gtf2ird1-targeted mice are less aggressive and engage in more social interactions

GtfZiraI-targeted mice showed a significant main effect of genotype (/4 = 4.17, < 0.05)
on the number of aggressive interactions and duration of aggressive interaction (£, 42 = 10.2,
P<0.001). Tukey’s post hoc analysis showed that Gif2ird1*'~ (P< 0.05) and Gtf2ird1™~ (P
< 0.01) mice showed a significant decrease in the number of aggressive interactions (Fig. 3a)
and a reduction in the time spent engaging in aggressive interactions (Fig. 3b) with an
unknown intruder mouse compared with WT mice. In tests to measure changes in social
interactions, there was a main effect of genotype on the duration of (/42 = 5.09, £< 0.05)
and number of followings after (/~, 42 = 4,39, P < 0.05) the intruder. Tukey’s post hoc
analysis showed that Gtf2ird1*"~ and Gtf2ird1™'~ mice followed the intruder more often (P <
0.05; Fig. 3d) and the following was of longer duration (P < 0.05; Fig. 3c). Although
Gtf2ird1™'~ and Gtf2ird1~'~ mice spent longer sniffing the intruder compared with WT mice
(Fig. 3e), no main effect of genotype was seen for the duration of sniffing (/4 = 2.42, P=
0.10). In the olfactory function test, the time required for finding unfamiliar buried food was
not significantly different between the genotypes (WT, 354 + 84.7 seconds; Gtf2ird1*!-,
314.6 + 22.7 seconds; Gif2ird1™/=, 279 + 58.2 seconds), showing that the G£2ird1-targeted
mice had normal olfactory function.

Gtf2ird1-targeted mice have decreased anxiety

We evaluated state anxiety in the elevated plus maze and open-field tests, and found that
anxiety was significantly reduced in the mutant mice. There was a main effect of genotype
on the time spent in the open arms of the elevated plus maze (/33 = 3.454, < 0.05). Post
hoc analysis showed that Gtf2ird1~/~ mice displayed a significant increase in the amount of
time spent in the open arms of the elevated plus maze compared with WT mice (P < 0.05),
indicative of reduced anxiety involving avoidable anxiety-provoking stimuli (Fig. 4a). A
similar, but not significant trend was seen for the heterozygous mice. A significant increase
was also seen in Gf2irdI-targeted mice in entries into the open arm (5, 34 = 6.43, £< 0.005)
and head dips (/34 = 9.243, P< 0.001). Post hoc pair-wise comparison also showed
significant increases in entries into the open arm (P < 0.05) and head dips (P < 0.05) for the
Gif2ird1™"~ mice (Fig. 4b,c). In the novel object test, there was a highly significant main
effect of genotype on the time spent exploring the novel object (/21 = 23.6, < 0.001; Fig.
4d). Post hoc analysis showed that both Gtf2irdI*~ mice (P< 0.05) and Gtf2ird1™~ mice (P
< 0.001) spent a significantly increased amount of time exploring the novel object.
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These results could not be attributed to increased activity because neither Gtf2ird*'~ nor
Gtf2ird1™'~ mice showed any significant difference in total horizontal or vertical locomotor
activity when compared with WT mice in the open-field test (data not shown). Gtf2ird1-
targeted mice did show a highly significant increase in the center-to-wall ratio (/24 = 15.9,
P<0.001; Fig 4e) and a decrease in risk assessment (alarm scanning) (/24 = 9.04, P<
0.001; Fig 4f). Post hoc analysis showed that both Gt£2ird1*'~ mice (P< 0.01) and
GIf2ird1™~ mice (P< 0.001) had an increase in center-to-wall activity and that Gtf2ird1~/~
mice (P < 0.001) had a decrease in risk assessment in the open field.

Gtf2ird1-targeted mice have deficits in cued but not contextual fear conditioning

In contextual fear conditioning, although a significant overall increase in freezing compared
with baseline was observed after 24 h (/5 g4 = 6.61, < 0.001), the level of freezing to
context in Gtf2ird1-targeted mice did not differ significantly from that of WT littermates
(F232=3.12, P> 0.05) (Fig. 5). In cued tests, there was no significant change in amount of
freezing observed in the new context compared the baseline (/5 64 = 0.88, 2> 0.05) or
between genotypes (£, 32 = 0.78, P> 0.05) before the presentation of the auditory cue (pre-
CS). Upon presentation of the auditory cue (post-CS), mice showed a significant overall
increase in the amount of freezing (/5 64 = 12.32, £< 0.001), however, freezing in Gif2ird1-
targeted mice was significantly less than in WT littermates (5, 3 = 4.05, £< 0.05). Post hoc
analysis showed that both G#£2ird1*'~ mice (P< 0.01) and Gif2ird1™'~ mice (P< 0.05)
displayed significantly less freezing compared with WT mice (Fig. 5).

Gtf2ird1-targeted mice have normal spatial learning and memory

Neither Gtf2irdI*"~ nor Gtf2ird1™'~ mice showed a significant difference in their
performance (latency, path length or swim speed) compared with WT littermates during
either the acquisition or the reversal phase of the Morris water maze test (latency Fig. 6a,
path length and swim speed data not shown). The increase in latency on the first day of
reversal training is indicative of place learning. Further to this, no main effect of genotype
was observed between WT littermates and Gf2ird1-targeted mice in the probe test following
the hidden phase for percentage of time spent in the target quadrant (/, g1 = 0.174, P=0.84)
with all genotypes showing a significant preference for the target quadrant (/3 g1 = 37.0, P<
0.0001; Fig 6b). Similar results were seen for the probe test following the reversal phase
(data not shown).

Gtf2ird1 homozygous mutant mice show altered 5-HT metabolite levels in the brain

We analyzed 5-HT and 5-HIAA levels based on the wealth of literature linking 5-HT
metabolism with anxiety and aggression — phenotypes that are significantly altered in our
mice. As the amygdala and cortical areas are known to be functionally active areas within
the serotonergic system, we chose these areas for analysis. Levels of 5-HT and 5-HIAA
neurotransmitter were evaluated across functionally relevant brain regions using a two-tailed
Student’s ttest for independent samples. Levels of 5-HT were unchanged in the Gtf2ird1~/~
mice as compared with WT mice in all brain regions tested (Table 1). Levels of 5-HIAA
were significantly elevated in the amygdala (P < 0.05), frontal cortex (£ < 0.05) and parietal
cortex (P< 0.05) of Gtf2irdI™'~ mice compared with WT animals (Table 2). Increases in 5-
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HIAA were also seen in the occipital cortex although this increase did not reach statistical
significance.

Discussion

Individuals with WBS display a spectrum of clinical, neurobehavioral and cognitive
abnormalities, but to date only a single gene (elastin) has been unequivocally implicated in
any aspect of the disorder, namely the cardiovascular abnormalities (Curran et al. 1993).
This is, at least in part, because of the paucity and phenotypic heterogeneity of individuals
with smaller deletions of the region, making genotype—phenotype correlation difficult. In
addition, it is possible, perhaps likely, that there are combinatorial consequences of multiple
gene deletion. As a result of these limitations, mouse models have become a logical route to
understanding the role of specific genes in the complex WBS phenotype. Here, we have
shown that mice either heterozygously or homozygously disrupted for the Gtf2ird1
transcription factor exhibit some behavioral features of WBS that have not been reported in
previous mouse models (Crackower et al. 2003; Fujiwara et al. 2006; van Hagen et al. 2006;
Hoogenraad et al. 2002; Li et al. 1998; Meng et al. 2002; Tassabehji et al. 2005; Zhao et al.
2005). The distinctive behavioral profile seen in people with WBS is one of the defining
features of WBS, and insight into the genetic basis of aspects of this unique phenotype will
be important not only for understanding the molecular basis of WBS, but of normal human
behavior.

Perhaps the most intriguing finding in mice with disruption of Gtf2ird1 was the decrease in
aggressive behavior toward, and increased social interest in, unfamiliar mice. This was
paired with a significantly blunted natural fear response. People with WBS almost
universally exhibit overfriendliness with inappropriate social boundaries and lack of normal
risk assessment, and frequently approach and/or initiate social interactions with strangers
(Doyle et al. 2004; Klein-Tasman & Mervis 2003). The altered behaviors seen in the
Gt2ird1 mutants are intriguingly reminiscent of these hallmark features of WBS.

In an apparent direct contrast to people with WBS, the majority of whom have either
generalized anxiety disorder or simple non-social phobias (Dykens 2003; Mervis & Klein-
Tasman 2000), Gtf2ird1~'~ mice displayed decreased anxiety when tested in the elevated
plus maze and open field (Fig. 4). Although this was somewhat unexpected, it could be that
alteration in the expression of GTF2IRD1 affects the anxiety state of both humans and
Gtr2irdI-targeted mice, albeit in different ways. Alternatively, it is possible that these tests
do not examine the same behavioral response as that seen in people with WBS. The
presentation of a novel object normally elicits fear response, or neophobia, in animals.
However, Gtf2ird1-targeted mice showed an enhanced interest in the home cage cube
exploration test (Fig. 4d), in part confirming their less fearful state observed in the plus maze
and open field. However, it is also possible that the apparent lack of fear (approach/
avoidance behavior) exhibited by these mice is masking any potential anxiety that would
normally be elicited by the elevated plus maze or open field. Additional testing, including
the administration of anxiogenic drugs before testing in the elevated plus maze may help
distinguish between lack of fear response and reduced anxiety-observed behavior of
GtR2ird1-targeted mice.
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The neural mechanisms regulating social behavior and aggression are still being elucidated,
but models of human aggression specifically implicate the amygdala and paralimbic
prefrontal regions (Davidson et al. 2000), with lesions of the amygdala in non-human
primates resulting in impaired or inappropriate social function (Amaral 2002; Prather et al.
2001). The molecular mechanisms governing the perception of, and reaction to, danger and
threatening situations have also been linked to the amygdala, with the orbitofrontal cortex
hypothesized to play a key role in modulating limbic reactivity to threat (Davidson et al.
2000; Izquierdo et al. 2005). Recent functional neuroimaging studies of people with WBS
showed reduced activation of the amygdala when processing images of threatening faces,
suggesting an underlying dysfunction (Meyer-Lindenberg et a/. 2005). Amygdala function is
often measured using associative fear conditioned learning and memory, specifically with a
cue, such as a tone. Impaired cued fear conditioning was noted in both the Gtf2ird1*'~ and
Gif2irdI™~ mice although no difference was detected in contextual fear conditioning.
Biochemically, oxytocin has been firmly established as central mediator of social behavior
through its action in the amygdala, and stathmin, a molecule highly expressed in this region,
has also been implicated in both innate and learned fear (Shumyatsky et a/. 2005; Winslow
& Insel 2002). Mice lacking GD/1, which encodes a protein controlling the activity of the
small guanosine triphosphatase of the Rab family in vesicle fusion and intracellular
trafficking, also exhibit decreased aggression and altered social behavior, but the biological
basis for this remains unknown (D’Adamo et a/. 2002). It will be interesting to investigate
these and other molecules and genes that have been implicated in fear and social response, in
the GtfZird1 mutant mice.

It is known that 5-HT plays an important role in emotional disorders with decreased 5-HT
levels shown to cause an increase in aggressive behavior in rodents (MVergnes et al. 1986) as
well as depression in humans (Ogilvie ef al. 1996), while administration of a 5-HT(1B)
receptor agonist reduced aggression in rats (De Almeida et a/. 2006). Alteration of 5-
HT(1A) and 5-HT(2A) receptor density and binding have also been linked to changes in
aggression in rodents (Caramaschi et a/. 2007; Schiller et al. 2006). Gtf2ird1™\~ mice
showed a significant increase of the 5-HT metabolite 5-HIAA in the frontal and parietal
cortices and the amygdala, although the tissue 5-HT content was not significantly increased
in any of the regions tested. These observations suggest an alteration in postsynaptic 5-HT
turnover rather than an overall increase in 5-HT production. Further experiments, including
studies of 5-HT receptor density and binding, are needed to determine the mechanism by
which serotonergic pathways are altered in the G#f2/rd1-targeted mice.

The increased sociability seen in the G#f2ird1 mutant mice suggests that this gene plays an
important role in the regulation of normal social interaction in rodents, possibly in pathways
that influence transcription of the molecules mentioned above. Interestingly, although almost
all individuals with WBS exhibit the same cognitive profile, three children with smaller than
normal deletions of the WBS region, leaving genes at the distal end intact, did not exhibit
hypersociability (Doyle et al. 2004; van Hagen et al. 2006; Tassabehji et al. 2005). Recently,
an individual was identified with a unique deletion that extends out of the WBS region
toward the telomere, resulting in hemizygosity for GTF2/RD1 and GTFZ2/, but no other
genes from the common WBS deletion region (Edelmann et a/. 2006). This patient exhibited
inappropriate friendliness toward strangers, even though her phenotype was compounded by
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a diagnosis of autism. It seems likely, therefore, that in humans, the WBS behavioral profile
may be the product of the combinatorial effect of hemizygosity for both GTF2/RDI and
GTF2I. Mouse models with multiple gene deletions will go some way to elucidate this and
will be very helpful in studying the interplay between different genes within the WBS
deletion.

Even homozygous disruption of GtfZird1 was not sufficient to produce deficits in learning
tasks that rely heavily on the hippocampus, such as the Morris water maze test of spatial
learning and memory and contextual fear conditioning. This was supported by
electrophysiological recordings of the CA1 region of the hippocampus, which showed
normal basal synaptic activity and long-term potentiation (data not shown). Reports of two
patients with unusual deletions of 7q11.23 support the role of other genes in spatial learning.
One individual with a deletion that removed G7TF2/RD1, but left GTF2/ intact, did not
exhibit as severe visual spatial impairment as people with WBS (Tassabehji et al. 2005),
whereas a second individual with a deletion that removed both GTF2/RD1 and GTF2I, but
none of the other commonly deleted genes (Edelmann et a/. 2006), showed weakness in
visuospatial skills equivalent to that seen in people with WBS. Our findings, together with
the published reports, suggest that GTF2IRD1 and GTF2I may both play an important role
in proper visuospatial cognition, but that their effect may only be evident when both are in
the heterozygous state.

Growth deficiency has long been associated with WBS, with mean adult height
corresponding to the third percentile in both sexes (Pankau ef a/. 1992). Consistent with this,
mild growth deficiencies were observed in Gtf2ird1-deficient mice, as was recently reported
for homozygous Gtf2ird1 mutants (Tassabehji ef a/. 2005). Similar results were seen in a
mouse deficient for another gene from the WBS deletion, Cy/n2 (Hoogenraad et al. 2002),
raising the possibility that the growth deficiency seen in individuals with WBS results from
additive hemizygosity for Cy/n2and Gtf2ird1.

Craniofacial abnormalities were also reported in Gtf2/rd1 mutants, including a proportion of
homozygous mice with severely misaligned jaws (Tassabehji ef a/. 2005). We did not see
any obvious craniofacial abnormalities in our homozygous mice although a careful
quantitative analysis may be required to identify subtle abnormalities. A recent report of a
second GtfZird1 null mouse generated using fusion of a LacZ cassette into exon 2 of the
gene, also failed to detect any overt craniofacial abnormalities (Palmer et a/. 2006). The
difference in phenotype penetrance may be because of the influence of other genes involved
in the pathways regulating craniofacial development. Our mice are maintained on a mixed,
predominantly outbred genetic background, whereas the insertional mutants were on a
mixed inbred background (C57BL/6 x CBA/J). The penetrance of craniofacial anomalies in
mouse models of Smith—-Magenis syndrome was recently shown to be highly dependent on
genetic background (Yan et al. 2007).

Disruption of only a single copy of G#Zird1 in mice results in decreased aggression and
natural fear response, and increased social interaction combined with impaired amygdala-
based learning. These alterations closely resemble phenotypes observed in WBS and suggest
that the haploin-sufficiency of GTF2/RDI contributes to the physical and behavioral deficits
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associated with this disorder. The Gtf2ird1 mutant mice present an opportunity to identify
downstream genes and pathways that are essential for proper development and maintenance
of certain aspects of human behavior. These mice provide the basis for manipulations not
possible in humans, for example, the global analysis of gene expression in the amygdala
before and after behavioral testing, and should prove a valuable model for an intriguing
human disorder.
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Figure 1. Targeted disruption of the Gtf2ird1 gene by homologous recombination
(a) Structural organization of the murine Gtf2ird1 gene (top), of the targeting vector

(middle) and the targeted Gtf2ird1 locus (bottom). Grey boxes indicate coding exons.
Restriction enzymes are Apal (A), EcorlI (E), and Kpnl (K). Black box represents position
of probe used to screen embryonic stem (ES) cells (P). The loxP sites are represented by
arrows; NEO, neomycin-resistance cassette; TK, thymidine kinase gene. Bent arrow
represents the predicted translation start site. (b) Southern blot analysis of Gtf2ird1-targeted
ES cells. Genomic DNA was digested with Apal, fractionated on agarose gel and hybridized
with 32P-labeled probe. The 11-kb Apal fragment corresponds to the WT locus and the 8.5-
kb fragment to the targeted locus. (c) Real-time RT-PCR analysis of gene expression using
brain cDNA from WT and targeted Gtf2ird1 mice. Gtf2ird1 and its two flanking genes
(Gtfzi, Clip2) were assayed.
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Figure 2. Gtf2ird1-targeted mice show mild growth retardation
Body weight analysis of adult Gtf2ird1 targeted mice. Adult male (+/+, n=23; +/-, n=23,;

+/+, n=14) and female (+/+, n=24; +/-, n=28; +/+, n=8) mice were analyzed for
changes in body weight (mean age, 20.7 + 2.6 weeks). Both male and female Gtf2ird1~
mice showed a significant decrease (£ < 0.05) in body weight of approximately 15%.
Although male and female Gtf2ird1*'~ mice also showed a decrease in body weight, the
decrease was only statistically significant in the Gtf2irdZ™'~ mice (*P< 0.05).
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Figure 3. The resident-intruder test detects decreased aggression and increased social interaction
in Gtf2ird1*/~ and Gtf2ird1™/~ mice

Both the Gif2ird1*'~ and the Gtf2ird1~'~ mice showed a significant decrease in the number
of aggressive interactions (a) and length of these aggressive interactions (b) as compared
with WT mice. Both the Gtf2ird1*'~ and the Gtf2ird1™'~ mice also showed a significant
increase in the number of social interactions including the time spent following the intruder
(c) compared with WT mice. Gtf2ird1~/~ mice also displayed a significant increase in the
number of followings (d) and an increased, but not significant time spent sniffing the
intruder (e) compared with WT mice. A similar trend in noted for Gtf2ird1*~ mice although
this change was not statistically significant. Values are mean £ SEM (+/+, n=17; +/-, n=
10; -/-, n=18) (*P< 0.05, **P< 0.01).
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Figure 4. Anxiety is decreased in Gtf2ird1™/~ mice
In the elevated plus maze, significant increases in the percentage of time spent in open arms

(a) entries into the open arms (b) and head dips (c) were seen in Gt£2ird1™'~ mice compared
with WT mice. In the novel object test, both Gtf2ird1*'~ and Gtf2ird1~'~ mice showed a
significant increase in the time spent exploring an unfamiliar object (cube) (d). In the open
field, both Gtf2ird1*'~ and Gtf2ird1~/~ mice showed a significant increase in the center to
wall ratio (e) and GtfZird1~'~ mice showed a significant decrease in risk assessment (alarm
scanning) (f). Values are mean + SEM (+/+, n=11; +/-, n=12; -/-, n=14) (*P< 0.05,
**P<0.01).
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Figure 5. Gtf2ird1-targeted mice have deficits in cued but not contextual fear conditioning
In cued tests, there was no significant change in amount of freezing observed between

genotypes in the altered context compared the baseline (pre-CS). Upon presentation of the
auditory cue (post-CS), freezing in Gtf2ird1-targeted mice was decreased with both
GIf2irdI*'~ and Gitf2ird1™~ mice displaying significantly less freezing than WT littermates.
In contextual testing, GtfZirdI-targeted mice did not differ significantly from WT littermates
(data not shown). (*P< 0.01, **P < 0.05).
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Figure 6. Gtf2ird1-targeted mice perform normally in the Morris water maze evaluation of
visuospatial processing

Neither Gtf2irdI*'~ nor Gtf2ird1™~ mice showed a significant difference in their
performance compared to WT littermates (2> 0.05) during either the visible (V), hidden
(acquisition) or the reversal phase (a). No significant differences were observed in either
probe test (test administered at the end of the hidden platform trial is shown) (b). Values are
mean + SEM (+/+, n=7; +/-, n=11; -/-, n=12).
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Table 1

Mean + SEM concentration (pg/mg) of 5-HT in indicated brain areas of G#£2irdZ™~ and WT mice

5-HT  Amygdala Frontal cortex  Parietal cortex  Occipital cortex

++  966+69(n=7) 832+51(n=7) 736+57(n=6) 830+ 96 (71=6)
-/~ 1120+63(n=8) 886+58(7=9) 780+45(n=9) 80081 (7=8)

Results were analyzed by two-tailed Student’s #test for independent samples.
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Table 2

Mean £ SEM concentration (pg/mg) of 5-HIAA levels are increased in the amygdala, frontal cortex and
parietal cortex of Gtf2ird1™!~ mice compared with WT mice

5-HIAA  Amygdala Frontal cortex Parietal cortex Occipital cortex
++ 415+18 (n=7) 234+16(n=7) 366+29(n=6) 321+33(n=6)
-/~ 509 +32* (n=8) 297+17*(n=9) 469+41*(n=9) 370+25(n=28)

Results were analyzed by two-tailed Student’s #test for independent samples (*~ < 0.05).
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