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ABSTRACT  

Williams-Beuren Syndrome (WBS) is a neurodevelopmental disorder caused by a heterozygous 

deletion of 26-28 genes at chromosome band 7q11.23. Haploinsufficiency at GTF2I has been 

shown to play a major role in the neurobehavioral phenotype. By characterizing the neuronal 

architecture in four animal models with intragenic, partial and complete deletions of the WBS 

critical interval (ΔGtf2i
+/-

, ΔGtf2i
-/-

, PD and CD), we clarify the involvement of Gtf2i in 

neurocognitive features. All mutant mice showed hypersociability, impaired motor learning and 

coordination and altered anxiety-like behavior. Dendritic length was decreased in the CA1 of 

ΔGtf2i
+/-

, ΔGtf2i
-/-

 and CD mice. Spine density was reduced and spines were shorter in ΔGtf2i
-/-

, 

PD and CD mice. Overexpression of Pik3r1 and downregulation of Bdnf were observed in 

ΔGtf2i
+/-

, PD and CD mice. Intracisternal Gtf2i-gene therapy in CD mice using adeno-associated 

virus resulted in increased mGtf2i expression and normalization of Bdnf levels, along with 

beneficial effects in motor coordination, sociability and anxiety, despite no significant changes in 

neuronal architecture. Our findings further indicate that Gtf2i haploinsufficiency plays an 

important role in the neurodevelopmental and cognitive abnormalities of WBS and that it is 

possible to rescue part of this neurocognitive phenotype by restoring Gtf2i expression levels in 

specific brain areas. 
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INTRODUCTION  

Williams-Beuren Syndrome (WBS, OMIM 194050) is a rare neurodevelopmental disorder 

caused by a heterozygous deletion of 26-28 contiguous genes on chromosome band 7q11.23 
1,2

. 

It usually occurs sporadically with an incidence of 1/7500 newborns 
3
. In addition to 

characteristic physical features and medical problems mainly affecting the cardiovascular, 

endocrine and connective tissues, WBS patients display a characteristic cognitive and behavioral 

profile including intellectual disability, anxiety and phobias, overfriendly personality and 

visuospatial construction deficits 
4,5

. 

 Neurologic examination and brain imaging in WBS patients have shown changes in brain 

anatomy and function, including significant reductions in total brain volume, being white matter 

more reduced than grey matter 
6–10

. Structural alterations have been found in different brain 

regions such as amygdala, brain stem, cerebellum, corpus callosum, hippocampus and thalamus 

6–8,11–13
, as well as abnormalities of cortical surface folding patterns 

9,14,15
. Functional brain 

alterations in the orbitofrontal cortex and visual system have also been reported using functional 

magnetic resonance imaging 
16–18

. Depression of hippocampal energy metabolism and synaptic 

activity by multimodal neuroimaging also indicated an abnormal functionality of hippocampus in 

WBS 
11

. Altered brain structure has been also reported in different WBS mouse models 
19–24

. 

Male mice with deletion of the proximal interval (PD) had normal brain size with a strikingly 

reduced lateral ventricle and a significantly increased neuronal density restricted to layer V of the 

somatosensory cortex 
21

. On the other hand, male mice with the complete deletion (CD) showed 

a global reduction in brain weight, with a significant volume reduction of the hippocampus and a 

general decrease in the cellular density of the amygdala 
19

.  
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Clinical-molecular correlations in patients with atypical 7q11.23 deletions suggested that 

hemizygosity of the GTF2I family of transcription factors (GTF2I and GTF2IRD1) is the major 

contributor to the craniofacial features and several aspects of the neurocognitive profile such as 

intellectual disability, visuospatial construction deficits and sociability 
25–29

. Studies in mice have 

also strengthened the idea that Gtf2i is one of the main players in motor coordination, locomotor 

activity, anxiety behavior, sound intolerance, hypersociability and craniofacial features 
20,21,30

.  

 In order to further demonstrate the implication of GTF2I and better understand the 

pathophysiologic mechanisms underlying the neurocognitive profile of WBS, we have compared 

the neurobehavioral phenotype and further characterized the neuronal architecture in several 

mouse models of the disorder with single-gene (Gtf2i), partial and complete deletions of the 

critical interval. We then attempted a phenotypic rescue by in-situ delivery (intracisternal) of 

recombinant adeno-associated viruses (AAV)-based Gtf2i gene therapy in adult CD mice. AAV 

are non-integrative viruses that are able to sustain a long term transgene expression and to 

transduce both dividing and non-dividing cells with low secondary effects due to their lack of 

pathogenicity, poor immunogenicity and an excellent safety profile 
31–34

. Here, we present 

evidence that Gtf2i happloinsufficiency is a major player in some neuroanatomical, synaptic 

plasticity and cognitive alterations observed in WBS mutant mice, and that the increase of Gtf2i 

expression by gene therapy is able to improve cognition and synaptic plasticity in mice with the 

complete deletion of the WBS genetic interval. 

 

RESULTS  

Altered neuronal architecture and impaired synaptic plasticity marker expression in the 

hippocampus of WBS mouse models 
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Little is known about neural architecture in WBS patients and mouse models. We previously 

reported preliminary analyses of the CA1 hippocampal morphology of CD mice suggesting a 

reduction in both dendritic length and spine density of apical dendrites 
19

. We further studied 

dendritic morphology in hippocampus of all mouse models. Dendritic length was significantly 

different among genotypes in both, stratum radiatum (SR) (F4,551= 37,974, P= 4,47 x 10
-28

) and 

stratum oriens (SO) (F4,551= 31,518, P= 1,16 x 10
-23

). Dendritic length (SR and SO) was shorter 

in ΔGtf2i
+/-

 (13%-17%), ΔGtf2i
-/-

 (15%-16%) and CD (12%-16%) mice (Fig. 1a). Spine density 

on apical proximal dendrites of CA1 pyramidal neurons was reduced by 14%, 15% and 17% in 

ΔGtf2i
-/-

 (P=0.003), PD (P=0.002) and CD (P=2 x 10
-5

), respectively (Fig. 1b and S1a). Spine 

length was significantly reduced in all mutant mice (F4,1534= 17,083, P= 1,02 x 10
-13

), by 13%, 

15%, 9% and 19% in ΔGtf2i
+/-

, ΔGtf2i
-/-

, PD and CD, respectively (Fig. 1c). No differences in 

spine density or mean spine length were found on basal proximal dendrites of CA1 pyramidal 

neurons respect to WT (Figs. S1b,c). All these features suggest a role of Gtf2i in hippocampal 

neural morphology.  

Brain-derived neurotrophic factor (BDNF) plays an important role in the development, 

trophic support, synaptic transmission and neural plasticity of the hippocampus 
35–38

. In neurons, 

BDNF activates several intracellular pathways such as PI3K–Akt–mTOR and the Ras–ERK 

signaling pathways, which in turn regulate dendritic branching, dendrite size as well as the 

number and morphology of dendritic spines 
39–41

. Interestingly, chromatin immunoprecipitation 

studies demonstrated that Pik3r1, which encodes the 85 kDa regulatory subunit of PI3K, is a 

direct target of GTF2I 
42

. We therefore studied Bdnf and Pik3r1 mRNA levels in the 

hippocampus of mutant and WT mice, as possible markers of synaptic plasticity. ΔGtf2i
+/-

, PD 

and CD mice had significantly lower levels of Bdnf mRNA (P=0.020, P=0.006 and P=0.004, 
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respectively) (Fig. 1d). Moreover, ΔGtf2i
+/-

 and CD mice had significantly higher levels of 

Pik3r1 (P=0.042 and P=0.004, respectively). In PD mice, Pik3r1 expression was slightly higher 

although not reaching statistical significance (P=0.274) (Fig. 1d). 

Altered Cognitive Behavior in WBS mouse models  

People with WBS are hypersociable from early in life, including an overfriendly attitude toward 

strangers 
43

. In previous reports the heterozygous Gtf2i knock-out as well as CD mice showed 

increased social interaction and retained social interest to repeated stimuli when compared to WT 

mice 
19,30

. PD mice also showed altered social behavior in four different sociability tests 
21

. We 

performed a direct social test comparing the behavior of all exposed animals. ΔGtf2i
+/-

, ΔGtf2i
-/-

 

and
 
CD mice spent more time sniffing the container with the intruder mouse rather than the 

empty one (P=0.006, P=0.004, and P=7 x 10
-5

, respectively) (Fig. 2a), indicating an enhanced 

sociability in these animals. 

 Poor balance and coordination have been reported in WBS patients 
4,44

. Motor 

coordination, as assessed by the rotarod test, was also found impaired in CD and PD mice. These 

results obtained with the rotarod test suggested that the proximal genes deleted in PD mice are 

the ones significantly contributing to this phenotype in WBS 
19,21

. We performed the accelerating 

rotarod to test motor coordination and motor skill learning in ΔGtf2i
+/- 

and ΔGtf2i
-/-

 mice. Both 

mutant
 
mice performed worse in the rod as early as 10 rpm (F2,28= 4,311, P= 0,024) (Fig. 2b). 

Additionally, ΔGtf2i
-/-

 mice required a significantly larger number of trials to learn the test 

(P=0.0006) (Fig. S2). These results indicate that Gtf2i could be a major player in this particular 

phenotype. In agreement with our previous results, CD mice fell off the rod as soon as 7 rpm 

(P=0.004) (Fig. 2c). 
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 More than 80% of WBS adult individuals have anxiety, preoccupations or obsessions 
4
. 

In several mouse models of WBS different paradigms evaluating anxiety have been used with 

controversial results 
19–21

. Despite the controversial use of marble burying test as a model of 

anxiety or obsessive-compulsive traits 
45–47

, we decided to use this paradigm because it is 

believed to partially depend on hippocampal function 
48,49

. ΔGtf2i
-/- 

and PD mice showed 

significant reduced burying of marbles (F1,27=12,684, P<0.001; F1,13=6,017, P=0.029 

respectively) (Fig. 2d,e), pointing to abnormal levels of anxiety-like/obsessive behavior in these 

mice due in part to Gtf2i expression levels. As expected, CD mice also showed the same 

abnormal behavioral pattern in basal conditions (F1,32=16,62874, P<0.001) (Fig. 2f). 

Efficient AAV9-mediated Gtf2i expression in mouse hippocampus  

We generated an AAV vector carrying the murine Gtf2i cDNA (AAV9-mGtf2i) under the 

control of the CMV promoter and containing the capsid proteins of the AAV9. As a negative 

control and reporter of AAV9 expression, we generated an analogous construct containing βGal 

protein instead of mGtf2i (AAV9-βGal). Vectors were injected into the cisterna magna in 11-12 

weeks-old mice. One month post-injection, spread AAV9 transduction was confirmed in mice 

brains by immunofluorescence assays (Fig. S3). Additionally, βGal and mGtf2i transduction in 

hippocampus was confirmed by PCR. (Fig. 3a,b and Table S1). Gtf2i mRNA levels were 

significantly increased (57.5%) in hippocampus from CD-mGtf2i injected mice when compared 

to CD-βGal injected controls (P=0.036) or age matched untreated CD mice (P=0.004). As 

expected, AAV9-βGal injection did not affect Gtf2i expression in neither CD nor WT mice (Fig. 

3c). 

Gtf2i ectopic expression partially improves cognitive behavior in CD mice 



8 

 

One month after AAV9 injection, animals were explored using the same behavioral tests as 

previously.  

 In the social interaction test, CD-βGal injected mice showed similar behavior as CD not 

injected mice with a significant increase in the time sniffing the intruder mouse (P=0.010) (Fig. 

4a). In contrast, CD-mGtf2i injected mice showed less interest in the intruder mouse, behaving 

as WT mice (P=0.791) (Fig. 4a).  

With respect to motor coordination, all groups of mice performed better at 7 rpm, what is 

an expected effect due to training. However, although we could still observe significant 

differences between WT and CD-βGal injected mice at 10, 14 and 19 rpm (P=2.8 x 10
-5

, 

P=0.012 and P=0.033, respectively), CD-mGtf2i injected mice improved their performance in 

this test, not falling off the rod significantly faster than WT at any rpm. (Fig. 4b). 

 Concerning anxiety-like/obsessive behavior, the performance of CD-βGal mice in this 

test was very similar to that in basal conditions (F1,16=14,063, P=0.002), while the performance 

of CD-mGtf2i injected mice was closer to WT but still significantly different (F1,20=5,915, 

P=0.025) (Fig. 4c). However, at the end of the test (20 minutes) we could not appreciate any 

difference in the number of marbles buried between CD-mGtf2i injected mice and WT mice 

(P=0.458). 

Gtf2i ectopic expression partially restored synaptic plasticity markers in CD mouse 

hippocampus without significant effects on dendritic morphology 

Although Pik3r1 mRNA levels of CD-mGtf2i injected mice remained higher than WT (P=3.5 x 

10
-7

) and similar to the pretreated CD animals, Bdnf expression increased around 40% in CD 

mice after Gtf2i treatment, reaching levels similar to WT mice (P=0.455) (Fig. 5a).  
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 However, despite the gene expression changes after Gtf2i treatment, we did not observe 

any relevant change in the evaluated morphological parameters in the hippocampus. Dendritic 

length in both SR and SO was still significantly shorter (P<0.001) in CD-mGtf2i injected mice 

(10%-12%) when compared to the WT mice (Fig. 5b). Spine density on apical proximal 

dendrites of CA1 pyramidal neurons from CD-mGtf2i injected mice was significantly reduced by 

17% (P<0.001) similar to pretreatment values (Fig. 5c). Spine length was still reduced (7%) 

when compared to the WT although it was not significant (P=0.07) (Fig. 5d).  

 

DISCUSSION  

Although significant differences in brain function and anatomy have been reported in patients 

with WBS, most neuropathological data are limited to morphologic and volumetric differences 

of brain areas and little is known about detailed cellular or dendritic abnormalities 
8,50

. In 

addition, while there is strong evidence that GTF2I haploinsufficiency is a main player in most 

neurocognitive features of WBS 
20,28

, the pathophysiologic mechanisms need to be studied in 

further detail.  

 Here, we show that hippocampal pyramidal neurons have shorter dendrites in both apical 

(SR) and basal (SO) compartments of CA1 hippocampus in CD, ΔGtf2i
+/-

 and ΔGtf2i
-/-

, although 

not significant in PD mice. In all mutant mice analyzed, the spines of apical dendrites of CA1 

region were shorter, indicating a more immature type of spine. Additionally, ΔGtf2i
-/-

, PD and 

CD showed a reduction in spine density. It is now well established that spines are the 

postsynaptic sites of most excitatory synapses in the brain, receiving inputs from glutamatergic 

axons 
51

. Shorter dendrites and decreased spine density could correlate with the reduction in the 

hippocampal volume and secondary dysfunction previously described in CD mice 
19

 (Fig. S4a), 
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and also the smaller CA1 volume observed in ΔGtf2i
-/-

 and ΔGtf2i
+/-

 mice 
20

 (Fig. S4b). Thus, 

alterations in density and morphology of individual spines in WBS mouse models, critical for the 

regulation of synaptic excitability, suggest an abnormal development and remodeling of the 

connectivity of neuronal circuits in the disorder. The presence of similar phenotypes in mice with 

isolated or expanded Gtf2i hypomorphic alleles strongly indicates that GTF2I should have a 

relevant role in the developmental regulation of the morphology of hippocampal spines, and that 

these hippocampal anomalies are due to its dosage deficiency. 

 BDNF is a neurotrophin with important roles in neuronal development and function. 

Decreased BDNF expression has been associated with mood disorders such as depression, 

bipolar disorder, anxiety, stress or trauma 
52–54

, and also with some neurological diseases linked 

to cognitive deficits including Rett and Down syndromes 
55,56

. It has been hypothesized that 

decreased BDNF could be related to the smaller hippocampal volume found in patients with 

major depression and posttraumatic stress disorder 
57,58

. We have found that Bdnf mRNA levels 

are also decreased in the hippocampus of WBS mouse models, thus probably secondary to Gtf2i 

haploinsufficiency. BDNF acts via the PI3K–Akt–mTOR and Ras–ERK signaling pathways to 

regulate synaptic plasticity, dendritic branching and the number and morphology of dendritic 

spines 
41

. Hyperactivation of the PI3K-Akt-mTOR pathway due to increased protein levels of 

p110 (catalytic subunit of PI3K) has been described in Fragile X syndrome 
59

. We demonstrated 

increased levels of Pik3r1 mRNA in the hippocampus of WBS mouse models, suggesting that 

the PI3K signaling pathway might also be hyperactive in these mice. Since GTF2I has been 

shown to bind directly to the Pi3kr1 promoter in mouse embryonic fibroblasts 
42

, its effect on 

Pik3r1 seems to be inhibitory as Gtf2i deletion leads to Pik3r1 upregulation. These results are in 
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line with the reported finding that GTF2I levels are inversely correlated with the levels of several 

other genes such as BEND4, suggesting a repressive effect of GTF2I on those genes 
60

.  

The comparative neurobehavioral phenotypic study of all four WBS mouse models in 

three main tasks has provided insight into the shared features or deficits most likely due to Gtf2i 

haploinsufficiency. A consistent behavioral characteristic of WBS is hypersociability, showing a 

social disinhibited behavior with strangers sometimes that may put themselves at risk for abuse, 

especially during adolescence 
25,43

. In addition to our results, CD, PD and Gtf2i heterozygous 

mice also showed altered social behavior in different paradigms of sociability 
19,21,30

.  

WBS individuals also show delays in the acquisition of motor skills, poor balance and 

deficits in motor coordination 
4,44

. Along with previous data showing that CD and PD mice had a 

bad performance in the rotarod 
19,21

, ΔGtf2i
+/- 

and ΔGtf2i
-/- 

mice also showed deficits in the 

accelerating rotarod test as soon as 7 rpm, and ΔGtf2i
-/- 

mice required a significantly higher 

number of trials to stay up in the rod at 4 rpm for 120 seconds. Finally, WBS individuals 

manifest high levels of anxiety, preoccupations and/or obsessions, especially in adulthood 
4
. We 

used the marble burying test to explore this phenotype in mice, although it is unclear whether an 

abnormal performance in this test reflects anxiety or obsessive-compulsive behavior 
45–47

. 

Anyway, marble burying is believed to partially depend on hippocampal function 
48,49

. CD, 

ΔGtf2i
-/- 

and PD mice showed significantly reduced burying of marbles indicating hippocampal 

dysfunction. The discordant behavior in this test previously reported for PD mice 
21

, with no 

differences respect to WT, could be due to methodological differences such as test protocols, 

housing or feeding. Our results confirm that Gtf2i is a main player in the hypersociable 

personality as well as in the poor motor abilities and motor coordination problems of WBS. Gtf2i 

may also have an important role in anxiety-like/obsessive behavior, but other genes in the region 
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might contribute to the phenotype, as partial loss of Gtf2i alone did not show differences when 

compared to the WT.  

Finally, in order to further demonstrate the involvement of GTF2I in these phenotypes 

and its utility as a potential therapeutic target, we performed in situ Gtf2i replacement by gene 

therapy to rescue some of the alterations in CD mice. We used adult CD mice, harboring the 

almost complete deletion of the WBS locus, as the best model for the human disorder to define 

the phenotypic features that can be rescued by a single gene. The animals were injected at 4 

months of age, when brain development is completed. Based on reports that classify AAV9 as 

highly expressed and with rapid-onset kinetics 
61

, we performed behavioral tests and collected 

samples one month after the injection. The efficiency was documented by a significant increase 

of Gtf2i expression (57.5%) in hippocampus of injected animals when compared to controls. CD-

mGtf2i injected mice had a better performance in all the tests studied: social behavior was 

completely normalized; motor learning and coordination in the accelerating rotarod was nearly as 

good in treated CD mice as in WT mice; finally, in the marble burying test anxiety-like behavior 

of CD mice was improved, although WT levels were not reached until the end of the test. These 

results reinforce the concept that hemizygosity of Gtf2i is the major cause of the overfriendly and 

hypersocial phenotype of WBS and an important contributor to the fine motor skills and to the 

anxiety phenotype. The incomplete recovery of motor skills and anxiety-like behavior may be 

due to several factors: 1) the bioavailability of GTF2I did not reach physiologic levels, or not in 

all cells relevant for the phenotype; 2) functional recovery might be insufficient given the 

developmental anomalies; and 3) additive contribution of other gene(s) in the region might be 

required for these phenotypes. In this regard, DD mice (deleted for distal genes not including 

Gtf2i) also showed a trend to perform worse than WT in the rotarod 
21

.  
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Dendritic spine anomalies, likely generated due to GTF2I deficiency during 

developmental formation and maturation, have been identified in the hippocampus of WBS 

mouse models as one possible cause of altered neuronal circuitry and neurobehavioral problems. 

We then checked whether the phenotypic rescue by in situ Gtf2i gene therapy was also 

associated with improved plasticity of dendritic spines. Not surprisingly, the documented 

increase of Gtf2i mRNA was not enough to reverse the morphological phenotypes observed in 

the adult brain of CD mice. However, we hypothesized that some functional reversal must have 

taken place despite the absence of relevant structural changes, possibly through remodeling of 

already existing spines. Pharmacotherapy for Down syndrome using GABAa receptor 

antagonists also resulted in functional improvement with little effect on the morphological 

dendritic anomalies 
62

. In fact, we observed a normalization of Bdnf expression following Gtf2i 

gene therapy, and BDNF is the main promoter of formation, maintenance, and activity-

dependent sculpting of dendritic spines. Since there was no apparent effect on Pik3r1 expression, 

a known target of GTF2I involved in downstream signaling of dendrites, the effect on BDNF is 

more likely to occur upstream and by still unknown mechanisms.  

 In summary, our data further reassure that Gtf2i deficiency is involved in the 

neurocognitive phenotype of WBS, causing specific neuroanatomical alterations in the 

hippocampus and synaptic plasticity deficits demonstrated in WBS mouse models. Increasing 

Gtf2i expression levels by gene therapy resulted in an interesting improvement of the 

neurocognitive phenotype of CD mice, probably through modulation of BDNF-related pathways. 

Although correction of morphogenesis defects might require an early treatment, appropriate 

replacement of GTF2I and/or BDNF deficiency in brain areas during adulthood may result in 

improvement of the cognitive and behavioral performance in WBS. 
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MATERIALS AND METHODS 

Ethics statement 

Animal procedures were conducted in strict accordance with the guidelines of the European 

Communities Directive 86/609/EEC regulating animal research and were approved by the local 

Committee of Ethical Animal Experimentation (CEEA-PRBB). 

Animals’ maintenance 

WBS mutant mice [ΔGtf2i
+/-

, ΔGtf2i
-/-

, PD (proximal deletion; Gtf2i-Limk1) and CD (complete 

deletion; Gtf2i-Fkbp6)] were obtained as previously described 
19–21

. WBS mutant mice were 

crossed with Thy1-YFP transgenic mice (B6.Cg-Tg(Thy1-YFPH)2Jrs/J, Jackson Laboratory) 
63

 

to label pyramidal neurons.   

All mice used were males and were maintained on at least 97% C57BL/6J background. 

Animals were housed under standard conditions in a 12h dark/light cycle with access to food and 

water ad libitum. Genomic DNA was extracted from mouse tail to determine the genotype of 

each mouse using MLPA and appropriate primers (Table S1).  

Recombinant AAV vector generation and intracisternal delivery 

AAV9 recombinant adenoviruses were generated by the “Unitat de Producció de Vectors” 

(UPV) (CBATEG, Barcelona, Spain). The expression cassettes used were (i) βGal under the 

control of CMV promoter and SV40 polyA signal or (ii) murine cDNA Gtf2i (mGtf2i) under the 

control of CMV promoter and SV40 polyA signal.  

Separate groups of mice underwent intracisternal injections with 2x10
10

 vg (viral 

genomes) per animal of either AAV9-βGal or AAV9-mGtf2i at 11-12 weeks. Detailed 

methodology can be found in Supplementary Materials and Methods. We finally worked with 

three groups of injected animals: WT-AAV9 (n=12), CD-βGal (n=5) and CD-mGtf2i (n=11) 
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mice. Correct delivery of AAV9 into the brain was confirmed by immunohistofluorescence 

(Supplementary Materials and Methods). 

Histological preparation 

Mice were transcardially perfused with 1x PBS followed by 4% paraformaldehyde. Brains were 

removed and postfixed in 4% paraformaldehyde for 24 hours at 4ºC, in PBS for 24 hours at 4ºC 

and, afterwards, crioprotected in 30% sucrose for 24 hours at 4ºC. Finally, serial coronal sections 

(40 µm) of brain were collected on a glass slide and mounted with Mowiol.  

Imaging 

We obtained 1024x1024 pixel confocal fluorescent image stacks from coronal tissue sections of 

40 µm using a TCS SP2 LEICA confocal microscope.  

For spine quantification, an HC PL FLUOTAR 63x (zoom 5) oil-immersion objective 

was used. Basal proximal (30-120 µm from soma) and apical proximal (secondary apical 

dendrites from 50-150 µm from soma) were selected for the analysis of spine density. The 

number of spines was counted using ImageJ Cell Counter plugging from 15-30 µm dendritic 

segments of randomly selected neurons. Spine counts included all type of dendritic protrusions. 

Spines located on the top or bottom surfaces of the dendrites were not counted; thus, the total 

number of spines was underestimated in all cases. A minimum of 3 animals were analyzed per 

genotype and 8-15 dendritic segments were analyzed per animal. Spine density was calculated by 

dividing the total spine count by the length of dendrite analyzed. Spine length was measured 

from the base of the spine neck to the end of the head of the spine. 

For morphological analysis of the SR and SO, 1360x1024 images of CA1 hippocampus 

were obtained on a Leika epifluorescence microscopy at 4x magnification. Measures from six 

hippocampal sections per animal (3-6 mice) were averaged. 
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RNA preparation and gene expression quantification 

RNA was extracted from hippocampal tissues of adult mice using TRIZOL reagent (Invitrogen) 

according to the manufacturer’s instructions. cDNA was prepared from 1 µg of total RNA using 

random hexamers and SuperScript II RNase H reverse transcriptase (Invitrogen). The expression 

of Gtf2i, Pik3r1, Bdnf and Rps28 was evaluated by quantitative real-time PCR (qRT-PCR) 

and/or semi-quantitative RT-PCR (Supplementary Materials and Methods). Primers were 

designed to span an intron in all cases (Table S1).  

Behavioral tests 

Social interaction test: This test was conducted in an open field. First, an empty wire cup-

container was placed in the center of the arena. The subject mouse was allowed to explore the 

arena and the amount of time sniffing the empty container was measured during 5 minutes. Next, 

an intruder mouse was hold in the container and, again, the amount of time nose to nose sniffing 

was measured during 5 minutes. Each animal trial was monitored and computed with a software 

tracking system SMART© 3.0 (Panlab-Harvard Apparatus, SL, Spain) connected to a video 

camera placed above the arena. In parallel, two observers simultaneously scored the sniffing 

counts and the registered and observed results were compared subsequently. 

 Rotarod test: A commercially available rotarod apparatus (Rotarod LE8500, Panlab, 

Harvard Apparatus, Spain) was used. The experiment consisted of two trials: training criterion 

test, in which animals were trained until they could stay on the rod at the minimum speed (4 

rpm) during 120 seconds; and the test session, in which motor coordination and motor skill 

learning were evaluated by measuring the latency to fall off the rod in consecutive trials of 4, 10, 

14, 19, 24, and 34 rpm. Animals were allowed to stay on the rod for a maximum period of 60 

seconds per trial and to rest between trials during 5 minutes. 
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Marble Burying test: The test was conducted in a polycarbonate rat cage filled with 

bedding to a depth of 5 cm and lightly tamped down. A regular pattern of 20 glass marbles (five 

rows of four marbles) were placed on the surface of the bedding prior to each test. An individual 

animal was placed in each cage. The number of buried marbles (>2/3 marble covered) was 

counted every five minutes during 20 minutes.  

In all experiments investigators were blinded to genotypes and to treatment. 

Statistical analyses 

Results are presented as mean ± standard error of the mean (SEM). All data were analyzed using 

a one-way ANOVA followed by Bonferroni post-hoc test when there were more than 2 groups or 

a non parametric Mann-Whitney U test for 2 groups. A General Linear Models of repeated 

measures ANOVA was used in the analysis of marble burying test. All statistical tests were made 

under the SPSS environment. Values of P<0.05 were considered significant. 
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Figure S1. Basal and apical proximal dendritic spine morphology in CA1 pyramidal neurons. 
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-/-
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Figure S3. Immunohistofluorescence assay confirming AAV9 transduction in the brain. 
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FIGURE LEGENDS  

Figure 1. Neuronal architecture in CA1 pyramidal neurons and synaptic plasticity markers 

quantification in WBS mouse models. (a) Width of SR (length of apical dendrites) and SO 

(length of basal dendrites) was measured in CA1 area of hippocampus. Apical and basal 

dendrites were significantly shorter in ΔGtf2i
+/-

, ΔGtf2i
-/-

 and CD with respect to WT (P<0.001 in 

all cases). PD mice had significantly longer basal dendrites (P=0.039) than WT mice. (n=25-32 

neurons/mice, ≥3 mice) (b) Spine density on apical proximal dendrites was significantly 

different among genotypes (F4, 149= 10.644, P= 1.29 x 10
-7

)(n=8-16 dendrites/mice, ≥3 mice). (c) 

Spine length on apical proximal dendrites was reduced by 13%, 15%, 9% and 19% in ΔGtf2i
+/-

, 

ΔGtf2i
-/-

, PD, and CD, respectively (F 4,1534 = 17.083, P=1.02 x 10
-13

) (n=100 spines/mice, ≥3 

mice). (d) Hippocampal basal levels of Bdnf and Pik3r1 were measured in WBS mutant mice. 

Bdnf was significantly decreased in all WBS mutant mice respect to WT (F 3,40 = 6.476, 

P=0.001). Pik3r1 was increased in all mutant mice (F 3,40 = 5.209, P=0.003) (n=2-4 RT-

PCRs/mice, ≥4 mice). 

Data are presented as the mean ± SEM. P-values are shown with asterisks indicating values that 

are significantly different in group comparisons (One way ANOVA followed by Bonferroni 

post-hoc test) *P<0.05, **P<0.01, ***P<0.001. 

 

Figure 2. Cognitive behavior in WBS mouse models. (a) In the direct social test, ΔGtf2i
+/-

, 

ΔGtf2i
-/- 

and CD mice spent significantly (P=0.006, P=0.004 and P=7 x 10
-5

) more time sniffing 

the container with the intruder mouse rather than the empty container (n=15 WT, n=12 ΔGtf2i
+/-

, 
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n=11 ΔGtf2i
-/-

and n=18 CD). (b,c) Motor coordination and balance were assessed in the 

accelerating rotarod test. ΔGtf2i
+/- 

and ΔGtf2i
-/- 

mice had motor coordination and balance 

impairment as soon as 10 rpm (F 2,26 = 4.311, P=0.024)) (n=12 WT, n=12 ΔGtf2i
+/-

, n=12 ΔGtf2i
-

/-
). CD mice fell off the rod as soon as 7 rpm (P=0.004) (n=15 WT and n=17 CD). (d,e,f) 

Anxiety-like/obsessive behavior was assessed in the marble burying test. The number of buried 

marbles (>2/3 marble covered) was counted every five minutes during 20 minutes. ΔGtf2i
-/-

, PD 

and CD mice showed reduced burying of marbles (F1,27=12,684, P=0.001; F1,13=6,017, P=0.029 

and F1, 32 = 16.629, P<0.001, respectively) (n=6-16 WT, n=10 ΔGtf2i
+/-

, n=13 ΔGtf2
-/-

 n=9 PD, 

n=19 CD). 

Circles, WT; Triangles, ΔGtf2i
+/-

, Diamonds, ΔGtf2i
-/-

 ; Blades, PD; Squares, CD. Data are 

presented as the mean ± SEM. P-values are shown with asterisks indicating values that are 

significantly different in individual group comparisons (General Linear Models of repeated 

measures ANOVA, one way ANOVA followed by Bonferroni post-hoc test or Mann–Whitney U 

test) *P<0.05, **P<0.01, ***P<0.001. 

 

Figure 3. Efficient AAV9-mediated Gtf2i expression in mouse hippocampus. (a) One month 

post-injection, AAV9-βGal transduction was confirmed by PCR in DNA extracted from mouse 

brain. Lane 1 and 2 represent two different WT mice injected with AAV9-βGal; Lane 3 and 4 

represent two different CD mice injected with AAV9-βGal; Lane 5 represents a not injected WT 

mouse; Lane 6 is the negative control of the experiment. (b) Presence of mGtf2i transduction was 

confirmed by PCR in DNA extracted from mouse brain. Primers were design to span one intron 

to only detect ectopic mGtf2i. Lane 1 to 5 represent five different CD mice injected with AAV9-

mGtf2i; Lane 6 represents a not injected WT mouse; Lane 7 is the negative control of the 
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experiment. (c) AAV9-mGtf2i intracisternal injection leads to an efficient expression of Gtf2i in 

mouse hippocampus. One month post-injection relative Gtf2i mRNA levels were measured in 

hippocampus of CD-βGal and CD-mGtf2i injected mice together with untreated mice (basal). 

Gtf2i levels were increased in hippocampus from CD-mGtf2i injected mice when compared to 

CD-βGal mice or age matched untreated CD mice.  

Data are presented as the mean ± SEM (n=4-18, ≥2 mice per group). P-values are shown with 

asterisks indicating values that are significantly different in group comparisons (One way 

ANOVA followed by Bonferroni post-hoc test) **P<0.01 

 

Figure 4. Cognitive behavior in CD mice after Gtf2i ectopic expression. (a) One month after 

injection, the interest of CD-βGal injected mice in the intruder mouse was similar to the basal 

conditions (P=0.010). However, CD-mGtf2i injected mice showed less interest in the intruder 

mice, behaving as WT mice (n=12 WT; n=6 CD-βGal; n=10 CD-mGtf2i injected mice). (b) One 

month post-injection, CD-mGtf2i injected mice performed better in the rotarod test, not falling 

off the rod until 14 rpm (P=0.593) as WT mice (n=12 WT, n=6 CD-βGal, n=10 CD-mGtf2i 

injected mice). (c) CD-mGtf2i injected mice buried more marbles that CD-βGal, although they 

did not reach WT values (F1,20=5,915, P=0.025) (n=12 WT, n=6 CD-βGal, n=10 CD-mGtf2i 

injected mice).  

Circles, WT; Grey squares, CD-βGal; Black squares, CD-mGtf2i. Data are presented as the 

mean ± SEM. P-values are shown with asterisks indicating values that are significantly different 

in individual group comparisons (General Linear Models of repeated measures ANOVA  or one 

way ANOVA followed by Bonferroni post-hoc test) *P<0.05, **P<0.01, ***P<0.001. 
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Figure 5. Neuronal architecture in CA1 pyramidal neurons and synaptic markers 

quantification in CD mice after Gtf2i ectopic expression. (a) One month after the treatment, 

Bdnf of CD-mGtf2i mice was completely restored (P=0.455). Pik3r1 levels were still high after 

Gtf2i treatment (P=3.5 x 10
-7

). (n=2-4 RT-PCRs/mice, ≥2 mice).  (b,c,d) One month after 

injection, only  spine length of the parameters analyzed for neuronal architecture changed in CD-

mGtf2i mice (P=0.076).  

Data are presented as the mean ± SEM. P-values are shown with asterisks indicating values that 

are significantly different in group comparisons (One way ANOVA followed by Bonferroni 

post-hoc test) *P<0.05, **P<0.01, ***P<0.001. 
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Table S1. Primer sequences for genotyping and expression experiments 

 

Use Gene Sequence Amplicon size Location Tm

L - gggttccctaagggttgga//gaatcatggcccaagtagtgatgtctgcct Exon 2 87,08ºC

R - tgcctgccgaagatgaagagtcttcagag//tctagattggatcttgctggcac Exon 2 85,64ºC

L -gggttccctaagggttgga//ctaatccacaaggtcatccgaattggcttccca Exon 5 88,22ºC

R - tccaccagtccagccaaggccaagaagaccaaacgc//tctagattggatcttgctggcac Exon 5 90,46ºC

L - gggttccctaagggttgga//gccctcaggagaaccatggaaatctactcgaagacg Exon 6 88,96ºC

R - cttcgcccttgcttgtaatgcttcggataagatcatcg//tctagattggatcttgctggcac Exon 6 86,83ºC

L - gggttccctaagggttgga//gctgaggaaagatacagtgaacgcatttggacgtgtaagag Exon 2 87,47ºC

R - ggaagcagtcagctaacacacaaggagctgac//tctagattggatcttgctggca Exon 2 86,19ºC

L - gggttccctaagggttgga//cgagtgcatgaggttgacgctactttgttgcacc Exon 1 88,98ºC

R - tggagggaagaacgtatgggagaggaag//tctagattggatcttgctggcac Exon 1 85,61ºC

L - gggttccctaagggttgga//ccggcgttatatcaaggccctcttcaggtgtggaca Exon 6 90,59ºC

R - ggtgagttgagggtagtggggagatcgcgactgacg//tctagcttccatcttgctggca Intron 6 91,11ºC

L - gggttccctaagggttgga//caaaggaccattaagcccaatctatgtc Exon 24 83,84ºC

R - gtgttttcaaggaagaaaacggaaatgtg//tctacattggatcttgctggcac Exon 24 83,07ºC

L - gggttccctaagggttgga//gatcggggtgttgtttgatggcttcactgaggagagtcaaa Exon 1 89,88ºC

R - tgttggtgttgaacttgatcgcggttgctgactgtac//tctagattggatcttgctggc Exon 1 86,67ºC

L - gggttccctaagggttgga//gccgccgacaagcagaagaacggcatc 75,43ºC

R - aaggtgaacttcaagatccgccacaac//tctagattggatcttgctggcac 72,57ºC

L - tggctggggaatgaaaatac Exon 8 63,5ºC

R - cagccctgcttactgctctc Exon 9 64,2ºC

L - agtctccaggacagcaaagc Exon 1 63,6ºC

R - attcacgctctccagagtcc Exon 2 63,4ºC

L - aagtagcgatgtctgccttg Exon 2 52,9ºC

R - ttcatcttatgcatctcggcgg Exon 4 66,5ºC

L - tagggtaaccaaagtgctggg Exon 1-2 67,9ºC

R - gacatttcggatgatagagcgg Exon 3 66,6ºC

L - cggcggtgaaattatcgatga 65,1ºC

R - atcagcaggatatcctgcacca 64,1ºC

L - aagtagcgatgtctgccttg Exon 2 52,9ºC

R - ttcatcttatgcatctcggcgg Exon 4 66,5ºC

cDNA 178-403B-GalPCR

PCR Gtf2i
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225

Expression

Pik3r1

Bdnf
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Rps28Expression

MLPA YFP 93 cDNA 463-513

Expression

Expression

99MLPA Cutl1

MLPA Wbscr17 118

101

111

116

114

104

113

MLPA Baz1b

MLPA Limk1

MLPA Fkbp6

MLPA Gtf2i

MLPA Cyln

MLPA Rfc2



Supplementary Material 

 

Figure S1. Basal and apical proximal dendritic spine morphology in CA1 pyramidal 

neurons. (a) Representative photographs of dendritic spines on apical proximal dendrites of 

CA1 pyramidal neurons in each mutant mouse. Scale bar = 10 µm. (b, c) No differences were 

found in spine density (n=8-16 dendrites/mice, ≥3 mice) or spine length (n=100 spines/mice, ≥3 

mice).  

Data are presented as the mean ± SEM. P-values are shown with asterisks indicating values 

that are significantly different in group comparisons (One way ANOVA followed by Bonferroni 

post-hoc test). 

 

Figure S2. Learning the rotarod test at 4 rpm in ΔGtf2i mice. The histogram represents the 

number of trials needed at 4 rpm by ΔGtf2i heterozygous and homozygous mice until they were 

able to stay without falling for 120 seconds (n=12 WT, n=12 ΔGtf2i
+/-

, n=12 ΔGtf2i
-/-

). 

Data are presented as the mean ± SEM. P-values are shown with asterisks indicating values 

that are significantly different in group comparisons (One way ANOVA followed by Bonferroni 

post-hoc test) ***P<0.001. 

 

Figure S3. Representative immunofluorescence images showing the spread of the AAV9 

in the brain. One month post-injection, transduction of AAV9 was confirmed in mouse brains by 

immunofluorescence using an anti-V5 antibody for CD-mGtf2i injected mice and an anti-βGal 

antibody for CD-βGal injected mice. Examples of three brain areas are shown: CA1, basolateral 

amygadala (BLA) and striatum. Scale bar = 50 µm. 

 

Figure S4. CA1 area volumes in ΔGtf2i
+/-

, ΔGtf2i
-/-  

and CD mice (a) The histogram 

represents the relative volume of the apical (SR) and basal (SO) compartments of the CA1 

areas of CD mice compared to WT. We observed a decrease in the volume of both 

compartments in CD mice, almost significant for SR (P=0.076) and significant for SO (P=0.047) 

(Segura et al., 2014). (b) Relative volume of the CA1 area in ΔGtf2i
+/-

 mice with respect to WT. 



ΔGtf2i
+/-

 mice showed a non-significant decreased volume (P=0.068), more remarkable and in 

homozygous mice (P=0.010) (Lucena et al 2010). 

P-values are shown with asterisks indicating values that are significantly different in individual 

group comparisons (Mann–Whitney U test; n=5-6 mice per genotype) **P≤0.01. 

 

Table S1. Primer sequences for genotyping and expression experiments 

Gene, primer sequences, amplicon size, genomic location and the optical melting temperatures 

for each specific primer are shown.  

 

MATERIALS AND METHODS 

Surgical procedure for intracisternal delivery of recombinant AAV vectors 

Mice were anesthetized with isoflurane and the head was placed in a stereotaxic apparatus with 

an adaptor for mice. First, hair was removed and the skin was longitudinally incised (1cm). 

Then, the muscle was cleared to expose the membrane. The needle of a Hamilton syringe was 

inserted between the foramen magnum and the first vertebra into the cistern magna. The 

needle was withdrawn one minute after the injection and the nuchal muscle and skin were 

closed with absorbable sutures. 82% of mice survived the procedure.  

 

Immunohistofluorescence experiments 

Cryosections were permeabilized with 0.3% Triton X-100 for 30 minutes, then blocked in 10% 

fetal bovine serum with 0.03% Triton X-100 for 2 hours, and incubated at 4ºC overnight with the 

following primary antibodies: mouse anti-V5 (1:500, Life Technologies), rabbit anti-BGal (1:500). 

After PBS washings, sections were incubated with goat anti-rabbit or anti-mouse Alexa 555 

(1:700, Invitrogen) for 1 hour. After three PBS washings, sections were mounted on slides with 

Mowiol and observed with a microscope (Leika epifluorescence microscopy). 

 

Semi-quantitative RT-PCR and qRT-PCR experiments  

qRT-PCR was performed using the SYBR Green Ready Master Mix according to the 

manufacturer’s instructions using the 7900 HT Fast Real Time PCR System (Applied 

Biosystems). The standard curve method was used for the analysis. Amplification of the Rps28 



transcript was used as control for relative RNA quantification. A reagent-only negative control 

sample was always included in each run. Raw data were obtained using SDS 2.3 software 

(Applied Biosystems). All the experiments were performed a minimum of 2 times with three 

replicates per sample. At least 2 animals per genotype were analyzed in each case. 

 

 


	manuscript
	Figure1
	Figure2
	Figure3
	Figure4
	Figure5
	Supplementary Data
	FigS1
	FigS2
	FigS2

	FigS3
	FigS4
	FigS3

	Table S1
	Supplementary Methods 


