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Abstract

Feingold syndrome (FS) is an autosomal dominant disorder characterized by microcephaly, short
stature, digital anomalies, esophageal/duodenal atresia, facial dysmorphism, and various learning
disabilities. Heterozygous deletion of the miR-17-92 cluster is responsible for a subset of FS
(Feingold syndrome type 2, FS2), and the developmental abnormalities that characterize this
disorder are partially recapitulated in mice that harbor a heterozygous deletion of this cluster
(miR-17-92A/+ mice). Although Feingold patients develop a wide array of learning disabilities,
no scientific description of learning/cognitive disabilities, intellectual deficiency, and brain
alterations have been described in humans and animal models of FS2. The aim of this study was to
draw a behavioral profile, during development and in adulthood, of miR-17-92A/+ mice, a genetic
mouse model of FS2. Moreover, dopamine, norepinephrine and serotonin tissue levels in the
medial prefrontal cortex (mpFC), and Hippocampus (Hip) of miR-17-92A/+ mice were analyzed.
Our data showed decreased body growth and reduced vocalization during development. Moreover,
selective deficits in spatial ability, social novelty recognition and memory span were evident in
adult miR-17-92A/+ mice compared with healthy controls (WT). Finally, we found altered
dopamine as well as serotonin tissue levels, in the mpFC and Hip, respectively, of miR-17-92A/+

Correspondence to: R. Ventura, r ossel | a. vent ura@ni romal. i trossel | aventura2@nmai | . com

E. Fiori and L. Babicola have contributed equally to this work.

Electronic supplementary material The online version of this article (doi:10.1007/s10519-015-9724-8) contains supplementary
material, which is available to authorized users.

Conflict of Interest E. Fiori, L. Babicola, D. Andolina, A. Coassin, T. Pascucci, L. Patella, Y.-C. Han, A. Ventura, R. Ventura declare
that they have no conflict of interest.

Human and Animal Rights and Informed Consent All institutional and national guidelines for the care and use of laboratory
animals were followed. This article does not contain any studies with human participants.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fiori et al.

Page 2

in comparison with WT mice, thus suggesting a possible link between cognitive deficits and
altered brain neurotransmission.
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Introduction

MicroRNAs (miRNAs) are small noncoding RNAs, approximately 21 nucleotides in length,
that regulate gene expression at the post-transcriptional level by inducing mRNA
destabilization and translational inhibition of target MRNAs (Baek et al. 2008; Bartel 2004;
Selbach et al. 2008). Initially described as modulators of developmental timing in
Caenorhabditis elegans (Lee et al. 1993; Wightman et al. 1993), miRNAs are an abundant
and conserved class of regulatory molecules, recently emerged as modulators of nearly
every cellular processes, from normal development to pathogenesis (Lemons et al. 2013).
More than 2000 miRNAs have been identified in humans (Kozomara and Griffiths-Jones
2011). MiRNAs are believed to modulate the expression of a significant proportion of the
transcriptome (Friedman et al. 2009) and thus control many processes, such as proliferation,
survival, apoptosis and differentiation (De Pietri Tonelli et al. 2008; Kanellopoulou et al.
2005; Mogilyansky and Rigoutson 2013). Thus, deregulation of miRNASs has been
associated with human diseases (Borkhardt et al. 2006; Calin et al. 2005; Hayashita et al.
2005; Mencia et al. 2009). Human and animal studies indicated that members of the miR-34
family of miRNASs are involved in several psychopathological phenotypes (Bavamian et al.
2015; Bocchio-Chiavetto et al. 2013; Dickson et al. 2013; Dias et al. 2014; Papaioannou et
al. 2014; Haramati et al. 2011; Parsons et al. 2008; Zhou et al. 2009; Zovoilis et al. 2011).

FS is an autosomal dominant disorder characterized by microcephaly, short stature, digital
anomalies (i.e., brachymesophalangy of the second and fifth fingers and brachysyndactyly
of the toes), facial dysmorphism (i.e. short palpebral fissures, hypertelorism, epicanthic
folds), esophageal/duodenal atresia, and various learning disabilities (Celli et al. 2000; 2003;
Blaumeiser et al. 2008; Feingold et al. 1997; Marcelis and De Brouwer 2009; Cognet et al.
2011).

In particular, digital abnormalities and mild-to-moderate microcephaly form the core
phenotype. Intestinal atresia and other malformations of internal organs occur frequently.
Many patients have hypoplastic thumbs, or flexion, limitation, or hyperextensibility of the
thumbs. Camptodactyly of one or more fingers, cubitus valgus, or limitation of elbow
extension may all be present. Most patients have syndactyly of the toes, both second and
third, or more characteristically of the fourth and fifth toes. Sensorineural deafness and
microcephaly are both recurrent features of Feingold syndrome. Approximately, 85 % of
reported cases have congenital microcephaly, which in some cases became more
pronounced after the neonatal period. Microcephaly reflects reduced growth and
development of the dorsal telencephalon (see Celli et al. 2003 for review), and learning
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disability has been reported in about half of those with microcephaly. Cerebral and
cerebellar white matter abnormalities have also been reported (Lehman et al. 2009).

Two forms of FS have been described: FS1, due to a heterozygous mutation in MYCN gene
on chromosome 2, and FS2 (FGLDS?2), due to a heterozygous microdeletion of miRNA 17—
92 cluster on chromosome 13 (De Pontual et al. 2011).

Several of the key features observed in FS2 patients (Tassano et al. 2013; Ganjavi et al.
2014) carrying a heterozygous deletion for miR-17-92 are also evident in mice with a
targeted deletion of a single miR-17-92 allele (miR-17-92/+) (De Pontual et al. 2011).
miR-17-92 cluster is essential for vertebrate development, as universal disruption of Mirn17
in mice, results in smaller embryos and immediate postnatal death. miR-17-92 cluster has
been reported to target many proteins regulating cell cycle, proliferation and apoptosis.
Heterozygous deletion of miR-17-92 inhibited osteoblast proliferation and differentiation in
vitro, and caused osteopenia phenotype in vivo. Finally, Zhou and colleagues recently
showed that the miR-17-92 cluster is essential for normal skeletal development and
maturation (Zhou et al. 2012). These results demonstrated that miRNAs impact human
development and identified miR-17-92, a well-described human oncogene (He et al. 2005;
Mu et al. 2009; Olive et al. 2009), as an important cause of FS.

Feingold patients develop a wide range of learning disabilities (Herman and Siegel 2004;
Lehman et al. 2009; Marcelis and De Brouwer 2009), nevertheless specific learning/
cognitive disabilities, intellectual impairments, and brain alterations have not been described
in humans and animal models of FS. This study examined the behavioral profiles of infant
and adult miR-17-92/+ mice. We monitored the development of physical landmarks, reflex,
ultrasonic vocalizations and locomotors activity in pups. Moreover, motor, cognitive,
spatial, memory and emotional deficits were investigated in adult miR-17-92A/+ in
comparison with their control (WT) mice. Finally, dopamine (DA), norepinephrine (NE) and
serotonin (5-HT) tissue levels in the medial prefrontal cortex (mpFC) and Hippocampus
(Hip) of miR-17-92A/+ mice were also analyzed.

Materials and methods

Animals

Control (mixed C57/B6 and 129SvJae), and miR-17-92A/+ mice (Ventura et al. 2008) were
initially provided by Dr. Ventura and both genotypes were following crossed with C57BL/6
mice for 3—-4 generations. For genotyping, genomic DNA was isolated from tail using the
Easy DNA Kit (Invitrogen, Carlsbad, CA, USA). PCRs were performed using PCR Master
Mix (Fermentas, Glen Bur-nie, MD) with primer sequences for floxed miR-17-92 gene
relative to wild type miR-17-92 (Zhou et al. 2012). Age matched wild type mice (miR-17—
92*/* (WT)) from the same littermate were used as control.

Ten days after being paired for breeding, females were housed individually and inspected
daily for pregnancy and delivery. The day of birth was considered postnatal day 0 (PO0).
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On postnatal day 28, 24 sex-matched animals were housed per standard breeding cage with
food and water ad libitum on a 12:12 h dark-light cycle (lights on from 7 a.m. to 7 p.m.).

Development was recorded when the animals reached 4 days of age (P4). Each litter
contained between 6 and 9 pups. Pups were marked individually on P4. Adult experiments
began at 3 months of age (P90). Behavioral testing was conducted between 2 and 6 p.m.
Mice were housed in the appropriate animal facilities, and every effort was made to
minimize animal discomfort. Adult mice evaluated in behavioral tests were not the same
tested in the acquisition of developmental milestones (pups).

Developmental assay

Body measurements—Body weights and lengths of pups were measured on P5, 8, 11,
14,17, 21, 24, and 28 and before the sacrifice at P90. Body weight and length data were
analyzed by repeated measures ANOVA (genotype, 2 levels: WT, miR-17-92A/+ as the
between factor; days, 8 levels: 5, 8, 11, 14, 17, 21, 24, and 28 as within factor; n = 20 for
group). Weight and length in adulthood were analyzed by one-way ANOVA (genotype, 2
levels: WT, miR-17-92A/+) (n = 8 for group).

Ultrasonic vocalization (USV) in separated pups—Photographs of the USV
apparatus are shown in Fig. 1f. After 1 h of acclimatization in the test room, each pup, at P4,
6, 8 and 10, was separated from its mother and placed in a glass beaker that contained clean
bedding for the USV. The test started after 5 min of separation, during which the animals
were maintained on a heated plate (36 °C), and USV was recorded for 5 min. At the end of
the recording session, each pup was returned to its nest. No more than 5-6 animals per litter
were tested, in order to avoid too long separation (Moles et al. 2004).

An UltraSoundGate Condenser Microphone (CM16, Avisoft Bioacoustics, Berlin,
Germany), sensitive to frequencies of 15180 kHz, with a flat frequency response (+ 6 dB)
between 25,140 kHz, was placed 1 cm above the beaker and connected to a computer that
recorded data as 250,000 Hz in 16-bit format wav files. Sound files were transferred to
SASLab Pro (version 5.2; Avisoft Bioacoutics) for sonographic analysis, and fast Fourier
transformation was conducted (512 FFT-length, 100 % frame, Hamming window, and 75 %
time window overlap). Spectrograms were produced at 488 Hz frequency resolution and
0.512 ms time resolution. To detect USVs, an automatic threshold-based algorithm and a
hold time mechanism (hold time 20 ms) were used. Signals below 40 kHz were truncated to
reduce background noise to 0 dB (Crawley 2007). Inaccurate detections were adjusted
manually by an experienced user before the automatic parameter analysis was run (D’ Amato
et al. 2011).

USV parameters were analyzed by repeated measures ANOVA (genotype, 2 levels: WT,
miR-17-92A/+ as between factor; days, 4 levels: 4, 6, 8, 10 as within factor (n = 13 for

group)).

Developmental milestones—From P5 to P17, the age of appearance of developmental
milestones was recorded and compared between the groups. The age of appearance of
different reflexes (righting, screen test, vertical screen test, air startle, auditory startle, cliff
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avoidance, grasp reflex, visual placing response) was recorded in WT (n = 14) and miR-17-
92A/+ mice (n = 13) (Heyser 2004; Scattoni et al. 2008). All tests were performed from 12
a.m.to 2 p.m.

Development of reflexes was analyzed by repeated measures ANOVA (genotype, 2 levels:
WT, miR-17-92A/+ as between factor; days, 5 levels: 5, 8, 11, 14, 17 for each reflex, as
within factor (n = 13-14 for group)).

Homing test (HT)—A photograph of the HT apparatus is shown in Fig. 1i. On P10, pups
were separated from their mother and placed on a heated plate (36 °C) to maintain normal
body temperature. Pups were transferred individually to a Plexiglas apparatus (31 cm x 4 cm
with walls 6 cm in height), comprising a central arena and 2 lateral arenas that were covered
with home cage bedding or clean sawdust. The pup was placed in the center for 1 min of
habituation and then tested for 5 min. HT was scored as latency to reach, the time spent, and
the entries into the arena containing the nesting litter (Ognibene et al. 2007; Scattoni et al.
2008).

A video-based EthoVision system (Noldus, The Netherlands) was used to record and
analyze the data. HT data were analyzed by repeated-measures ANOVA (genotype, 2 levels:
WT, miR-17-92A/+ as between factor; arena, 2 levels: clean and nest as within factor (n =
11-16 for group)).

Open field (OF)—The OF apparatus was a Plexiglas square (30 cm x 30 cm, height 16
cm) with grey walls and a white floor that was divided into 10 sectors (Bignhami 1996;
Scattoni et al. 2010). We decided to use this apparatus due to the small size of the animals at
this age (P18). Although several different shapes have been used as rodent open field arenas,
the most common design for mice is a square chamber. Rodents will typically spend a
significantly greater amount of time exploring the periphery of the arena, usually in contact
with the walls (thigmotaxis: time spent near the walls (Branchi and Alleva 2006; Carola et
al. 2002), than the unprotected center area. Mice that spend significantly more time
exploring the unprotected center area demonstrate anxiolytic-like baseline behavior (Bailey
and Crawley 2009).

Therefore, the time spent in the periphery of the squared apparatus can provide and index of
the anxiety levels. Mice were tested individually for 5 min on P18, and distance moved
(cm), velocity (cm/s) and time spent in the periphery of the arena were recorded (Scattoni et
al. 2008). The EthoVision system (Noldus, The Netherlands) was used to record data.

One-way ANOVA was used to analyze the effects of genotype (WT and miR-17-92A/+ (n =
20 for group) on all parameters.

Adult behavioral assay

Elevated plus maze (EPM)—Mice were tested individually in a single 5-min session of
the EPM test. The percentage of entries into the open arms (open entries/open + closed x
100) and the percentage of time spent in the open arms (time in open/open + closed x 100)
were recorded.
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One-way ANOVA was used to analyze the effects of genotype (WT and miR-17-92A/+) on
all parameters (n = 14-16 for group).

Object recognition test (ORT)—A schematic representation of the ORT apparatus is
shown in Fig. 2a. Each mouse (n = 12-16 for group) was subjected individually to 3
successive habituation sessions (used as open field test), pretest, and test. At the end of each
session, the subject was returned to its home cage for 3 min, and the apparatus was cleaned
with a solution of ethanol at 5 % in order to eliminate olfactory cues. In the open field, the
velocity and the distance moved have been analyzed by one-way ANOVA (genotype, 2
levels: WT and miR-17-92A/+). During the pretest session (6 min), the total time spent
exploring the objects was analyzed by one-way ANOVA (genotype, 2 levels: WT and
miR-17-92A/+). Object recognition was evaluated in the test session (6 min) by comparing
the new versus the familiar object exploration. The total time spent exploring each object in
the test session was evaluated by repeated measures ANOVA (genotype, 2 levels: WT and
miR-17-92A/+ as between factor; object: 2 levels, novel and familiar, as within factor). The
“object” factor was also analyzed within each group.

Spatial novelty test (SpNT)—A schematic representation of the SpNT apparatus is
shown in Fig. 2d. The apparatus was the same as in the ORT test, except for a black-and-
white-striped pattern, 30 x 20 cm, attached to the wall of the field as local cue. Each mouse
(n = 14-16 for group) was subjected individually to 5 successive 6-min sessions. At the end
of each session, the subject was returned to its home cage for 3 min.

During the first session (S1), the mouse was introduced into a specific sector of the open
field and left free to explore the empty apparatus. During sessions 2, 3, and 4 (S2, S3, and
S4), the mouse was introduced into the same sector of the open field, containing 4 objects, to
allow the mouse to learn the configuration: a gray wooden pyramid (10 cm in height and 9
cm in diameter); 2 gray iron perforated squares (8 x 3.5 cm), forming a right angle; a white
plastic circle on a squared base (5.4 cm x 5.4 cm base and 8 cm in diameter); and a black
plastic cylinder (7 cm in height and 4 cm in diameter) on a squared base (5.4 cm x 5.4 cm).
Object exploration was recorded as the time (S) spent in contact with an object. The
apparatus and objects were cleaned between subjects with a solution of ethanol at 5 %.

The duration of object exploration in sessions S2, S3, and S4 was measured and used to
determine the rate of habituation to experimental stimuli. These data were analyzed by
repeated-measures ANOVA (genotype, 2 levels: WT and miR-17-92A/+ as between factor;
session, 3 levels: S2, S3, S4 as within factor), followed by post hoc planned comparisons,
where appropriate.

In the test session (S5), object A was moved to object B’s position, and object B was placed
in a new location, altering the initial spatial configuration. Discrimination of spatial novelty
was measured as the increase or decrease in exploration time of displaced objects (DOs) and
non-displaced objects (NDOs), expressed as the mean time in contact with the objects in S5
minus the mean time spent in contact with the same object category in S4. The data were
analyzed by repeated-measures ANOVA (genotype, 2 levels: WT and miR-17-92A/+ as
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between factor; object category, 2 levels: DO, NDO as within factor). Simple effects
analysis of the factor “object” was performed within each group.

Social novelty test (SONT)—A schematic representation of the SONT apparatus is
shown in Fig. 3a. The apparatus comprised a Plexiglas box that was divided into 3 chambers
(60 cm x 40 cm) by walls (23 cm in height) with removable openings, containing 2
perforated Plexiglas cylinders in lateral chambers (Nadler et al. 2004). After 10-min
habituation with the apparatus, the animal was confined into the center chamber while an
unfamiliar sex- and age-matched adult intruder (subject) or a falcon (object) was placed
inside of the cylinders (sociability test). The locations of the subject and object were
alternated between mice.

Following the sociability test, mice were administered a 10 min test for social novelty
preference. A second unfamiliar mouse was placed in lieu of the object. The mouse then had
to choose between the new, unfamiliar mouse and the previously explored, familiar animal
(social novelty test). During all sessions, the mouse (n = 13-14) was allowed to move freely
in the 3 chambers for 10 min. Time spent in each room and the number of entries were
recorded using an EthoVision system (Noldus, The Netherlands). Time spent sniffing each
cylinder was scored manually by a trained observer. During habituation, the total time spent
exploring cylinders was analyzed by one-way ANOVA (genotype, 2 levels: WT and
miR-17-92A/+).

The total time spent exploring each cylinder in the sociability session was analyzed by
repeated-measures ANOVA (genotype: 2 levels: WT and miR-17-92A/+ as between factor;
object category: 2 levels, subject and object, as within factor). The total time spent exploring
each cylinder in the social novelty session was evaluated by repeated-measures ANOVA
(genotype, 2 levels: WT and miR-17-92A/+ as between factor; subject category, 2 levels;
familiar subject and novel subject, as within factor). Simple effects analysis of “object or
subject category” was also performed within each group.

Object memory span task (DOT-IOT)—A schematic representation of DOT-IOT
apparatus is shown in Fig. 3f. After 15 min of isolation, animals were individually submitted
to 10 min habituation in the empty Open Field. The study phase followed 1 min in the
waiting cage. During the study phase, animals could explore the objects. They were exposed
to six different objects in the DOT and to six identical objects in the IOT. The DOT and IOT
were similar (same number of items, same spatial arrangements) except for the amount of
information to be stored (different vs identical objects) (Sannino et al. 2012). The first phase
was the DOT. Animal had 210 s (35 s for each object) to explore the six different objects in
the apparatus (Pre Test). After 1 min in the waiting cage, the animal was exposed to
identical copies of the familiar objects and to one new object (Test). The position of the
novel object was changed across animals in a random order.

The control task, the 10T, was performed 1 week after the DOT and consisted in exposing
the mice to the same number of identical objects showed in the DOT during the Pre Test,
and substitute one of them with a new object in the test phase. The video were recorded and
analyzed by a trained observer using EthoVision system (Noldus, The Netherlands).
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In the Pre Test (for both DOT and 10T), the percentage of time spent exploring the objects
was analyzed by repeated-measure ANOVA (genotype, 2 levels: WT and miR-17-92A/+ as
between factor; object, 2 levels: novel and familiar, as within factor). In the Test session (for
both DOT and IOT), the percentage of time spent in contact with the objects was evaluated
by repeated measures ANOVA (genotype, 2 levels: WT and miR-17-92A/+ as between
factor; object, 2 levels: novel and familiar, as within factor). The “object” factor was also
analyzed within each group.

Sannino et al. (2012) distinguished between different degrees of discrimination/impairment:
(1) new object discrimination/no impairment: when the new object was explored
significantly more than all the other objects; (2) new object discrimination impairment:
when the new object was explored significantly more than the same objects but similarly to
other objects; and (3) complete lack of new object discrimination: when the new object was
explored similarly to all the other objects.

Neurotransmitters tissue levels analysis—Frozen brains were sliced and punches of
the medial prefrontal cortex (mpFC) and hippocampus (Hip) were obtained as previously
described (Puglisi-Allegra et al. 2000). Punches were obtained from brain slices (coronal
sections) no thicker than 300 um. Stainless steel tubes of 0.8, 1.0, or 1.5 mm inside diameter
were used. The coordinates were measured according to the atlas of Franklin and Paxinos
(1997) (coronal sections), as follows: medial prefrontal cortex (mpFC) two slices from
sections 80 to 130 (1.5 mm tube); hippocampus (HIP) 3 slices from sections 301 to 350 (0.8
and 1.0 mm tube; including CA1, CA2 and CAS3 fields). The punches were stored in liquid
nitrogen until the day of the analysis.

Levels of DA, NE, 5-HT and their metabolites—On the day of the analysis, frozen
samples of mpFC and Hip were weighed and homogenized in 0.05 M HCIOA4. The
homogenates were centrifuged at 14,000 rpm for 20 min at 4 °C. Tissue levels of 5-HT, DA,
NE and their metabolites [5 hydroxyindoleacetic acid (5-HIAA), 3—4-dihydroxyphenylacetic
acid (DOPAC), homovanillic acid (HVA), and 3-methoxy-4-hydroxyphenylethyleneglycol
(MHPG)] were simultaneously assessed using HPLC system as previously described
(Puglisi-Allegra et al. 2000). Briefly, the HPLC system consisted of an Alliance (Waters)
system and a coulometric detector (ESA Model 5200A Coulochem I1) provided with a 5011
high sensitivity analytical cell and a 5021 conditioning cell, the potential being set at .450
mV and 0.100 mV, respectively. The column, a Nova-Pack Phenyl column (3.93150 mm)
and a Sentry Guard Nova-Pack pre-column (3.9 x 20 mm) were purchased from Waters
Assoc. The flow rate was 1 ml/min. The mobile Phase consisted of 3 % methanol in 0.1 M
Na-phosphate buffer pH 3, 0.1 mM, Na2 EDTA and 0.5 mM 1-octane sulphonic acid Na
salt. Statistical analysis was performed by one-way ANOVA (genotype, two levels: WT,
miR-17-92A/+).

Developmental assay

Body measurements—Representative photographs of body size of miR-17-92A/+ and
WT pups at P15 are shown in Fig. 1a.
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Statistical analysis revealed a significant interaction between genotype and day for the
weight (F7 266) = 7.42; p < 0.001) and a significant genotype effect for the length (F(; 3g) =
10.37; p < 0.005). Post hoc analyses revealed a significant effect of genotype for all days for
weight (Fig. 1b) and for all days, except P21 and P24, for length (Fig. 1c).

Based on growth data in embryos (Ventura et al. 2008), miR-17-92A/+ grew less than WT
mice.

This difference is also evident at P90; WT weight significantly more than miR-17-92/+
(F(1,14) = 65.673; p < 0.001), and are longer than miR-17-92A/+ (F (1 14y = 9.333; p < 0.01)
(Fig. 1d, e).

USV: A representative photograph of the USV apparatus is shown in Fig. 1f. Although no
significant interaction between genotype and postnatal day was observed for number (F(3 72
= 2.37; ns) or duration (F3 72) = 2.35; ns) of USV, single comparisons revealed that
miR-17-92A/+ emitted significantly fewer calls on P6 (Fig. 1g) and significantly shorter
calls on P6, 8, and 10 (Fig. 1h) than WT mice.

Developmental milestones—No significant difference between WT and miR-17-92A/+
mice was evident regarding the acquisition of developmental milestones (Table 1).

HT—A representative photograph of the HT apparatus is shown in Fig. 1i. No significant
interaction between genotype and arena was evident (F(q 25) = 0.01; ns). WT and miR-17-
92A/+ mice spent more time in the nest than the clean litter arena, showing similar social
olfactory discrimination and maternal bound (Fig. 11).

OF: No significant difference between WT and miR-17-92A/+ mice for velocity (F(1 3g) =
0.002; ns), distance moved (F(1,3g) = 0.593; ns) or time spent in the periphery (F(1,3g) =
0.250; ns) in the OF (data not shown) was evident, thus demonstrating normal locomotor
activity and anxiety levels in miR-17-92A/+ mice.

Adult behavioral assay

EPM—The percentage of entries (F(y,2g) = 0.231; ns) and time spent (F(1,28) = 0.59; ns) in
the open arms of the EPM did not differ between WT and miR-17-92/+ mice (Table 2), thus
demonstrating that miR-17-92A/+ mice did not show alterations in emotional reactivity.

OF—The analysis of adult OF data revealed significant difference in distance moved
(F(,27) = 7.082; p < 0.05) and velocity (F(1 28) = 6.577; p < 0.05) between miR-17-92/+
mice and WT mice, thus indicating that miR-17-92A/+ mice are more active than WT
(Table 2).

ORT: A schematic representation of the ORT apparatus is shown in Fig. 2a. One-way
ANOVA showed no significant difference between the genotypes in time spent exploring
the objects during the PreTest session (F(1,26) = 4.115; ns), thus suggesting that all mice had
normal reactivity to the presentation of stimuli (Fig. 2b). No significant interaction between
genotype and “object” was evident with regard to time spent exploring the new versus the
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familiar object in the Test session (F(1,26) = 0.819; ns) (Fig. 2c). Both genotypes showed
preferences for the novel stimuli.

SpPNT—A schematic representation of the SpNT apparatus is shown in Fig. 2d. Time spent
exploring the objects during S2, S3, and S4 did not differ between the groups (F(1 2g) =
1.634; ns) (Fig. 2e). Although no significant genotype x object interaction was observed
(F(1,28) = 2.06; ns), single comparisons revealed significant difference in time spent
exploring DO versus NDO in WT mice but not in HTZ animals (Fig. 2f), thus suggesting
that miR-17-92A/+ mice are less able to recognize spatial novelty.

SoNT—A schematic representation of the SONT apparatus is shown in Fig. 3a. For each
session, the time spent in the center of the arena was not included in the analyses.

Statistical analysis revealed no significant interaction between genotype and “object
category” (F(1,26) = 0.81; ns). Both WT and miR-17-92A/+ mice spent more time exploring
the subject than the object (Fig. 3b, d).

Repeated-measures ANOVA for the social novelty session revealed a significant genotype x
“subject category” interaction (F(1 26) = 6.60 p < 0.05). Only WT mice spent significantly
more time exploring novel versus familiar subject (Fig. 3c, €), thus suggesting that miR-17—
92A/+ mice were less able to recognize social novelty.

DOT-10T—Concerning the PreTest session for DOT-IOT task, repeated-measures ANOVA
did not reveal a significant interaction between genotypes x object (DOT: F(s 140) = 1.09; ns;
IOT: F(5,65) = 0.72; ns) (Fig. 3g). Both WT and miR-17-92A/+ mice showed normal
reactivity to the presentation of stimuli. Concerning Test session, no significant interaction
between genotype and object was evident for the 10T (F s ¢5) = 1.32; ns). However, a
significant interaction was observed for DOT test (Fs g5) = 2.44; p < 0.05). Single
comparisons revealed that only WT mice spent more time exploring the new object than the
known ones (Fig. 3h). These results suggest that miR-17-92A/+ mice have a shorter memory
span than WT animals that depends on the amount of information to be retained.

Neurotransmitters tissue levels analysis—In Table 3 are shown the results of
neurotransmitters brain tissue levels. One-way ANOVA showed a significant difference
between WT and miR-17-92A/+ mice for DA and HVA/DA ratio in the mpFC (DA: F (4 15)
=6.56; p < 0.05; HVA/DA: F(1,15) = 9.11; p < 0.01) (Table 3). miR-17-92A/+ mice showed
lower DA levels and higher HVA/DA ratio in comparison with WT mice. Moreover,
miR-17-92A/+ mice showed lower 5-HT as well as HIAA/5-HT ratio in Hip in comparison
with WT mice.

Discussion

FS is characterized by various combinations of microcephaly, limb malformation, and
learning disabilities, the latter occurring in 52 % to 90 % of FS patients (Herman and Siegel
2004; Marcelis and De Brouwer 2009).
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Two forms of FS have been described: FS1, due to a heterozygous mutation in MYCN gene
on chromosome 2 (van Bokhoven et al. 2005) and FS2, due to a heterozygous microdeletion
of miRNA 17-92 cluster on chromosome 13 (De Pontual et al. 2011). FS2 shares features
with FS1, including microcephaly, mild growth retardation and skeletal findings, digital
abnormalities, gastrointestinal abnormalities, and short palpebral fissures.

In approximately 70 % of families, FS is caused by germline loss-of-function mutations
involving the MYCN gene (MIM 164840) at 2p24 (Marcelis et al. 2008; van Bokhoven et
al. 2005; Teszé&s et al. 2006). However, De Pontual et al. (2011) reported that a subset of
patients affected by Feingold Syndrome, carry heterozygous loss of the entire miR-17-92
cluster (De Pontual et al. 2011). Several of the key features observed in FS patients carrying
a heterozygous deletion for miR-17-92 were also evident in miR-17-92A/+ mice (de
Pontual et al. 2011), thus demonstrating the regulatory role of miR-17-92 in growth and
skeletal development (de Pontual et al. 2011). Although FS patients have a wide range of
learning disabilities, specific learning/cognitive disabilities, intellectual disabilities, and
specific brain alterations have not been reported in humans and animal models of FS.
Moreover, no behavioral characterization of a genetic mouse model of FS2 has been
performed. Thus, the goal of this study was to draw the behavioral profile of miR-17-92A/+
mice during development and in adulthood. Because measures of sensory and motor
development in rodents may be considered as a model of development in human newborns
(see Le Roy et al. 2001 for a review), we evaluated these early functions in miR-17-92A/+
and WT mice.

Consistent with the function of the miR-17-92 cluster in normal development (Mogilyansky
and Rigoutson 2013) and with embryonic growth data (Ventura et al. 2008), body weight
and length were reduced in miR-17-92A/+ in comparison with WT mice, both during
development and in adulthood. Moreover, miR-17-92A/+ mice showed alterations in
ultrasonic vocalization; particularly fewer calls and decreased calls duration when separated
from their mothers and siblings were evident in miR-17-92A/+ mice compared to WT mice.
Although, we can not exclude that reductions in USV calls are due to reduced growth in
miR-17-92A/+ mice, they could also be precursors of following deficits evident in adult
mice.

Conversely, during development, miR-17-92A/+ mice had similar locomotor activity and
age of appearance of adult-like reflex as WT mice.

To investigate cognitive performance in adult mice, we used 3 non-associative tests: the
object recognition test, the spatial novelty test and the DOT-IOT test (Figs. 2a, d, 3d) that do
not require reinforcement and that exploit rodents’ spontaneous preference for novelty.
ORT, SNT and DOT-IOT tests are behavioral paradigms that measure different aspects of
memory. The object recognition test for rodents is a variant of the delayed non-match to
sample task, whereas the spatial novelty test measures the ability of rodents to encode spatial
relationships; both tasks involve the prefrontal cortical areas. Finally, the DOT-IOT test has
been developed to investigate the memory load in rodents and required normal hippocampal
functions (Sannino et al. 2012).
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In the ORT and in the SNT, miR-17-92A/+ mice were normally interested in the object,
showed normal levels of object exploration and habituation, and were perfectly capable of
object discrimination, as evidenced by increased exploration of the novel object by both
groups in the ORT. Nonetheless, miR-17-92A/+ mice lacked increased exploration of the
displaced objects, spending similar times exploring DOs and NDOs in the spatial novelty
test. These results indicate that miR-17-92A/+ mice are not able to recognize whether a
spatial change has occurred in the familiar environment, but they recognize whether a
stimulus has been encountered before, thus suggesting that miR-17-92A/+ mice show
difficulties in processing spatial information, likely due to a loss of behavioral flexibility,
attentional set-shifting or reduced memory load. To investigate this possibility, we evaluated
the memory span of miR-17-92A/+ mice and WT mice using a task requiring an elevated
memory load, the DOT-10OT test. Because in the 10T test the objects were all identical, this
should not increase the memory load, while in the DOT test, where the objects were all
different from each other, this should increase the memory load. No significant difference
between miR-17-92A/+ and WT mice was evident in the IOT test; both groups were able to
recognize the new object. However, when the memory load increased, in the DOT test, only
WT mice explored the new object significantly more than all the familiar objects, thus
supporting the hypothesis that miR-17-92A/+ mice have a reduced memory span.

MiR-17-92A/+ mice showed normal emotional reactivity in the elevated plus maze and
normal sociability in the social test. However, in the social novelty test, they did not display
the typical preference for the new subject that was observed in WT mice. In the first session,
both WT and miR-17-92A/+ mice explored more the subject than the object. However, in
the second session, they explored more the known subject than the new subject. These data
support the hypothesis of a specific deficit in behavioral flexibility in mutant mice, because
this inclination likely reflects the inability to develop a flexible acting pattern in response to
changing environmental conditions (Floresco and Magyar 2006). However, it is also
possible that miR-17-92A/+ mice show a selective social deficit, as suggested by lack of
preference for the new subject in comparison with the familiar subject. Further experiments
are needed to investigate this hypothesis.

Finally, we found altered DA as well as 5-HT transmission in the mpFC and Hip,
respectively, of miR-17-92A/+ mice in comparison with WT animals, thus suggesting a
possible link between selective cognitive deficits and altered neurotransmission in specific
brain areas involved in some executive functions. However, further experiments are needed
to elucidate the mechanism by which altered neurotransmission in the mpFC and Hip, as
well as in other brain regions, could induce behavioral deficits.

Because many rare diseases share pathophysiological mechanisms, advances in the
knowledge of one disease can contribute to knowledge of many other diseases. Deregulation
of miRNAs provides an example of shared patho-physiological mechanisms. In fact,
alterations of miRNAs functions may produce abnormalities of brain development and
impair cognitive functions in different rare neurodevelopmental disorders, thus suggesting
that the post-transcriptional activity of miRNAs could be one of the common mechanisms
involved in the development of several rare syndromes (see Roubertoux and de Vries 2011
for a comprehensive discussion). Brain and behavioral investigation of rare diseases in
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animal models may help to understand behavioral features as well as brain systems involved
not only in the rare disease themselves, but also in many different disorders and/or normal
behavior (Roubertoux and de Vries 2011).

The selective deficits observed in miR-17-92A/+ mice can provide more detailed
information about the some cognitive deficits sometimes described in humans. A deeper
knowledge of these deficits might clarify the frequent learning disabilities in Feingold
patients throughout school and adulthood (Herman and Siegel 2004; Marcelis and de
Brouwer 2009; Lehman et al. 2009) and, eventually, provide targeted supportive therapy and
prevention interventions to counteract negative consequences in FS patients.

However, although extremely useful, animal models should also be used carefully when
studying particular behavioral phenotypes such as cognitive functions, because ‘intellectual
disability” in humans does not have a real equivalent in animal models (Roubertoux and de
Vries 2011). Great efforts have to get in order to obtain an exhaustive explanation and
understanding of cognitive function in human diseases also using animal models.

Conclusion

Although the physical symptoms of FS have been extensively characterized (Feingold et al.
1997; Celli et al. 2003; Blaumeiser et al. 2008), the cognitive and neuropsychological
functions in developing and adult patients have not been as well described.

Our data, showing selective cognitive deficits as well as neurotransmission alterations in
miR-17-92A/+ mice suggest an important role of this cluster in modulating these alterations.
However, although the role miR-17-92/+ can be investigated to clarify the brain
mechanisms underlying selective cognitive disabilities in FS patients, many detailed studies
are still needed to draw a comprehensive picture. The exploration of this model could
improve the knowledge of behavioral aspects of this rare disease, but experiments are only
beginning.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Developmental assay. Body growth and behavioral profile of infant and adult miR-17-92/+
and WT mice. Body Growth a Representative photograph of body size differences between
miR-17-92A/+ (left) and WT (right) pups on P15. Analysis of body weight (b) and length
(c) in miR-17-92A/+ and WT pups (from P5 to P28). Analysis of body weight (d) and
length (e) in miR-17-92/+ and WT adult mice (on P90). Ultrasonic vocalization (USV) f
Photograph of USV apparatus. Analysis of number (g) and duration (h) of USVs on P4, 6, 8,
and 10 in response to social separation during a 5-min session in miR-17-92A/+ and WT
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mice. Homing test i Photograph of homing test apparatus. | Analysis of exploration of the
area containing nest or clean litter by miR-17-92A/+ and WT mice. All data are expressed
as mean + SEM. *, ** *** n < 0,05, 0.01, and 0.001 for miR-17-92A/+ versus WT. ## p <
0.05 and 0.01 for nest versus clean litter
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Adult behavioral assay. Object recognition test a Schematic representation of object
recognition apparatus. Results are expressed as mean time spent exploring the 2 identical
objects during the pretest session (S2) (b) and time spent exploring the novel or familiar
object during the test session (S3) (c). Spatial novelty test d Schematic representation of
spatial novelty apparatus. Results are expressed as mean time spent exploring all objects
during S2, S3, and S4 (e) and as changes in the time spent exploring the displaced objects
(DOs) and nondisplaced objects (NDOs) between the last habituation session (S4) and test

session (S5) (f)
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Adult behavioral assay. Social novelty test a Photograph of social novelty apparatus. Results
are expressed as mean time spent sniffing object and subject (b) and as mean time sniffing
the familiar subject and the new subject (c). In d, e data are presented as difference between
the time spent sniffing the subject minus the time spent sniffing the object (d) or the novel
subject minus the familiar subject (e). DOT IOT test f Representation of DOT-IOT
apparatus. Results are expressed as mean percentage of time spent exploring the six objects
(g) and the new objects versus the familiar ones (h). All data are expressed ad mean +
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SEM. 88888 p < 0.01 and 0.001 for subject versus object. ** p < 0.01 for familiar versus
novel subject. **, *** p < 0.01 and 0.001 for new versus familiar object for WT. # p < 0.01
for new versus familiar object for miR-17-92A/+
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Age of appearance of adult-like reflex

Reflex Day of Day of
appearance appearance
WT miR-17-92A/+

Righting 11 11

Screen test 14 14

Vertical screen test 17 17

Air startle 14 14

Auditory startle 17 17

Cliff avoidance 11 11

Grasp reflex 11 11

Visual placing response 14 14

Table 1

Page 23

Data are expressed as age of appearance of adult-like reflex in WT (n = 14) and miR-17-92A/+ mice (n = 13 for group). Reflex development
scoring is based on the Likert (Heyser 2004) scale: 0 = no response; 1 = weak response; 2 = reflex present but incomplete; and 3 = adult-like

response. A reflex is considered as acquired on the day when the mean score was >2.5 + SEM
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Table 2

Elevated Plus Maze and Open Field in adult mice

WT miR-17-92A/+
Elevated plus maze
% time open arms 6892 + 1.52 6417 + 1.17
% entries open arms 17.03+1.41 15.99 + 1.65
Open field
Distance moved 2290.67 £ 113.63 5799 21 + 155.99™
Velocity 6.41+0.32 778+ 043"

Values are expressed as mean + SEM

*
p <0.05;

Fk

p <0.01;

KKk
p < 0.001 WT versus miR-17-92A/+ Elevated plus maze data are expressed as percentage of time spent in the open arms (time in open/open +

closed x 100), entries are expressed as percentage of entries in the open arms (open entries/open + closed x 100). (n WT = 16; miR-17-92A/+ = 14)

Open field Distance moved is expressed in cm, velocity is expressed in cm/s. (n WT = 15; miR-17-92A/+ = 14)
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DA, NE, 5-HT and their metabolites tissue levels (ng/g wet weight) in the medial prefrontal cortex (mpFC)
and hippocampus (HIP) of WT and miR-17-92A/+ mice

mpFC HIPP
WT miR-17-92A/+ WT miR-17-92A/+
NE 615+ 24 588 + 35 781 £ 267 698 + 69
DA 93+11 62+6° 121+40 148 + 49
5-HT 718 £ 39 674 + 34 1081 + 273 905 + 79
MOPEG 801 78+1 130+ 29 93 +32
DOPAC 606 35+8% 14+£3 24+6
HVA 54+5 54+7 43+8 45+5
HIIA 353+13 309 £ 26 112 +£23 64+6°
MOPEG/NE  0.13 +0.004 0.13+0.007 0.154+0.02  0.112+0.03
HVA/DA 0.63+0.05 0.86 +0.07° 04707 0.63+0.16
DOPAC/DA  0.774+0.16 0.515+0.1 0.13+0.01 0.26 + 0.07
HIIA/5-HT ~ 0499+0.021 0468+0.042 0.11+0.009 (07 +0.005*
*p < 0.05;
s
p<0.01
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