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Protein synthesis is a tightly regulated, energy-consuming
process. The control of mRNA translation into protein is
fundamentally important for the fine-tuning of gene ex-
pression; additionally, precise translational control plays a
critical role in many cellular processes, including develop-
ment, cellular growth, proliferation, differentiation, syn-
aptic plasticity, memory, and learning. Eukaryotic transla-
tion initiation factor 4h (Eif4h) encodes a protein involved
in the process of protein synthesis, at the level of initiation
phase. Its human homolog, WBSCR1, maps on 7q11.23,
inside the 1.6 Mb region that is commonly deleted in pa-
tients affected by the Williams-Beuren syndrome, which is
a complex neurodevelopmental disorder characterized by
cardiovascular defects, cerebral dysplasias and a peculiar
cognitive-behavioral profile. In this study, we generated
knockout mice deficient in Eif4h. These mice displayed
growth retardation with a significant reduction of body
weight that began from the first week of postnatal devel-
opment. Neuroanatomical profiling results generated by
magnetic resonance imaging analysis revealed a smaller

brain volume in null mice compared with controls as well
as altered brain morphology, where anterior and poste-
rior brain regions were differentially affected. The inacti-
vation of Eif4h also led to a reduction in both the number
and complexity of neurons. Behavioral studies revealed
severe impairments of fear-related associative learning
and memory formation. These alterations suggest that
Eif4h might contribute to certain deficits associated with
Williams-Beuren syndrome. (Am J Pathol 2012, 180:
1121–1135; DOI: 10.1016/j.ajpath.2011.12.008)

Protein synthesis is an energy consuming process, tightly
regulated in its three main steps: initiation, elongation,
and termination. Control of translation is fundamental for
fine-tuning of gene expression and plays a critical role in
development, cellular growth, proliferation, differentia-
tion, synaptic plasticity, memory and learning. In eu-
karyotes this process is mainly regulated at the level of
initiation, when the mRNA is recruited to the small subunit
of the ribosome, thanks to catalytic activities of eukaryotic
translation initiation factors (eIFs) of the eIF4 families.1–3

In this step the 5= cap structure (m7Gpppn) of the mRNAs
is bound by eIF4F, a complex composed of three pro-
teins: eIF4E the cap binding protein, eIF4G a large scaf-
folding protein, and eIF4A an ATP-dependent helicase
able to unwind secondary structures in the mRNA 5=UTR,
so facilitating ribosome binding. The ATPase and heli-
case activities of eIF4A are stimulated by eIF4B and
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eIF4H, two factors that bind RNA by virtue of their N-ter-
minal RNA recognition motifs.4–6

The human homolog of Eif4h, WBSCR1, is located in
7q11.23 within a region commonly deleted in patients
affected by the Williams-Beuren syndrome (WBS; OMIM
194050). WBS is classically associated to heterozygous
deletions spanning a region of 1.6 Mb, containing about
28 genes. Deletions formation is mediated by low-copy
repeat elements flanking the Williams-Beuren syndrome
critical region that may lead to nonallelic homologous
recombination, if misaligned in meiosis.7,8 This syn-
drome is a complex neurodevelopmental disorder in-
cluding cardiovascular defects, elfin-like face, infantile
hypercalcemia, cerebral dysplasias, and a peculiar
cognitive-behavioral profile,9 –12 and occurs at a fre-
quency of approximately 1 in 7500 live births.13 The
mouse genomic region syntenic to the human Williams-
Beuren syndrome critical region is on chromosome band
5G2, in reverse orientation with respect to the centrom-
ere.14 A number of loss-of-function mouse models for
single genes of this region, as well as strains with large
deletions spanning the critical region have been gener-
ated and characterized.15 Whereas there is general con-
sensus about link between Elastin (ELN) hemizygosity
and occurrence of supravalvular aortic stenosis,16 more
controversial is the origin of the WBS cognitive-behavioral
profile.

We generated a mutant mouse line, starting from an
embryonic stem cell gene-trap clone, carrying an inacti-
vated Eif4h allele. Eif4h null mice displayed growth retar-
dation and a generalized weight and volume decrease in
the majority of organs and tissues analyzed. In vivo pro-
filing by magnetic resonance imaging (MRI) revealed a
smaller brain volume in null mice than in controls; the
volumes were differently affected in the anterior and pos-
terior brain regions, indicating altered brain morphology.
Histological and cytological studies revealed a reduction
in number and complexity of neurons. In addition, behav-
ioral tests revealed severe impairments of fear-related
associative learning and memory formation in the knock-
outs. These results demonstrated that Eif4h might con-
tribute to some deficits associated to the Williams-Beuren
syndrome.

Materials and Methods

Cells

The gene trap embryonic stem cell line (Ex279, strain
129/Ola) was provided by BayGenomics (San Francisco,
CA) and used to produce chimeric animals by blastocyst
injection techniques. Southern blot hybridization was
used to identify the targeted allele in embryonic stem cell
clones. Genomic DNA was extracted, digested with
HindIII (Promega, Madison, WI), fractionated by agarose
gel electrophoresis and transferred to hybond N� (Am-
ersham; GE Healthcare, Little Chalfont, UK) using alka-
line transfer. The blot was hybridized with a random-
labeled probe. Germ-line chimeras were crossed to the

C57BL/6 strain. Primary embryo fibroblasts (MEFs) were
prepared from E14.5 embryos. In brief, embryos were
dissociated by 0.05% Trypsin/0.53 mmol/L EDTA [Gibco
(Life Technologies), Paisley, UK] at 37°C for 10 minutes
and then treated with 200 U DNaseI (Tebu-Bio, Le-Per-
ray-en-Yvelines, France). After filtering with a 70-�m cell
strainer, fibroblasts were cultured in DMEM (Gibco) sup-
plemented with 10% fetal bovine serum (FBS), 2 mmol/L
glutamine, 100 U/mL penicillin and 0.1 mg/mL strepto-
mycin (Gibco). MEFs were cultured at 9% CO2 at 37°C.
For Western blot MEFs were collected at passage P3.

Animals

Genotyping analysis of mice was performed on tail
genomic DNA by PCR, using the following primers: for-
ward 5=-GTAAACTTGAGGGTGAGGACGTGGGAGCCT-
GCA-3=; reverse wild type (WT) 5=-CATGAGCATGT-
TCTAACAAAGCCGTGTAGGTGG-3=; reverse knockout
(KO) 5=-CCCAGACCTTGGGACCACCTCATCAGAAGCAG-
3=; PCR products length: wild-type allele 250 bp;
Eif4h(EX279) allele 231 bp. Mice were housed in a temper-
ature-controlled room with a 12-hour light/dark cycle and
they had free access to food and water. Body weight was
recorded weekly, and food intake was measured every
day, at 5 to 6 months of age, for 15 consecutive days. For
fertility study, mice were 8 to 16 weeks old. Males were
housed in one cage with two females each one. Every
morning the females were checked for the presence of
vaginal plug, an indication that sexual activity had taken
place. For the behavior analysis, 20 wild-type and 20
knockout mice were maintained on a reversed 12-hour
dark/light cycle at 22°C to 25°C and tested at 2 to 4
months of age. For all of the experiments knockout and
control animals were sex and age matched. The observ-
ers were blind to the genotype during data collection and
data analysis. Experiments were done according to the
animal protocols approved by the DIBIT Institutional An-
imal Care (Milan, Italy) and were approved by the Na-
tional Ministry of Health. All experiments were performed
in accordance with the guidelines established by the
European Community Council Directive of November 24,
1986 on the use of animals in research (86/609/EEC). All
efforts were made to minimize animal suffering and to use
only the number of animals necessary to produce reliable
results.

RT-PCR Assay

Total RNA was extracted from tissue samples with Trizol
Reagent (Invitrogen [Life Technologies], Paisley, UK) ac-
cording to the manufactures instructions. After digestion
with Dnase RNase-free (Promega, Madison, WI) for 30
minutes at 37°C, RNA was isolated by using RNeasy Mini
kit (Qiagen, Hilden, Germany). cDNA synthesis was per-
formed using ThermoScript RT-PCR System (Invitrogen)
and Random Primers (Promega). The LightCycler 480
System (Roche, Basel, Switzerland) and SYBR Green
JumpStart Taq ReadyMix (Sigma-Aldrich, St. Louis, MO)
were used. The primers used for the quantifications were:
Eif4h forward 5=-GTCGCTTTCGAGATGGCCCTCCTCT-

GCGTGGC-3=, reverse 5=-CCTAAGCTCATTCTTGCTCC-
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TTCTGAACCACTTC-3=; Cyln2 forward 5=-ACGGTATTC-
ACCAGCCAGAC-3=, reverse 5=-CACATCTCCAAGGGG-
ACAGT-3=; Limk1 forward 5=-TGCTCAAGTTCATCGGA-
GTG-3=, reverse 5-’-TTCATCGAATGGAGGTAGGC-3=;
Gtf2I forward 5=-CAATCGGATGAGTGTGGATG-3=, re-
verse 5=-GGTTGCGAGGTCGTAATGTT-3=; Gtf2ird1 for-
ward 5=-CCAGACAAGATCCCCTTCAA-3=, reverse 5=-
GTCTTCTGGTGGGCTAGCTG-3=. �-actin was used as
housekeeping gene: forward 5=-GACTCCTATGTGGGT-
GACGAGG-3=; reverse 5=-CATGGCTGGGGTGTTGAA-
GGTC-3=. The experiments were done in triplicate. A fold
change in expression was calculated using the 2-��Ct

formula of the �-delta Ct method.

In Situ Hybridization and X-Gal Staining

Adult mouse brains were dissected, fixed 30 minutes in
4% paraformaldehyde in PBS, included in 5% low melting
agarose in PBS, and sectioned to 150 �m by using a
vibroslicer. For in situ hybridization sections were fixed
overnight in 4% paraformaldehyde at 4°C. Sense and
antisense riboprobes for Eif4h and LacZ were prepared
by in vitro transcription with DIG-11-UTP (DIG RNA La-
beling Mix; Roche) by T3 or T7 polymerases (Promega).
Sections were hybridized overnight at 60°C with the DIG-
labeled riboprobes and visualized by alkaline phospha-
tase conjugated anti-DIG antibody. For X-gal staining
sections were fixed 2 minutes in 4% paraformaldehyde
and washed three times for 15 minutes in 0.02% PBS
NP-40. They were stained overnight at room temperature
in 1 mg/mL X-gal, 5 mmol/L K3Fe(CN)6, 5 mmol/L
K4Fe(CN)6, 2 mmol/L MgCl2, 0.01% sodium-deoxy-
cholate, 0.02% NP-40 in PBS. After staining, sections
were washed in PBS and postfixed for 5 minutes in 4%
paraformaldehyde. Sections were analyzed and photo-
graphed using a Nikon SMZ 800 stereomicroscope (Ob-
jective P-Achro 0.5X; Zoom 2X) and a Nikon DS-L1 digital
camera (Nikon Corporation, Tokyo, Japan).

Brain Subcellular Fractions

Subcellular fractions were prepared from wild-type
brains, dissected free from bulbs, cerebellum, and brain
stem. The pool of cortical and subcortical regions (H),
was homogenized with ice-cold H buffer (320 mmol/L
sucrose, 5 mmol/L HEPES-NaOH buffer, pH 7.4, 2
mmol/L EDTA, 0.1 mmol/L phenylmethylsulfonyl fluoride
(PMSF), 1/1000 protease inhibitor), and was centrifuged
for 10 minutes at 1000 � g The resulting pellet (P1) was
resuspended in Homogenization Buffer, while the super-
natant (S1) was collected and centrifuged for 15 minutes
at 10,000 � g. The supernatant (S2) was centrifuged for
20 minutes at 75000 rpm in a Beckman TL100.2 rotor
(Beckman Coulter, Brea, CA) to give the supernatant (S3)
and the pellet (P3); while the pellet (P2) was resuspended
in Homogenization Buffer and lysed with 9 volumes of
HEPES 5 mmol/L – 1/1000 protease inhibitor. The sus-
pension was kept on ice for 30 minutes and then was
centrifuged for 20 minutes at 25000 rpm in a Beckman
TL100.2 rotor to yield a lysate pellet (LP1) and a lysate

supernatant (LS1). The lysate supernatant was collected
and centrifuged for 20 minutes at 75000 rpm in a Beck-
man TL100.2 rotor, to obtain the supernatant (LS2) and
the pellet (LP2). The pellets (P3, LP1, and LP2) were
resuspended in HB.

Western Blot

MEFs pellet and subcellular fractions were lysated in
ice-cold radioimmunoprecipitation assay buffer (50
mmol/L TrisHCl ph7.4, 1% Triton, 0.2% sodium-deoxy-
cholate, 0.2% SDS, 1 mmol/L EDTA, 1 mmol/L PMSF).
Protein content was determined by the Bradford protein
assay (Bio-Rad, Hercules, CA). Briefly, proteins were
separated by SDS-polyacrylamide gel and transferred to
Hybond ECL membranes (Amersham) for 1 hour at 300
mA. The membranes were blocked for 1 hour with 5%
blocking agent (milk) in Tris-buffered saline containing
0.05% Tween-20 (TBST). Membranes were incubated
overnight at 4°C with primary antibodies: eIF4H (Cell
Signaling, Danvers, MA) diluted 1:1000 in 5% BSA-TBST;
and ERK 2 (K-23) (Santa Cruz Biotechnology, Santa
Cruz, CA) diluted 1:5000, �-Tubulin (Sigma) diluted
1:1000, synaptophysin (p38)17 diluted 1:8000, in 5%
milk-TBST. Incubation with primary antibody �-actin
(Sigma), diluted 1:10,000 in TBST was performed for 2
hours at room temperature. Secondary antibodies were
diluted in 5% milk-TBST and incubated for 1 hour at room
temperature. Horseradish peroxidase (HRP)-conjugated
anti-rabbit antibody (Cell Signaling) diluted 1:2000 was
used for eIF4H; HRP-conjugated anti-mouse antibody
(Amersham) diluted 1:20,000 for �-actin, and HRP-con-
jugated anti-rabbit and anti-mouse antibody (Amersham)
diluted 1:5000 for others primary antibodies. Detection
was performed with ECL plus Western blotting detection
kit (Amersham).

Computed Tomography Technique

Computed tomography (CT) scans were performed on a
human-grade 64-channel multislice apparatus (Light
Speed VCT; GE Healthcare, Barrington, IL). The imaging
protocol included a biplanar scout and a helical volumet-
ric CT acquisition with coverage of the whole body, with
a tube speed rotation of 0.5 seconds, 0.625-mm slice
thickness, and 0.3 mm/sec table motion, 120 KV, 680 mA,
reconstruction field of view of 17 cm, and matrix of 512 �
512. CT images were filtered with both the standard pa-
renchyma and the high-resolution bone algorithms. On a
dedicated workstation (Advantage 4.4; GE Healthcare)
the total body, skeletal, fat and muscle volumes (in cubic
centimeters) of each mouse were measured after apply-
ing an automatic segmentation (bone threshold �160
Hounsfield Unit; density range from �190 to �10 H.U. for
fat; density range from 10 to 65 H.U. for muscle). For
each mouse, skull anteroposterior, nasal-zygomatic, and
latero-lateral distances were measured (in centimeters)

on the reformatted images.
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In Vivo MRI

Brain imaging was performed at 6 months of age on a
7T-MRI scanner (Pharmascan, Bruker, Ettlingen, Ger-
many). High-resolution coronal sections were acquired
along the brain of mice maintained under anesthesia with
flurane gas mixed with O2. A multislice multiecho (MSME)
sequence (TR � 3465 ms and TE � 18 and 44 ms) with
a slice thickness of 0.85 mm was used to generate 15
contiguous T2-weighted images with a plane spatial res-
olution of 86 � 93 �m2. For neuroanatomical analysis, the
area of the measured regions was manually traced using
Image J (National Institutes of Health, Bethesda, MD).
The total volume of each structure was calculated by
multiplying the sum of the measured areas by the slice
thickness.

Immunohistochemistry

Immunohistochemistry experiments were realized on
mice that were transcardially perfused with 4% parafor-
maldehyde (PFA). Brains were then removed, postfixed
overnight in 4% PFA, and cryoprotected in 30% sucrose
before freezing in OCT. The 10-�m cryosections were cut
and stored at �80°C. Cryosections were washed in PBS,
incubated in methanol-3% H2O2 to block endogenous
peroxidase activity, rehydrated, and incubated for 1 hour
at room temperature with blocking mix (PBS 1X/FBS 10%/
BSA 1 mg/mL/Triton �100 0.1%). Sections were then
incubated at 4°C overnight with the following primary
antibodies: NeuN (Millipore, Billerica MA), myelin binding
protein (Abcam, Cambridge, MA) diluted 1:500 in block-
ing mix. A biotin conjugated goat anti-mouse IgG sec-
ondary antibody (Vector Laboratories, Peterborough, UK)
was used 1:200 for 2 hours and then sections were fur-
ther incubated with avidin–biotin complex Vectastain
Elite ABC Kit (Vector Laboratories) accordingly manufac-
ture’s recommendation. Signals were revealed by incu-
bating sections in amino-9-ethyl carbazole (AEC, Sigma).
Four sections, 240 �m spaced each other, were used for
cell counting. Images were taken by using Olympus mi-
croscope (Tokyo, Japan), magnification �20.

TUNEL Assay

For terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) assay, adult brain cryosections
(10 �m) were post fixed in 4% paraformaldehyde, in-
cubated in methanol-3% H2O2 to block endogenous
peroxidase activity, and permeabilized with proteinase
K 10 mg/mL for 15 minutes at room temperature. Slices
were incubated with TUNEL transferase buffer for 15
minutes before adding the following reagents: 0.01
mmol/L biotin 16 dUTP, 1.25 mmol/L CoCl2 and 80 U of
terminal transferase (Roche). Reaction was incubated
1 hour at 37°C. Sections were incubated with avidin–
biotin complex Vectastain Elite ABC Kit (Vector Labo-
ratories) for 1 hour and stained with amino-9-ethyl car-
bazole (AEC, Sigma) and H2O2. Positive controls were
obtained by incubating slices in 3U/mL DNase for 15

minutes at room temperature.
Golgi Staining

An FD rapid Golgi staining kit (FD Neurotechnologies,
Baltimore, MD) was used to stain 60 �m-thick brain cor-
onal sections according to the manufacture’s recommen-
dation. Sholl analysis was done on deep cortical neurons
of the posterior cortical plate. Briefly, neuron images
were captured at magnification �20 and concentric
circles were applied by using ImageJ software, num-
ber of intersections of dendrites, at increasing dis-
tances from the soma, were counted on each circle.
Number of dendritic spines was calculated by counting
the total number of spines divided by the dendritic length
(10 �m). Only completely impregnated dendrites within
the tissue sections were used for spine counts, as previ-
ously described.18

Rota-Rod Test

The rota-rod is an apparatus composed by a horizontal
rotating rod (diameter approximately 3 cm) on which the
mouse has to keep its balance. Five mice were simulta-
neously placed on the rota-rod apparatus, separated by
large disks. In the accelerating rota-rod test (test 1) each
mouse was subjected to five consecutive trials, with an
interval of 30 minutes; 5 minutes is the maximum time for
each trial. Mice were placed every trial on the rota-rod
apparatus with the rod rotating at 4 rpm (rotations/minute)
during the first minute, then the rotation speed is in-
creased every 30 seconds by 4 rpm reaching the maxi-
mum speed of 36 rpm. A trial ended for a mouse when it
fell down or when 5 minutes (300 seconds) were com-
pleted. In the constant rota-rod test of 5 minutes (test 2)
all mice were tested for five consecutive trials at a con-
stant speed, which is the average of speed reached from
all mice on the accelerating test. A trial ended for a
mouse when it fell down or when 5 minutes (300 seconds)
were completed. Additionally, mice were tested on the
rota-rod apparatus for five consecutive trials of 10 min-
utes each (test 3). Each trial consisted of 5 minutes in
accelerating rotation speed every 30 seconds by 4 rpm,
followed by 5 minutes at maximum constant speed. A trial
ended for a mouse when it fell down or when 10 minutes
(600 seconds) were completed. The latency to fall off the
rod is taken as the dependent variable for every trial.

Light-Dark Box

A 20 � 30-cm lit chamber with transparent perspex walls
(20-cm high) and open top was connected to a 20 �
15 � 20-cm plastic dark box that was completely closed
except for the 7.5 � 7.5-cm door connecting it to the lit
chamber. Illumination was by direct room light (500 lx).
Each mouse was released in the middle of the lit com-
partment and observed for 5 minutes. The time spent in
the dark compartment, the distance traveled, and the

speed were measured.
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Novelty Test

Frames of nonreflective aluminum (37-cm high) were
used to partition a round open field arena (diameter of
150-cm and 35-cm high walls) into four squares 50 �
50-cm arenas, allowing for concurrent observation of four
animals. Illumination in the room was by indirect diffuse
room light (4 � 40-W bulbs, 12 lx). The novel object was
a 50 mL Falcon tube positioned vertically in the center of
the arena. Each animal was observed for 30 minutes in
the empty arena as pre-exposure. The novel object was
then introduced, and observation continued for another
30 minutes. For time course analysis, the total observa-
tion time was portioned into six periods of 10 minutes.
The distance to the object and the locomotor activity (as
distance traveled) were measured.

Emergence Test

The arena was the same of novelty test. Twenty-four
hours before testing, a plastic home box (12 � 8 � 4 cm
with opening of 8 � 4 cm) was placed in the home cage
of each test mouse. The next day the home box was
placed in a corner of the arena, at 5 cm from the nearest
walls, with the opening facing away from the wall. The
mice were introduced into the arena and observed for 30
minutes. For time course analysis, the total observation
time was portioned into three periods of 10 minutes. The
percentage of the time spent inside the home box, the
distance traveled and the speed were measured.

Morris Water Maze

The standard hidden-platform version of the Morris water
maze was done as previously described.19–21 Mice were
trained in a circular pool (150-cm diameter and 50-cm
height) according to standardized protocols.22 The wire-
mesh platform was 14 � 14 cm. In the hidden-platform
version of the water maze, mice had to locate a hidden
platform in a fixed position. The test included an acqui-
sition phase (18 trials, six/day, intertrial time 30 to 40
minutes) followed by a reversal phase during which the
platform was moved to the opposite position (12 trials,
six/day). The first 30 seconds of trial 19 (first reversal trial)
were considered as a probe trial. For the analysis the
trials were averaged in blocks of two trials. The following
measures were calculated: escape latency, swimming
speed, floating, and wall hugging time. Spatial selectivity
during the probe trial was quantified using the following
parameters: percentage of time in the trained quadrant,
percentage of time in a circular target zone comprising
one-eighth of the pool surface and the annulus crossings.
Behavioral assessment of visual acuity was performed
in a modifying form of the water maze. Mice were trained
in a circular pool (150-cm diameter and 50-cm height)
with a 14 � 14-cm wire-mesh platform located in a fixed
position with a flag that was visible by the mice. The test
was composed by six trials of 2 minutes each. The de-
pendent variable considered was the ability to reach the

platform.
Video Tracking, Data Collection, and Statistical
Analysis

For exploration tests and water maze test, animals were
video-tracked using the EthoVision 2.3 system (Noldus
Information Technology, Wageningen, The Netherlands)
using an image frequency of 4.2/second. Raw data were
transferred to Wintrack 2.4 (http://www.dpwolfer.ch/
wintrack)22 for off-line analysis. Statistical computations
were done using Statview 5.0 (SAS Institute, Cary, NC).

Fear Conditioning Test

Auditory fear conditioning was performed by placing the
mice in an opaque conditioning chamber (L � W � H:
25 � 17 � 23 cm) with a grid floor through which scram-
bled foot shocks could be delivered as unconditioned
stimuli (US; 0.26 mA average intensity). The chamber
was placed into a dimly lit (� 5 lux) sound attenuating
box (background noise level 55 dB), and a speaker on
top of the chamber allowed to deliver sounds as condi-
tioning stimuli (CS; 2000Hz). The day before conditioning
all mice were pre-exposed to the test chamber for 10
minutes. Animals were either submitted to a delay or
trace fear conditioning session. Both sessions consisted
of 1 minute adaptation period followed by five identical
CS-US conditioning trials with 60 second intertrial inter-
vals (ITI). In the delay fear conditioning each trial started
with the presentation of the CS (15 seconds), and the US
was presented during the last 2 seconds of the CS pre-
sentation. Trace fear conditioning was similar to delay
protocol, except that each CS-US presentation was sep-
arated by an interval of 15 seconds. Twenty-four hours
after training, in both protocols, mice were tested to the
context and tone. To test conditioning to the context,
mice were placed in the same experimental chamber for
2 minutes. To test conditioning to the tone animals were
introduced to a new chamber with black/white walls and
a solid-Plexiglas opaque floor, for 1 minute without CS
(baseline), followed by 1 minute with the CS (tone). Dur-
ing the test, animals were video-tracked using the ANY-
maze system. The frequency of freezing (absence of
movements except respiration) was continuously re-
corded. Raw data were analyzed with the same program.
Statistical computations were done using Statview 5.0
(SAS Institute). Hearing test was performed providing an
unexpected sound to the mice kept in their own cage. A
little jump of the mice following the sound is considered a
positive response to the test. So the dependent variable
analyzed is the presence or absence of the response.

Polyribosome Analysis

Polysomal profiles were performed as described previ-
ously.23 In brief, brains dissected free of cerebellum and
bulbs were homogenized, using a glass douncer, in 10
mmol/L HEPES-KOH pH 7.4, 150 mmol/L KCl, 5 mmol/L
MgCl2, 0.5 mmol/L DTT, 90 �g/mL cycloheximide, 0.03
U/�L RNasin, 1 mmol/L PMSF, and 1:1000 protease inhib-
itor. The homogenized material was spun at 2000 � g 10

minutes at 4°C, and NP-40 was added to the supernatant to
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a final concentration of 1%. After 5 minutes of incubation on
ice, the material was spun at 20,000 � g 10 minutes at 4°C,
and 100 �g/mL heparin was added to the supernatant. The
samples were loaded on 15% to 55% sucrose gradient, dis-
solved in 10 mmol/L HEPES-KOH pH 7.4, 150 mmol/L KCl, 5
mmol/L MgCl2. The gradients were centrifuged at 4°C for 3
hours and 30 minutes at 200,000 � g in a SW41Ti Beckman
rotor. Absorbance at 254 nm was recorded by BioLogic LP
software (Bio-Rad). Fractions of 0.25 mL volume were col-
lected. The areas under the curve within the polysomal and
subpolysomal fractions were estimated by weighing paper
cut outs of the profiles.

Results

Generation of Eif4h Null Mice

An insertional mutation in the murine Eif4h gene was
isolated in a gene-trap screen in mouse ES cells by
BayGenomics.24 The trap vector contained a splice-ac-
ceptor sequence upstream of the reporter gene �geo that
allowed the production of a fusion protein, including the
first 20 amino acids encoded by the target gene and the
reporter coding sequence (Figure 1A). The resulting ES
clone Ex279 was injected into recipient blastocysts gen-
erating somatic chimeras that, crossed to C57Bl6 mice,
gave germ-line transmission of the mutation. By Southern
blot analysis we confirmed the insertion of the trapping
cassette in the first intron of the Eif4h gene (Figure 1B).
Specific primers, flanking the insertion site and within the
gene-trap vector, were used for genotyping analysis by
PCR (Figure 1C). Western blot on null embryonic fibro-
blasts (MEFs) showed the abrogation of Eif4h expression
(Figure 1D). The expression levels of genes surrounding
the Eif4h locus (Cyln2, Limk1, Gtf2I and Gtf2ird1) were not
affected in knockout brains, as shown by real-time PCR
(see Supplemental Figure S1, A–D, available at http://
ajp.amjpathol.org).

Eif4h Expression Pattern in Adult Mouse
Tissues and Brain

Eif4h mRNA was detected in all organs and tissues ana-

Figure 1. Generation of Eif4h mutant mice. A: The diagram shows the stru
3=UTR, and an asterisk marks the trap insertion site within the first intron o
was digested with HindIII and hybridized with the indicated probe (S5). A n
analysis by PCR. The wild-type allele gave a 250-bp band; the Eif4h(EX279) a
absence of Eif4h proteins (27 and 25 kDa) in knockout MEF extracts. Het, h
lyzed by RT-PCR, high expression levels were revealed in
muscle, testis, brain, and cerebellum (Figure 2A). In situ
hybridization on sections of wild-type and knockout brains,
with specific antisense riboprobes against Eif4h and Lacz re-
spectively, showed the same expression pattern, as demon-
strated by a representative midfrontal forebrain section (Figure
2B). X-Gal staining of knockout brains showed the Eif4h-driven
lacZ expression in the olfactory bulbs and tubercle, cerebral,
pyriform and entorhinal cortex, hippocampus, dentate gyrus,
hypothalamus, cerebellum, and in other brain regions, includ-
ing habenula and amygdala (Figure 2C). Localization of
Eif4h proteins in subcellular fractions derived from wild-
type cortical and subcortical brain regions was deter-
mined by Western blot. The analysis revealed the pres-
ence of the two expected bands of 27 kDa and 25 kDa, in
all of the assayed fractions, also at the synapses. Anti-
ERK was used as control of the total proteins amount in
each subcellular fraction, anti-synaptophysin (p38)
and anti–�-tubulin as controls of the fractionating pro-
cedures (Figure 2D).

Growth and Fertility Defects of Eif4h
Null Mice

Eif4h heterozygous mice were viable and fertile and offspring
derived from inter heterozygous crosses were born in Mende-
lian ratios. On the other hand, knockout mice showed a re-
duced fertility. Eif4h�/� males and females were regularly
mated with wild-type animals over a period of 2 months. Fe-
males were daily checked for the presence of vaginal plug, as
indication of sexual activity. We were unable to detect vaginal
plugs in wild-type females mated with knockout males,
whereas the knockout females were regularly plugged, but
only a few of them (approximately 25%) were pregnant and
their litters never survived (Table 1). Adult Eif4h knockout mice
visibly appeared smaller than controls. Because infantile
growth deficiency occurs in WBS patients, we examined
growth curves of male and female Eif4h mutants, from birth
until 1 year old. The postnatal growth curves of wild types and
knockouts started to diverge significantly 1 week after birth
(males WT � 5.8 � 1.1 g; KO � 4.4 � 0.8 g) (females WT �
6.9 � 0.6 g; KO � 5.1 � 0.6 g) (Student’s t-test, P � 0.001).
The weight gap persisted in adulthood, reaching its maximum
of 30% to 35% around 6 months (males WT � 41.5 � 6.1 g;

the Eif4h trapped allele (Ex279), white boxes indicate exons, black box
ne. B: The trap insertion was determined by Southern blot. Genomic DNA
riction fragment of 10 Kb was detected in the heterozygous. C: Genotyping
played a 231-bp product. D: Western blot with eIF4H antibody showed the
gous; KO, knockout; WT, wild type.
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3.8 g) (Student’s t-test, P � 0.001). The growth curves of Eif4h
heterozygous mice were shifted to those of wild-type animals
(Figure 3, A and B). The lower body weight of Eif4h�/� adults
paralleled their shorter body length (males WT � 9.7 � 0.4 cm;
KO � 8.9 � 0.3 cm) (females WT � 9.4 � 0.4 cm; KO � 8.6 �
0.3 cm) (Student’s t-test, P � 0.001) (Figure 3, C and D). No
growth abnormalities were evident during embryonic life (see
Supplemental Figure S2 available at http://ajp.amjpathol.org).
To understand if this growth deficit was equally distributed on
total body mass, mice were sacrificed and organs and tissues
were weighted. Almost all of them displayed lower weight in
Eif4h�/� mice (Student’s t-test, P � 0.001), suggesting that
knockout animals experienced a general growth deficit; in
addition, there was a marked reduction of inguinal white adi-
pose tissue, by around 70% (Figure 3E). Remarkably, de-
creased body weight and reduced fat accumulation were not
due to less food intake, which was comparable to control
animals (3.8 � 0.6 g/day) (Figure 3F). CT scan detected a

Figure 2. Eif4h expression pattern in adult mouse tissues and brain. A: Eif4
of Eif4h transcripts, determined by quantitative real time PCR, were normaliz
tissues; R-wat, retroperitoneal-wat; SC, subcutaneous-wat. Bars represent
hybridization of WT (left) and KO brain (right) with antisense riboprobes
In adult Eif4h�/� brain X-gal staining was detected in the olfactory bulbs a
hypothalamus, and in other brain regions, including habenula, amygdala, an
from cortex and subcortical brain regions. ERK antibody was used as contro
and anti �-Tubulin as control of the fractionating procedures. Fractions ar
(cytosol); LP1 (mitochondria and pre- and postsynaptic membranes); LS1 (to
was done in triplicate and the image of the immunoblot was the result of a

Table 1. Eif4h–/– Mice Display Reduced Fertility

Crossing

Male
�

Female

KO
�

WT

WT
�

KO

Het
�

WT

Het
�

Het

Number of males mated 8 3 8 10
Number of females mated 16 6 8 10
Males producing plugs 0 3 8 10
Vaginal plugs observed 0 12 8 10
Delivering females 0 3 5 6
Average litter size — 4 7.4 6.5
Littermates survived, % — 0 91 91.8
Het, heterozygous mice; KO, knockout mice; WT, wild-type mice.
significant volume reduction of knockout total body (WT � 31.3
� 4.1 cm3; KO � 22.3 � 2.6 cm3) (Student’s t-test, P � 0.001),
adipose tissues (WT � 10.4 � 3.3 cm3; KO � 5.1 � 1.4 cm3)
(Student’s t-test, P � 0.001), and muscle (WT � 8.2 � 1.3 cm3;
KO � 6.2 � 1.1 cm3) (Student’s t-test, P � 0.01) (Figure 4A).
The volume of skeleton (WT � 2.6 � 0.1 cm3; KO � 2.3 � 0.1
cm3) (Student’s t-test, P � 0.01) and skull (WT � 0.66 � 0.02
cm3; KO � 0.58 � 0,02 cm3) (Student’s t-test, P � 0.001) were
also lower than in wild type (Figure 4B). Even if craniofacial
abnormalities were not evident in knockout mice, we evaluated
the presence of skull defects by measuring the distances
between landmarks along the main axes (Figure 4C). Our
mutants revealed a significant reduction in anteroposterior (WT
� 2.32 � 0.05 cm; KO � 2.27 � 0.04 cm) and latero-lateral
skull axes (WT � 1.14 � 0.01 cm; KO � 1.09 � 0.02 cm)
(Student’s t-test, P � 0.001), whereas no significant variations
were evident in the nasal-zygomatic distance (Figure 4D).
Postnatal growth deficiency, short stature, and craniofacial ab-
normalities have been also documented in individuals affected
by Williams syndrome.25,26

Volumetric Brain Analysis by MRI of Eif4h
Knockout Mice

In vivo high-resolution MRI was performed to investigate
potential neuroanatomical anomalies present in adult
knockout brains. Contiguous coronal T2-weighted im-
ages were acquired to measure the volumes of the brain
and several selected structures (Figure 5A). This analysis
revealed on average 12% whole brain volume reduction

erentially expressed in adult mouse organs and tissues. The relative amount
st �-actin mRNA. Bat, brown adipose tissues; I-wat, inguinal-white adipose
rage of triplicate measurements and error bars represent SD. B: In situ
if4h and Lacz respectively, representative midfrontal forebrain sections. C:
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ellum. D: Western blot with eIF4H antibody on subcellular fractions derived
total proteins amount in each subcellular fraction, anti-Synaptophysin (p38)
ted above the lanes: H (total homogenate); P3 (cell body membranes); S3
tosomal fraction); LP2 (synaptic vesicles); LS2 (synaptosol). The experiment
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11.7 mm3; KO � 425.5 � 29.6 mm3) (Student’s t-test, P �
0.001). Looking separately at the cerebrum (CR), cere-
bellum (CB) and brainstem (BS), all of them displayed sig-
nificant volume reductions (Student’s t-test, CR P � 0.01;
CB and BS P � 0.001) (Figure 5B). In addition, the cere-
brum volume was further analyzed in two selected regions

Figure 3. Postnatal growth retardation in Eif4h null mice. A and B: Growth curves
open squares; males (n � 17 WT, 30 Het, 22 KO) and females (n � 10 WT, 23 He
females (n � 13 WT, 14 KO). ***P � 0.001. D: Representative WT and Eif4h�/� m
***P � 0.001. F: Food intake of KO and control mice indicated as g/day (n �
the Student’s t-test. Values of P � 0.05 were considered significant.

Figure 4. Compute
wild-type (WT) and
(n � 10 WT, 9 KO
reconstruction of CT
the nasal-zygomatic
(n � 10 WT, 9 KO).
the Student’s t-test.
along the anterior posterior axis, the former before the ap-
pearance of the hippocampus (anterior CR), the latter in-
cluding it and posterior to it (posterior CR). Although the
anterior cerebrum volumes were similar in both genotypes,
mutant mice displayed a significant enlargement of lateral
ventricles (WT � 4.2 � 0.4 mm3; KO � 5.4 � 1.3 mm3)

type (WT) mice, solid squares; heterozygous mice (Het), asterisks; and KO mice,
). C: Body length of Eif4h�/� compared with WT, males (n � 21 WT, 18 KO) and
mparison of tissues weights between WT and null mice (n � 23 WT, 21 KO).

14 KO). Error bars represent SD. The statistical analysis was performed using

graphy scan. A: Volumes of total body, adipose tissues, and muscle in
ut mice (KO). **P � 0.01; ***P � 0.001. B: Volumes of skeleton and skull
� 0.01; ***P � 0.001. C: Top view of the skull after three-dimensional
. The lines indicate the distances measured along the anteroposterior (a–b),
and latero-lateral (d–e) axis. D: Skull distances measured in WT and KO
0.001. Error bars represent SD. The statistical analysis was performed using
f P � 0.05 were considered significant.
of wild-
t, 16 KO
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). **P
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(Student’s t-test, P � 0.05) and a reduction of corpus cal-
losum (WT � 2.7 � 0.3 mm3; KO � 2.1 � 0.2 mm3) (Stu-
dent’s t-test, P � 0.001). On the other hand, the volume of
posterior cerebrum was significantly reduced in the knock-
out mice (Student’s t-test, P � 0.001). In particular, a drastic
volume reduction was observed in posterior cortex (WT �
50.6 � 2.3 mm3; KO � 44.8 � 1.6 mm3), thalamic and
hypothalamic nuclei (WT � 42.5 � 1.9 mm3; KO � 33.2 �
2.4 mm3) (Student’s t-test, P � 0.001), whereas the hip-
pocampus size was preserved (WT � 22.1 � 2.7 mm3,
KO � 23.7 � 3.5 mm3) (Figure 5C). Patients affected by
WBS display alterations in cerebral shape27–30 with a re-
duction of total brain volume; a major decrease is present in
the posterior cerebrum with a relative preservation of cere-
bellar volume31 and hippocampal size.32

Neurons of the Posterior Cerebral Cortex Are
Significantly Affected in Eif4h Knockout Brains

The MRI data indicated that knockout mice displayed a
significant reduction of posterior brain areas. Coronal
sections of the posterior cortex (ie, visual cortex V1 to V2)
from wild-type and knockout mice were analyzed for the
expression of the neuron specific nuclear protein NeuN
by immunohistochemistry. The NeuN� cells were signifi-
cantly reduced in the cortex of mice lacking Eif4h (WT �
365.2 � 12.1; KO � 315.7 � 12.6) (Student’s t-test, P �
0.05) (Figure 6, A and B). To assess whether the reduc-
tion of neurons, that we observed, was due to increasing

Figure 5. Brain MRI analysis. A: Typical T2-weighted images from wild-
contiguous coronal sections were acquired with a 0.85-mm thickness. Volum
of posterior cerebrum from image 8 to 12 and volume of cerebellum and br
regions: WB, whole brain; CR, cerebrum; CB, cerebellum; BS, brain stem. **P �
and respective selected structure: LV, lateral ventricles; CC, corpus callosum
***P � 0.001. (n � 7 WT, 9 KO). Error bars represent SD. The statistical ana
significant.
rates of cell death, parallel sections were probed for the
TUNEL assay. No differences in dying cells were found
between genotypes (see Supplemental Figure S3A avail-
able at http://ajp.amjpathol.org). Using the Golgi staining
technique, we examined the effects of Eif4h inactivation
on neuronal cell morphology. We measured dendritic
complexity of cortical neuron by Sholl analysis. Data ob-
tained revealed that branching was significantly reduced
in mutant mice when compared with wild types (Student’s
t-test, P � 0.05) (Figure 6, C and D). Eif4h knockout neu-
rons compared to wild type also exhibited a significant
reduction of the spine number (WT � 10.1 � 0.7; KO � 7 �
0.5) (Student’s t-test, P � 0.01) (Figure 6, E and F). Finally
we assayed the distribution of the myelin binding protein by
immunohistochemistry. Accordingly with a reduction in the
number of neurons, we also observed a slight alteration of
myelin binding protein expression in the posterior cortical
plate of null brains (see Supplemental Figure S3B, available
at http://ajp.amjpathol.org).

Eif4h Null Mice Show Normal Motor
Coordination but Are More Prone to Muscular
Fatigue

Eif4h knockout mice were evaluated for motor coordina-
tion and muscular fatigue on three rota-rod tests. In the
accelerating rota-rod protocol, test 1, the average of all
trials showed no significant differences between geno-
types [analysis of variance (ANOVA) genotype effect:
F(1,38) � 3.620, P � 0.064] (Figure 7A). In constant

T; upper panel) and Eif4h knockout mice (KO; lower panel). Fifteen
terior cerebrum was calculated from the first to the seventh image, volume
from image 13 to 15. B: Volume measurement of whole brain and selected
**P � 0.001. C: Volume measurements of the anterior and posterior cerebrum
ippocampus; Ctx, cortex; Thal, thalamic-hypothalamic nuclei. *P � 0.05;
s performed using the Student’s t-test. Values of P � 0.05 were considered
type (W
e of an

ainstem
0.01; *
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speed rota-rod, 24 hours later, test 2, the average of all
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trials showed no significant differences between geno-
types [ANOVA genotype effect: F(1,38) � 0.325, P �
0.571] (Figure 7B). In the test 3, we evaluated mouse
performance on the rota-rod apparatus in five consecu-
tive trials of 10 minutes each. Under these conditions null
mice did not improve their performance as wild type did
and significant differences between genotypes were ob-
served [ANOVA genotype effect: F(1,38) � 4.547, P �
0.0395] (Figure 7C). These data suggested that Eif4h
knockout mice showed normal motor coordination but

Figure 6. Immunohistological and morphological characterization of Eif4h k
cortex of knockout (KO) and wild-type (WT) brains. Original magnification
were counted on four images of 0.12 mm2 (n � 3 WT, 3 KO). *P � 0.05. C: Ex
illustrating differences in dendritic complexity. The values are the average o
preparation showing dendrites from WT and KO (original magnification �
for each genotype (n � 3 WT, 3 KO). **P � 0.01. Error bars represent SE
� 0.05 were considered significant. Scale bars � 50 �m (A and C) and

Figure 7. Rota-rod test. Wild-type (WT) and knockout mice (KO) were tes

5 minutes (B; Test 2), and rota-rod test 10 minutes (C; Test 3). The results were the av
computations were done using Statview 5.0. Values of P � 0.05 were considered si
they were more prone to muscular fatigue when the task
was more demanding.

Eif4h Null Mice Show Intact Emotional and
Explorative Behavior, but Novelty Induces
Hyperreactivity

Emotional and explorative behavior of Eif4h knockout
mice was analyzed by comparing three exploration

t brains. A: NeuN immunostaining on representative sections of the posterior
per part; �20, of the lower part (from boxed area above). B: NeuN� cells
f Golgi-stained cortical neuron (original magnification �20). D: Sholl analysis
rons for each genotype (n � 3 WT, 3 KO). *P � 0.05, **P � 0.01. E: Golgi

: Spine density �10 �m length. The values are the average of 15 dendrites
statistical analysis was performed using the Student’s t-test. Values of P

E).

ccelerating rota-rod test 5 minutes. (A; Test 1), constant speed rota-rod test
nockou
�4, up

ample o
f 12 neu
100). F
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erage of five consecutive trials. *P � 0.05. Error bars represent SEM. Statistical
gnificant.
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tests: the light-dark box, the emergence, and the nov-
elty tests.33,34 No differences were observed between
genotypes for variables assessing anxiety-like behav-
ior, such us the time spent in the dark compartment in
the light-dark test [ANOVA genotype effect: F(1,38) �
0.547, P � 0.464] and the time spent in the home box
in the emergence test [ANOVA genotype effect:
F(1,38) � 1.211, P � 0.278]. Moreover, in all tests no
differences were observed for the distance traveled
[dark light ANOVA genotype effect: F(1,38) � 1.449,
P � 0.236; emergence ANOVA genotype effect:
F(1,38) � 1.880, P � 0.178; novelty first 30 minutes
ANOVA genotype effect: F(1,38) � 1.341, P � 0.254]
and for the speed [dark light ANOVA genotype effect:
F(1,25) � 0.102, P � 0.751; emergence ANOVA geno-
type effect: F(1,38) � 1.333, P � 0.255; novelty first 30
minutes ANOVA genotype effect: F(1,38) � 2.57, P �
0.1172]. These data indicated that Eif4h�/� did not
show deficits in anxiety-related and explorative behav-
iors and displayed normal spontaneous locomotor ac-
tivity, in agreement with the normal motor coordination
previously observed in the rota-rod test. In the novelty
test, during the second part (30 minutes), the introduc-
tion of a novel object into the center of the arena
induced the mutant mice to approach and investigate
more the new object as measured by the distance to
the object [ANOVA genotype effect for distance to the
object: F(1,16) � 5.720, P � 0.029] (Figure 8A), and by
the significant increase in locomotor activity [ANOVA
genotype effect: F(1,38) � 4.896, P � 0.033] (Figure
8B). These results suggested that novelty induced hy-
perreactivity behavior in Eif4h knockout mice.

Eif4h Knockout Display an Inability To Develop
Efficient Spatial Memory

In the water maze spatial reference memory task, Eif4h
knockout mice showed a significant reduction in the
swimming speed [ANOVA genotype effect: F(1,38) �

123.725, P � 0.0001] and a significant increase in
floating [ANOVA genotype effect: F(1,38) � 6.651, P �

0.0139] and wall hugging time [ANOVA genotype ef-
fect: F(1,38) � 7.288, P � 0.0103]. The reduced swim-
ming speed could account for the higher escape la-

tency of knockouts [ANOVA genotype effect: F(1,38) �
26.632, P � 0.0001] (Figure 9, A and B). However,
during the acquisition phase the distance swum was
similar in both genotypes [ANOVA genotype effect:
F(1,38) � 0.293, P � 0.5918], whereas in the reversal
phase was significant longer in knockouts compared
with wild types [ANOVA genotype effect: F(1,38) �

6.720, P � 0.013]. Eif4h null mice were also less effi-
cient in straightforward swimming to the goal as re-
vealed by the analysis of the path efficiency [ANOVA
genotype effect: F(1,38) � 16.665, P � 0.0002]. During
the probe trial, control and mutant mice showed a
preference for the trained goal quadrant (up to 25%)
compared with the three control zones [ANOVA geno-
type effect: F(1,37) � 1.377, P � 0.248] (Figure 9C),
but knockout mice were less efficient in the annulus
crossing [ANOVA genotype effect: F(1,38) � 18.321,
P � 0.0001] (Figure 9D). These findings suggested
that Eif4h knockout mice had impairment in motor and
motivation abilities to solve the task, probably due to a
stress-related response to the water. However Eif4h
null mice displayed an inability to develop an efficient
spatial memory because they were able to learn the
task, but were less efficient in finding the goal. To
exclude possible visual defects, mice were tested in
the visible platform version of the water maze. Even if a
reduced swimming speed was observed in knockout
mice, 100% of them were able to reach the flagged
platform on average in 12 seconds.

Eif4h Deletion Affects Associative Memory as
Assessed by Fear Conditioning

We used auditory fear conditioning to assess associative
learning in Eif4h�/� and wild-type mice. In this task the
animals developed an immobility response (freezing) af-
ter exposure to tones (conditioning stimulus, CS) paired
with foot-shocks (unconditioned stimulus, US). Animals
were subjected to two different protocols: in the delay
fear conditioning there was a CS-US temporal overlap
and their association mainly depends on the amygdala
activity. In the trace procedure a time interval was intro-
duced between the two stimuli, as previously described,35

Figure 8. Novelty test. A: Distance to the object of
wild-type (WT) and knockout (KO) mice (n � 20
WT, 20 KO). *P � 0.05. B: Locomotor activity: dis-
tance traveled when the novel object was introduced
in the center of the arena. *P � 0.05. Statistical com-
putations were done using Statview 5.0. Values of P
� 0.05 were considered significant.
in this case the CS-US association involves different brain
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regions as the hippocampus and prefrontal cortex.36 In
both protocols, the percentage of freezing over the five
tone presentations increased in control animals. This did
not happen in Eif4h knockouts, which showed a signifi-
cant lower freezing percentage throughout the condition-
ing sessions [ANOVA genotype effect in trace fear con-
ditioning: F(1,34) � 76.9, P � 0.0001; genotype effect in
delay fear conditioning: F(1,38) � 28.5, P � 0.0001]
(Figure 10, A and D). In delay as well as in trace fear
conditioning significant differences were also observed
between genotypes when 24 hours later animals were
tested for freezing reactions to the context and tone.
Context testing consisted of 2 minutes in the same ex-
perimental chamber without CS [genotype effect in trace
fear conditioning: F(1,34) � 20.4, P � 0.0001; genotype
effect in delay fear conditioning: F(1,38) � 7.68,
P � 0.0086] (Figure 10, B and E). Tone testing consisted
of 1 minute in a new context without CS (baseline), fol-
lowed by 1 minute with the CS turned on (tone) [genotype
effect in trace fear conditioning: �F(1,34) � 15.8, P �
0.0004; genotype effect in delay fear conditioning:
F(1,38) � 52.1, P � 0.0001] (Figure 10, C and F). All
together these data suggested that Eif4h mutant mice
were severely impaired in associative fear-related mem-
ory formation. No differences were observed in mutants
compared with the control mice for the hearing an unex-
pected stimulus (sound), suggesting that the reported

memory defects were not due to deafness.
Global Process of Translation Is Not Affected in
Eif4h Knockout Mice

To evaluate if the specific phenotypes described for Eif4h
knockout mice were associated with deficits in the control
of global protein synthesis, we analyzed polysomal pro-
files of wild-type and Eif4h knockout brains. Fractions
were collected and the absorbance was continuously
monitored at 254 nm. The polysomal profiles did not
present significant differences between genotypes, as
confirmed by comparable percentages of the area under
the polysomal (WT � 19% � 1.4; KO � 18% � 1.5) and
subpolysomal (WT � 81% � 1.4; KO � 82% � 1.5)
fractions (Figure 11). These results indicated that the
absence of Eif4h did not impair the global process of
translation and initiation.

Discussion

We described the generation of a new mouse line carry-
ing a null allele for Eif4h, which encodes a factor involved
in the initiation phase of protein synthesis.37 The human
homolog of this gene, WBSCR1, is located within a region
commonly deleted in WBS patients, the Williams-Beuren
Syndrome critical region. The WBS is a complex neuro-
developmental disorder consequence of multiple gene

Figure 9. Morris water maze test. A: Swimming
speed of wild-type (WT) and knockout mice
(KO) during the task (n � 20 WT, 20 KO). ***P �
0.001. B: Learning curve indicating the time re-
quired to reach the hidden platform (escape la-
tency expressed in seconds) over 5 days. ***P �
0.001. C: Percentage of time spent in the four
quadrants during the probe trial. Dashed line
represents the 25% chance level of swimming in
that particular zone. D: Annulus crossing mea-
sured during the probe trial. Old goal (og) indi-
cates the old platform position, old opposite
(oo) the new opposite position of the platform,
old left (ol) and old right (or) the quadrant at the
left and at the right of the old goal, respectively.
***P � 0.001. Statistical computations were done
using Statview 5.0. Values of P � 0.05 were
considered significant.
deletions. WBS patients display abnormalities in devel-
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opment, growth and structure of internal organs, as well
as a unique neurocognitive profile.38 Although mice car-
rying a single gene deletion may only partially recapitu-
late the complex phenotype occurring to WBS patients,
the analysis of the Eif4h mutant mice that we have pro-
vided, support a contribution of Eif4h to the syndrome.
Indeed, the absence of Eif4h resulted in growth deficits,
brain abnormalities, altered neuronal morphology, and
specific behavioral impairments that overlap with some
aspects of the phenotype observed in patients. Growth
defects occurring in Eif4h null mice clearly indicated that
Eif4h is necessary for proper mouse development and
brain morphology alterations, revealed by in vivo MRI
analysis, resembled those observed in WBS patients. It

Figure 10. Fear conditioning tasks. Wild-type (WT) and knockout mice (KO
trace (D–F) fear conditioning. A and D: Percentage of freezing during the tra
24 hours later. **P � 0.01; ***P � 0.001. C and F: Percentage of freezing du
0.001. Statistical computations were done using Statview 5.0. Values of P �
will be interesting to understand whether are these brain
abnormalities due to abnormal development, do they re-
flect insufficiency of Eif4h function in the adult, or both.
Moreover the absence of Eif4h strongly affected fear-
related learning and associative memory formation and
suggested a possibly impairment of hippocampal and
amygdala circuits in null mice. We can hypothesize that
the hippocampal circuits dysfunctions, found in knockout
mice, were not due to loss of volume but rather to func-
tional impairments of this region. Even in WBS patients
MRI showed normal volume of hippocampal structure in
contrast to marked functional changes.32 In conclusion,
Eif4h may contribute to several phenotypic and structural
aspects of the Williams-Beuren syndrome as well as to its

20 WT, 20 KO) were subjected to two different protocols: delay (A–C) and
ssions. ***P � 0.001. B and E: Percentage of freezing during the context test,
tone test, 24 hours later. Baseline indicated the period without tone. ***P �
re considered significant.

Figure 11. Analysis of global protein synthesis.
Polysomal profile from wild-type (WT) and
knockout mouse (KO) brain extracts. The verti-
cal line separates the polysomal fraction (right)
and the subpolysomal fraction (left). The per-
centages indicated the proportion of the area
under the curves and represented the mean �
SD of 6 WT and 6 KO independent profiles.
) (n �
ining se
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particular cognitive and behavioral profile. Eif4h cooper-
ates with the helicase eIF4A in the initiation phase of
protein synthesis. The protein synthesis is well estab-
lished to play an important role in synaptic plasticity,
memory, learning, development, and differentiation. It
has been implicated in a variety of human diseases3,39,40

and subtle changes in the initiation step of this process
could account for deep consequences in development,
growth, and brain functions. We showed that Eif4h pro-
teins were present in all brain subcellular fractions, in-
cluding synapses, suggesting that this gene may play a
role in the regulation of local translation of specific
mRNAs. Moreover, based on the results of several lines
of research, it has been proposed that alteration in syn-
aptic protein synthesis is one possible pathway underling
several intellectual disabilities as mental retardation or
autistic phenotypes.41 Abnormalities in dendritic com-
plexity and spine density, observed in Eif4h null mice, are
also found in other disorders related to the central ner-
vous system. In this light the Eif4h mutant line may rep-
resent a new useful animal model related to Williams
Beuren syndrome and also to the heterogeneous group
of neurodevelopmental pathologies termed autism
spectrum disorders. Genome-wide analysis of mRNAs
or protein expression in Eif4h mutant mice will be nec-
essary to identify molecules and pathways that may be
either directly or indirectly altered in absence of this
gene.
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