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A B S T R A C T

TG2576 mice show highest levels of the full length mutant Swedish Human Amyloid Precursor Protein
(APPKM670/671LN) during prodromal and early sympotomatic stages. Interestingly, this occurs in association
with the unbalanced expression of two of its RNA Binding proteins (RBPs) opposite regulators, the Fragile-X
Mental Retardation Protein (FMRP) and the heteronuclear Ribonucleoprotein C (hnRNP C). Whether an aug-
mentation in overall translational efficiency also contributes to the elevation of APP levels at those early de-
velopmental stages is currently unknown. We investigated this possibility by performing a longitudinal poly-
ribosome profiling analysis of APP mRNA and protein in total hippocampal extracts from Tg2576 mice. Results
showed that protein polysomal signals were exclusively detected in pre-symptomatic (1 months) and early
symptomatic (3 months) mutant mice. Differently, hAPP mRNA polysomal signals were detected at any age, but
a peak of expression was found when mice were 3-month old. Consistent with an early but transient rise of
translational efficiency, the phosphorylated form of the initial translation factor eIF2α (p-eIF2α) was reduced at
pre-symptomatic and early symptomatic stages, whereas it was increased at the fully symptomatic stage.
Pharmacological downregulation of overall translation in early symptomatic mutants was then found to reduce
hippocampal levels of full length APP, Aβspecies, BACE1 and Caspase-3, to rescue predominant LTD at hippo-
campal synapses, to revert dendritic spine loss and memory alterations, and to reinstate memory-induced c-
fosactivation. Altogether, our findings demonstrate that overall translation is upregulated in prodromal and
early symptomatic Tg2576 mice, and that restoring proper translational control at the onset of AD-like symptoms
blocks the emergence of the AD–like phenotype.
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1. Introduction

Overexpression of the amyloid precursor protein (APP) is a common
feature of several intellectually disabling pathologies including
Alzheimer's Disease (Tcw and Goate, 2017), Down syndrome (Head
et al., 2018) and autism spectrum disorders (Sokol et al., 2006; Ray
et al., 2011; Westmark, 2019; Westmark et al., 2016). In Alzheimer's
Disease (AD), despite the observation of a direct link between increased
levels of full length APP and elevated β-amyloid peptide (Aβ) produc-
tion (Johnston et al., 1994), APP-related research has prevalently fo-
cused on the toxic role of its cleavage products. Evidence that func-
tional changes occur in the brain long before the onset of cognitive
deficits (Beason-Held et al., 2013; Pignataro et al., 2019) has, however,
highlighted the need to identify increasingly earlier AD brain markers.
Within this context, the dysregulation of APP levels upstream to its
pathogenic proteolytic cleavage is gaining an increased interest (Zhu
et al., 2019). Nevertheless, although epigenetic (Maloney and Lahiri,
2016) and post-transcriptional (Long et al., 2012) factors have been
suggested to play a role in early-life APP regulation, the translational
mechanisms which regulate APP expression at prodromal and early
symptomatic stages of the disease remain largely unexplored.

In mouse models of familiar AD, overexpression of mutant forms of
the human amyloid precursor protein (hAPP) promotes formation of
toxic Aβ and impairs cognition at age points which vary according to
the locus of the mutation in the APP gene and the number of hAPP
transgene copies (Howlett and Richardson, 2009). For example, Tg2576
mice carrying the Swedish KM670/671LN mutation are cognitively
intact at 2 months of age (D'Amelio et al., 2011). Then, cognition
gradually declines around 3 months of age concurrently with the aug-
mentation of Aβ load (D'Amelio et al., 2011; Lanté et al., 2015).
Paradoxically, although the insertion of the hAPP transgene in the
mouse genome warrants that APP is overexpressed from birth in this
model, we reported that APP mRNA and protein hippocampal levels
show significant fluctuations during the course of development
(Borreca et al., 2016). Specifically, these levels are maximal when mice
are asymptomatic (1 month of age), remain elevated at the onset of
mild cognitive impairments (3 months of age), and then decrease with
the emergence of the full symptomatology (6 months of age). We also
noticed that the prodromal/early symptomatic upregulation of APP
levels occurs when the heteronuclear Ribonucleoprotein C (hnRNP C)
and the Fragile-X Mental Retardation Protein (FMRP), two post-trans-
lational opposite regulators of APP expression (Lee et al., 2010), are
maximally up- and down-regulated respectively, and therefore favor
APP mRNA-specific translation. Whether a prodromal/early sympto-
matic increase in overall translation also contributes to the elevation of
full length APP levels is unknown.

To examine this point, we performed a longitudinal polysome pro-
file analysis of APP mRNA and protein in Tg2576 mice and controlled
for translational efficiency by measuring eukaryotic initial translation
factors at corresponding age points. Results showed that protein poly-
somal signals were exclusively detected in pre-symptomatic (2 months)
and early symptomatic (3 months) mutant mice. Differently, mRNA
polysomal signals were detected at any age, but a peak of expression
was found when mice were 3-month old. Consistent with an early but
transient rise of translational efficiency, the phosphorylated form of the
initial translation factor eIF2α (p-eIF2α) was increased at pre-sympto-
matic and early symptomatic stages, whereas it was decreased at the
fully symptomatic stage. Confirming that upregulation of overall
translation contributes to emergence of AD pathogenic factors in
Tg25756 mice, pharmacological restoration of proper translational
control in early symptomatic mice blocked the emergence of their
AD–like neural and cognitive phenotype.

2. Methods

2.1. Animals

Male mice overexpressing the APP695 fragment with the Swedish
mutation subsequently backcrossed to C57BL/6 × SJL F1 females. The
offspring was genotyped to confirm the presence of human mutant APP
DNA sequence by PCR. Genomic DNA isolated from mouse tails was
genotyped by polymerase chain reaction (PCR) analysis. Specific pri-
mers sense (5′-CTG ACC ACT CGA CCA GGT TCT GGG T-3′) and anti-
sense (5′-GTG GAT AAC CCC TCC CCC AGC CTA GAC CA-3′) of
APPSWE (10 μM each) were added into genomic DNA template mix-
tures that were subjected to 25 cycles of amplification. Amplification
was conducted in a T100 thermal cycler (BioRad Laboratories Inc.,
Hercules, California, USA) under the following conditions: denaturation
for 30 s at 94 °C, annealing for 30 s at 62 °C, and extension for 45 s at
72 °C. The amplified PCR products were then loaded onto a 1.0%
agarose gel, after which the bands were detected using the Kodak
Electrophoresis Documentation and Analysis System 120 (Eastman
Kodak, Rochester, NY, USA). Mice were reared maintained on a 12 h
light/dark cycle with ad libitum access to food and water. All experi-
ments were performed in accordance with the guidelines provided by
the European Communities Council Directive of 24 November 1986
(86/609/EEC).

2.2. Polyribosome profile

Polyribosome profiling allows to study the overall degree of trans-
lation of individual proteins and their mRNAs. Hippocampi from
Tg2576 mice of 1, 3, and 6 months of age (pool of 4 animals for each
age point) were homogenized in 0,5 ml of lysis buffer (100 mM NaCl,
10 mM MgCl2, 10 mM Tris-HCl pH 7.5, 1% Triton-X100). The lysates
were incubated 5 min in ice, centrifuged for 5 min at 12,000g at 4 °C,
and the total amount of supernatants (cytoplasmic extract) centrifuged
through 15%–50% (w/v) sucrose gradients for 180 min at 37,000 rpm
in a Beckman SW41 rotor. The polysomes, the 80S monosome, the two
subunits 60S and 40S as well as the very light mRNPs were detected by
UV absorbance at 256 nm (BioRad) and each gradient was collected in
10 fractions. From each fraction, the proteins were precipitated with
mix containing 50% Ethanol, 25% Methanol and 25% Acetone. The
proteins extracted were resuspended in 30 μl of laemly buffer 2× and
then analyzed by Western blotting.

2.3. Western blot determination of APP on polysome fractions

From each polysomal fraction, we used 200 μl for protein extrac-
tion. 200 μl of each fraction was treated with 6 volumes (1,2 ml) of mix
containing 50% EtOH, 25% MetOH and 25% Acetone and left overnight
a 4 °C. On the day after, each faction was centrifuged at 14000 g for
40 min and washed with 1 ml of EtOH 80%. The resulting pellet was
resuspend in 30 μl of laemly buffer 2×. 10 μl of each fraction of
polysomes gradient from WT and Tg2576 mice were used in this ana-
lysis. Total proteins were separated by 4–15% gradient sodium dodecyl
sulfate–polyacrylamide gels (BIO-RAD Laboratories, Hercules, CA) and
transferred to nitrocellulose membrane (BIO-RAD Laboratories,
Hercules, CA). Western blots were blocked in 5% non-fat dry milk in
TBST buffer (0.1% Tween 20 in Tris–borate saline) then incubated with
APP (1:1000; Sigma). Blots were then incubated with appropriate
conjugated to horseradish peroxidase (Chemicon) and developed by
ECL Western Blotting Analysis System (GE Healthcare).

2.4. Real time-quantitative PCR for APP mRNA on polysome fractions

Cytoplasmic extracts prepared from hippocampi of Tg2576 mice
were fractionated through sucrose gradients. Ten fractions were col-
lected from each gradient while recording the absorbance profile. For
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RNA purification, the fractions were immediately treated with a solu-
tion containing 1% SDS (final concentration), 10 μg of glycogen, 50 pg
of kanamycin positive control RNA and 100 μg/ml of proteinase K, and
then incubated for 30 min at 37 °C. Kanamycin synthetic RNAs were
used to normalize for possible RNA loss during RNA phenol/chloroform
extraction and precipitation from each fraction. RNAs were precipitated
with 0.2 M NaOAc pH 4.8 and 0.7 volumes of isopropanol. The pellets,
washed with EtOH 80%, were re-suspended in 20 μl of ddH2O. Total
RNA extracted from each fractions was analyzed by quantitative RT-
PCR for specific mRNAs (mouse and human APP). To correct for var-
iations in the efficiency of the RT-PCR reaction, the same amount of a
synthetic RNA (Kanamicin) was added to each sample, amplified, and
used for normalization. 1 μl of each fraction were pulled to differentiate
polysomes fractions (Fraction 1–5) and non polysomes fractions
(Fraction 6–10). 5 μl of each fraction (polysomes and non polysomes)
was used for First-strand synthesis using p(dN)6 and 100 U of M-MLV
RT (Invitrogen). The same amount of first strand DNA was used for
qRT-PCR analysis. The qRT-PCR was conducted with SYBR green
master mix (Applied Biosystem) and specific primer for APP mRNA and
Kanamycin synthetic DNA.

2.5. Western blot determination of eukaryotic initial translation factors

Hippocampi from WT and Tg2576 mice were collected at each age
point of interest and homogenized in RIPA buffer (10 mM Tris-HCl,
pH 7.5, 150 mM NaCl, 2% Nonidet P-40, 5 mM EDTA, 0.1 mM phe-
nylmethylsulfonyl fluoride, 1 mM β-glycerophosphate, 1 mM sodium
orthovanadate, 10 mM sodium fluoride, 0.1 M SDS, 1% protease in-
hibitor cocktail-Sigma Aldrich) (Borreca et al., 2018). A pool of 4 ani-
mals was used for the analysis. To confirm these data a four WT and
Tg2576 mice were loaded on acrylamide gel separately. 50 μg of pro-
teins were loaded on 12% acrylammide gel and transferred on ni-
trocellulose membrane, blocked with 5% not fat milk and incubated
with p-eIF2α and eIF2α antibodies (Cell signaling) over night at 4 °C
(diluted in BSA 5%). After three washes with TBST, the membranes
were incubated with secondary antibody HRP, specific for both primary
antibodies and the signal was revealed by ECL Western Blotting Ana-
lysis System (GE Healthcare). Additional p-eIF4E, eIF4E and eIF4G
antibodies (Cell signaling) were used to determine the level of these two
other major eukaryotic initial translation factors in the hippocampus of
3-month old Tg2576 mice.

2.6. Pharmacological treatment

Pharmacological inhibition of elF2α (eukaryotic translation initia-
tion factor 2 subunit alpha) dephosphorylation was carried out by in-
jecting salubrinal (Tocris Cat. No. 2347) emulsified in DMSO (Sigma)
(1% diluted in saline). Two administration routes were used according
to previously established injection protocols (Sokka et al., 2007). Mice
were given either one intra-cerebro-ventricular (i.c.v.) injection (1 μl of
a 75 μM solution) or one daily intraperitoneal (i.p.) injection repeated
for 7 consecutive days (1 mg/kg). Control mice received i.c.v. or i.p.
injections of DMSO.

2.7. Western blot determination of APP, Aβ and BACE-1 levels in
hippocampal extracts

Hippocampi of WT and Tg2576 mice, treated with salubrinal or
DMSO, were lysed with RIPA buffer (10 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 2% Nonidet P-40, 5 mM EDTA, 0.1 mM phenylmethylsulfonyl
fluoride, 1 mM β-glycerophosphate, 1 mM sodium orthovanadate,
10 mM sodium fluoride, 0.1 M SDS, 1% protease inhibitor cocktail-
(Sigma Aldrich, see Borreca et al., 2016). After homogenization, sam-
ples were centrifuged at 12,000g for 10 min and the supernatant was
collected, quantified with Bradford assay, and 50 μg of total protein
were loaded on 12% acrylamide gel for determination of APP (Sigma),

Amyloid-β (Aβ peptide species (D54D2 Cell Signaling), β-secretase
enzyme-1 (BACE-1, Millipore).

2.8. Western blot for determination of Caspase-3 activity in hippocampal
synaptosomes

Hippocampi of WT and Tg2576 mice treated with salubrinal or
DMSO were lysed with Homogenization buffer (320 mM sucrose, 4 mM
Hepes pH 7.4, 1 mM EGTA, 1 mM PMSF and 1× protease inhibitor
cocktail). The homogenized tissue was centrifuged at 1000 g for 10 min
a 4 °C. the supernatant was collected and centrifuged at 12,000g for
15 min at 4 °C. The obtained pellet was resuspended in homogenization
buffer and centrifuge at 13,000g for 15 min at 4 °C. The pellet was
resuspended in RIPA buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2%
Nonidet P-40, 5 mM EDTA, 0.1 mM phenylmethylsulfonyl fluoride,
1 mM β-glycerophosphate, 1 mM sodium orthovanadate, 10 mM so-
dium fluoride, 0.1 M SDS, 1× protease inhibitor cocktail-Sigma
Aldrich). The resuspended pellets was sonicated and centrifuged at
12,000 rpm for 10 min at 4 °C. The synaptosomes were loaded on ac-
rylammide gel and the CASP3 (Cell signaling) levels (cleaved/total,
D'Amelio et al., 2011) was evaluated. The primers and second anti-
bodies used in this experiment are listed in Table 1.

2.9. Specification of primers and antibodies

Primers and antibodies used in these experiments are listed in
Table 1.

2.10. Acute slices preparation for electrophysiology

Mice were deeply anesthetized by inhalation of 2-Bromo-2-Chloro-
1,1,1-trifluoroethane and after decapitation the brains were rapidly
removed from the skull. Parasagittal slices were cut with a vibratome
(VT1200S, Leica) and then immersed in chilled bubbled (95% O2, 5%
CO2) aCSF containing (in mM): NaCl 124, KCl 3, NaH2PO4 1.25,
NaHCO3 26, MgCl2 1, CaCl2 2, glucose 10 (~290 mOsm, pH 7.4). The
slices were incubated for 1 h in CSF at 32 °C and then left at room

Table 1
List of antibodies and primers used for the experiments.

Antibodies Company Code Species Secondary
antibodies

APP Sigma A8717 Human and
mouse

Antirabbit

p-eIF2α Cell Signaling #9721 H M R Mk Dm Anti-Rabbit
eIF2α Cell Signaling #9722 H M R Mk Anti Rabbit
eIF4E Cell Signaling #9742 H M R Mk Mi Z Anti Rabbit
eIF4G Cell Signaling #2498 H M R Mk Anti Rabbit
Aβ Cell Signaling #D54D2 H Anti Rabbit
BACE1 Millipore MAB5308 H, M, R, Pm Anti Mouse

clone61-3E7
CASP3 Cell Signaling #9662 H M R Mk Anti Rabbit

Gene Primers Species

FOR genotyping 5′-CTG ACC ACT CGA CCA GGT TCT GGG
T-3′

FOR genotyping 5′-GTG GAT AAC CCC TCC CCC AGC CTA
GAC CA-3′

hAPP FOR 5′-GCCAAAGAGACATGCAGTGA-3′ Human
hAPP REV 5′-AGTCATCCTCCTCCGCATC-3′ Human
mAPP FOR 5′-GACAAGAAGGCCGTTATCC-3′ Mouse
mAPP REV 5′-GTCTCTCATTGGCTGCTTTCC-3′ Mouse
GAPDH FOR 5′-GTGAACGGATTTGGCCGTAT-3′ Mouse
GAPDH REV 5′-GAATTTGCCGTGAGTGGAGT-3′ Mouse
KANAMYCIN FOR 5′-GCC ATT CTC ACC GGA TTC AGT CGTC-

3′
Synthetic RNA

KANAMYCIN REV 5′-AGCCGCCGTCCCGTCAAGTCAG-3′ Synthetic RNA
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temperature for 30 min before recordings (Table 2).

2.11. Field recordings of excitatory postsynaptic potentials

A single brain slice was transferred to a recording chamber of an
upright microscope (Axioskop 2-FS; Zeiss, Germany) and completely
submerged in aCSF (3–4 ml/min; 32 °C). Field excitatory postsynaptic
potential (fEPSP) were induced by stimulation (100 μs duration; every
30 s) of Schaffer collateral pathway using a concentric bipolar stimu-
lating electrode (FHC Inc.; Bowdoin, ME) and a CSF-filled borosilicate
glass recording electrode that were positioned in the stratum radiatum
of the CA1 hippocampal region at a distance of 200–300 μm. All ex-
periments were performed at the intensity yielding a half-maximal re-
sponse of input-output curves that was obtained by measuring the
fEPSP initial slope at increasing 10 μA steps of afferent stimulation
(D'Amelio et al., 2011).

2.12. Long term depression

LTD was induced 20 min after the test stimulation (at half-maximal
intensity, every 30 s) when fEPSP slope stability was obtained. The slice
was challenged with DHPG (50 μM) for 10 min and then washed out for
60 min. The DHPG-LTD was evaluated by the fEPSP mean slope
55–60 min from DHPG washout, normalized to the mean slope during
baseline, and recorded during the 10 min preceding DHPG perfusion.
The field responses were recorded with a MultiClamp 700B amplifier
and digitized with Digidata 1322A. Data were sampled at 20 kHz.
Traces were obtained by pClamp 9.2 and analyzed using Clampfit 9.2
(all from Molecular Devices; Sunnyvale, CA).

2.13. Golgi staining

After one week of pharmacological treatment with salubrinal or
DMSO, mice were deeply anesthetized with a cocktail of Zoletil
(800 mg/kg) and Rompum (200 mg/kg) and perfused transcardially
with 0.9% saline solution (N = 7 mice per group). Brains were dis-
sected and immediately immersed in a Golgi-Cox solution (1% po-
tassium dichromate, 1% mercuric chloride, and 0.8% potassium chro-
mate) at room temperature for 6 days according to a previously
described protocol (Gibb and Kolb, 1998). On the seventh day, brains
were transferred in a 30% sucrose solution for cryoprotection and then
sectioned with a vibratome. Coronal sections (100 μm) were collected
and stained according to the method described by Gibb and Kolb
(1998). Sections were stained through consecutive steps in water
(1 min), ammonium hydroxide (30 min), water (1 min), developer so-
lution (Kodak fix 100%, 30 min), and water (1 min). Sections were then
dehydrated through successive steps in alcohol at rising concentrations
(50%, 75%, 95%, and 100%) before being closed with slide cover slips.
Spine density was analyzed on CA1 neurons. Neurons were identified
with a light microscope (Leica DMLB) under low magnification (20×/
NA 0.5). Five neurons within each hemisphere were taken from each
animal. On each neuron, five 30–100 μm dendritic segments of

secondary and tertiary branch order of CA1 dendrites were randomly
selected and counted using Neurolucida software. Only protrusions
with a clear connection of the head of the spine to the shaft of the
dendrite were counted as spines. Statistical comparisons were made on
single neuron values obtained by averaging the number of spines
counted on segments of the same neuron. The analysis was conducted
by an experimenter blind to the experimental condition.

2.14. Novel object recognition

The novel object recognition (NOR) test was carried out in 3-month
old Tg2576 and WT mice. Testing started on the day after mice received
the last i.p. injections of salubrinal or DMSO. Mice in their home cage
were transferred to experimental room and left to acclimate for 1 h to
the new environment. NOR testing consisted in three sessions (Fig. 5A).
On the first session (open field exploration), each mouse was placed in
an empty squared open field (40 cm in side) surrounded by 60 cm-high
walls and left free to explore it for 10 min. The mouse was returned to
its home cage for a 10-min pause during which two identical glass
cylinders of 3 cm in diameter and 10 cm in height (object on the left: sx;
object on the right: dx) were put in opposite corners of the open field.
On the second session (training), the mouse was placed in the center of
the open field and allowed to explore objects sx and dx for 10 min. The
mouse was returned again to its home cage for a 1 h-pause during
which one (sx or dx) familiar object (FO) was substituted with a novel
object (NO), a multicolored kubrik cube of 5 cm in side (NO). On the
third session (testing), the mouse was placed again the center of the
open field and allowed to explore the FO and the NO for 10 min. Object
exploration was defined as mice sniffing or touching the object with its
nose and/or forepaws. The objects were cleaned with 10% ethanol
between each session. The preference index was calculated according
the formula previously described (Antunes and Biala, 2012) which es-
timates the percentage of time spent exploring each object (FO or NO)
over the total time spent exploring both objects. A preference index
above 50% indicates a preference for the NO, below 50% a preference
for the FO, and 50% no preference.

2.15. NOR-induced c-fos activation

1 h following NOR testing, mice were deeply anesthetized with mix
solution of ketamina/xylazin (100 mg/kg) and immediately perfused
with PAF 4% according to a procedure previously described (Borreca
et al., 2018). The brains were immediately removed, post-fixed in PAF
4% overnight, transferred in sucrose (30% diluted in PBS1×), and then
sectioned coronally with a cryostat (40 μm). Slices were immediately
washed with PBS 1× and incubated with primary antibody (c-fos
1:400) diluted in a solution of PBS 1× and 0.3% Triton overnight at
4 °C. After incubation, the slices were immediately washed with PBS
1× and incubated with specific secondary antibody (Alexa Fuor 555
antirabbit) for 2 h at room temperature avoiding light. DAPI staining
(1:1000, Enzo Life Science) was performed at the last wash with PBS
1×. Sections were mounted with fluoromount (Sigma) and

Table 2
Variations in p-eIF2α levels reported in TG mice and AD patients. If detected in tissues from patients with mild cognitive impairment (MCI), the opposite
dysregulation of APP and p-eIF2α levels might identify MCI-AD converters (Vignini et al., 2013).

A. Borreca, et al. Neurobiology of Disease 139 (2020) 104787

4



coverslipped. The staining was visualized at confocal microscope (Zeiss
LSM700; magnification 20×) and images were analyzed with IMARIS
software. The number of c-fos immunoreactive spots in the CA1 hip-
pocampus were counted in 10 areas of 25 × 25 μm were analyzed
avoiding the DAPI. Number of spots for WT and Tg2576 mice were
counted compared between groups.

2.16. Statistical analyses

Group differences in hippocampal APP mRNA polysome gradient
distribution and in p-eiF2α/eiF2α ratio were evaluated by means of
two-way ANOVAs with genotype and age point as main factors.
Student's t-tests (two-tailed) for unpaired samples were used to evaluate
the effect of genotype on p-eIF4E/eIF4E and eIF4G levels, and the effect
of the injection route (i.p. vs i.c.v.) on APP and Aβ levels in the hip-
pocampus of 3-month old Tg2576 mice. In mice of the same age re-
ceiving i.p. DMSO or salubrinal injections, differences in hippocampal
levels of p-eIF2α, APP, BACE-1, in the cCASP-3/Casp-3 ratio measured
in hippocampal synaptosomes, and in dendritic spines, LTD, and NOR-
induced c-fos activation measured in the CA1 region of the hippo-
campus were statistically evaluated by means of two way ANOVAs with
genotype and treatment as main factors. Student's t-tests for paired
samples were used to estimate object novelty preference in each ex-
perimental condition. Post-hoc pair comparisons were carried out
where necessary by means of the Bonferroni and Fischer test. Statistical
levels of significance were set at P < .05.

3. Results

3.1. APP mRNA and protein polysomal signals were exclusively detected in
pre-symptomatic and early- symptomatic Tg2576 mice

As shown in Fig. 1A, an APP signal was detected in both polysome
(lanes 1–5) and non-polysome (lanes 6–10) fractions in 1-month old
Tg2576 mice. A weaker polysomal signal was still present in 3-month
old Tg2576 mice, but no longer present when they were 6-month old.
No polysomal signal was detected in WT mice at any age. The L7 dis-
tribution was also evaluated (data not shown). Of note, non-polysomal
signals (lane 8–10) were decreased in both genotypes at 6 months of
age.

A reliable way to assess mRNA translational efficiency is to analyze
its partitioning between actively translating polysomes and mRNPs that
are not translated. Total RNA was extracted from the gradient fractions
and then analyzed by quantitative RT-PCR for hAPP mRNAs. Data are
shown in Fig. 1B and are expressed as density levels of mRNA in
polysomal vs non polysomal fraction (pool of four mice from each
genotype reproduced three times). A two-way ANOVA performed on
these data revealed a significant genotype x age interaction
(F(2,12) = 326,42; p < 0,001). Post hoc pair comparisons showed that
hAPP mRNA was significantly more localized in the polysomal fraction
when Tg2576 mice were 1-month (p < .01) and 3-month (p <0.01)
old, but equally distributed in polysomal and non polysomal fractions
when mice were 6-month old (p = .75), the latter observation being in
line with data obtained in 9-month old mice bearing the triple APP/
Tau/PS1 mutation (Caccamo et al., 2015).Thus, the major presence of
hAPP mRNA in polysomal fractions strictly associates with the upre-
gulation of protein expression which occurs before or shortly after mice
exhibit signs of cognitive deterioration. Of note, mouse APP (mAPP)
was more localized on non polysomal fractions in both genotypes
(Supplementary Fig. 1).

3.2. Tg2576 mice show early upregulation and late downregulation of
translation

The eukaryotic initiation factor-2α (eIF2α) is an essential factor for
protein synthesis. Extensive evidence suggests that its aberrant

phosphorylation induces synaptic failure and neurodegeneration
through persistent inhibition of mRNA translation. In line with this
hypothesis, Kim et al. (2007) showed that p-eIF2α is upregulated in
hippocampi homogenates from fully symptomatic 12-month-old
Tg2576 mice. Interestingly, we confirm the p-eIF2α upregulation in
hippocampal extracts from 6- and 9-month old symptomatic mice, but
provide evidence of its downregulation at earlier stages of development
(Fig. 2A-B). A two-way ANOVA performed on p-eIF2α levels measured
in both genotypes at four age points revealed a significant geno-
type × age point interaction (F(3,16) = 77,40, p < .001). Post hoc pair
comparisons then showed significant differences between genotypes at
all age points which developed, however, in opposite directions ac-
cording to the age point. Specifically, p-eIF2α levels were lower in
Tg2576 than in WT mice at 1 month (p < .03) and 3 months (p < .01)
of age, but, consistent with previous data (Kim et al., 2007), these levels
were higher in Tg2576 than in WT mice at 6 months (p < .04) and
9 months (p < .02) of age. These findings were confirmed by im-
munofluorescence detection of eIF2α phosphorylation expression in
hippocampal sections taken from Tg2576 and WT mice at the same age
points (Fig. 2C). Of note, the non-phosphorylated form of eIF2α did not
vary between genotypes when mice were examined at 1 month
(p = .79) and 3 months (p = .18) of age, but was decreased in mutant
mice compared to WT mice at 6 months (p < .04) and the 9 months
(p = .05) age concurrently with the increase in the phosphorylated
form. Altogether, these results reveal the existence of non-linear var-
iations of peIF2α hippocampal levels in Tg2576 mice which are con-
sistent with an early upregulation followed by a downregulation of the
protein synthesis machinery. Total blot of p-eIF2α (A-B) are shown in
Supplementary Fig. 2.

3.3. p-eIF4E/eIF4E and eIF4G are unaltered in early symptomatic Tg2576
mice

Eukaryotic translation initiation factor 4E (eIF4E) is a rate-limiting
component of the eukaryotic translation apparatus. This factor is spe-
cifically involved in the mRNA-ribosome binding step of eukaryotic
protein synthesis of cap-dependent translation so that the majority of
cellular mRNA requires eIF4E to be translated into proteins (Richter
and Sonenberg, 2005). In the 48S initiation complex, a role for the
eIF4G subunit of eIF4F has also been documented (Grüner et al., 2016).
Specifically, eIF4G is a scaffold protein that binds eIF4E and serves as a
central ribosome adaptor module which attracts 40S ribosomal subunits
to the 5′ end of mRNAs via direct association with eIF3. We therefore
measured the hippocampal levels of the phosphorylated and non-
phosphorylated forms of eIF4E, and the levels of eIF4G in hippocampal
extracts from 3-month old Tg2576 mice. Results (Fig. 2D-E) showed
that none of these pre-initiation component of translation was altered in
this genotype x age condition (p-eIF4E/eIF4E: t(9) = 0,47, p = 0,65;
eIF4G: t(4) = 0,94, p = 0,40). Total blots for eIF4E (D), eIF4G (E) are
shown in Supplementary Fig. 2.

3.4. Salubrinal reduces hippocampal APP and Aβ species levels

Salubrinal is a selective inhibitor of cellular complexes that de-
phosphorylate eIF2α and therefore decreases overall translation.
Having shown that APP and Aβ levels are increased at ages where p-
eIF2α phosphorylation is reduced, we have examined the possibility
that i.c.v. or i.p. injections of the inhibitor of eIF2α dephosphorylation,
salubrinal, could decrease abnormally elevated APP and Aβ levels.
Western blot were carried out in hippocampal extracts from 3-month
old Tg2576 mice treated with the compound or the vehicle (DMSO).
Data are shown in Fig. 3. Statistical comparison of densitometric
quantification of APP (Fig. 3A) and Aβ species (Fig. 3B) revealed that
these levels were significantly lower in salubrinal-injected mice com-
pared with DMSO-injected mice irrespective of the injection route
[APP, i.c.v. t(10) = 2,71, p < .02; i.p. t(8) = 2,54, p ≤.03; Aβ, icv:
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Fig. 1. Polysomal gradient fractionation of APP mRNA and protein from hippocampal extracts isolated from wild-type and Tg2576 mice of 1, 3, and
6 months of age. (A) Polysomal profile obtained from cytoplasmic brain extracts from wild-type mice (upper panels, grey lines) and Tg2576 mice (lower panels, blue
lines). Brain extracts were centrifuged through a 15–50% sucrose gradient; absorbance at 254nm was monitored continuously and plotted against the fraction
numbers. The bottom fraction (heavy) includes fractions 1–5 and corresponds to polysomes (P). The top fraction (light) includes fractions 6–10 and corresponds to
non polysomes (NP) with 80S, 60S 40S and mRNPs particles. (B) Histograms showing the distribution of hAPP mRNA on P and NP fractions after further processing of
total RNA from each fraction by RT–qPCR (normalization with the synthetic RNA Kanamicin). Bars represent mean ± SEM.*p< .05 for WT vs Tg2576. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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t(11) = 2,20; p = .049; i.p.: t(4) = 3,33, p < .03). Of note for potential
translational applications, i.p. injections were as much efficient as i.c.v.
injections in decreasing hippocampal APP and Aβ levels. This ob-
servation prompted us to use the less invasive injection route for sub-
sequent evaluation of the salubrinal rescuing effects on molecular,
neural and cognitive alterations in early symptomatic mice. Total blot
of of APP (A) and Aβ (B) are shown in Supplementary Fig. 3.

3.5. Salubrinal restores proper levels of p-eIF2α, APP, BACE1 in
hippocampal extracts from early symptomatic Tg2576 mice

The verification that salubrinal rescues early upregulation of

translation requires to show that the compound increases p-eIF2α levels
of Tg2576 mice up to the levels of WT mice. Results are shown in
Fig. 3C. Statistical comparisons showed a main effect of genotype
(F(1,10) = 9,93; p < .01), of treatment (F(1,10) = 15,77; p < .001) and
of the genotype x treatment interaction (F(1,10) = 5,21; p < .05). Post
hoc comparisons first confirmed our previous observation in non-
treated mice (see Fig. 2) that p-eIF2α levels in the DMSO condition are
significantly lower in Tg2576 mice than in WT mice (p < .05). As
shown in Fig. 3C, salubrinal increased p-eIF2α in both genotypes (sa-
lubrinal vs DMSO WT mice, p < .001; salubrinal vs DMSO Tg2576
mice, p < .05). Remarkably, eIF2α levels were similar in salubrinal
Tg2576 and DMSO WT mice (p > 1). For APP (Fig. 3D), we found a

Fig. 2. Hippocampal eIF2α levels in wild-type and Tg2576 mice across development. (A) Western blot analysis of phosphorylated and non-phosphorylated
eIF2α levels normalized for GADPH in the hippocampus of wild-type mice and Tg2576 mice of 1, 3, 6, and 9 months of age. (B) Histograms showing variations of the
peiF2α/eiF2α ratio in the hippocampus of the same mice groups. (C) Immunofluorescence visualization of hippocampal p-eiF2α levels in the same mice groups. The
two analyses show that hippocampal p-eiF2α levels were decreased in pre-symptomatic (1 month) and early symptomatic (3 months) Tg2576 mice, but were
increased in symptomatic (6 and 9 months) Tg2576 mice relative to age-matched wild-type mice. *p < .05; **p < .01, ***p < .001. Histograms showing (D)
peIF4E/eIF4E and (E) eIF4G levels measured in the hippocampus of 3-month old wild-type and Tg2676 mice. No difference in the expression level of these two
eukaryotic translation initiation factors was detected between genotypes. Bars represent mean ± SEM. wild-type mice: grey bars; Tg2576 mice: blue bars. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

A. Borreca, et al. Neurobiology of Disease 139 (2020) 104787

7



significant genotype × treatment interaction (F(1,5) = 27.73; p < .01).
In the DMSO condition, APP levels were higher in Tg2576 mice than in
WT mice (p < .05). Salubrinal decreased APP in the mutant mice
(DMSO vs salubrinal Tg2576 mice, p < 0.01) to the level of DMSO-
injected mice (salubrinal Tg2576 mice vs DMSO WT mice, p = .27).
BACE1 is the first cleaving enzyme in the APP amyloid pathway. Ex-
tensive evidence show that BACE-1 inhibitors decrease Aβ load and
reduce neuro-inflammation in fully symptomatic transgenic AD mice
(Neumann et al., 2015). Differently, mixed effects were reported in AD
patients especially when these inhibitors were administered periph-
erally (Georgievska et al., 2015). Here we show that salubrinal treat-
ment decreased and increased BACE-1 levels in Tg2576 mice and WT
mice respectively (Fig. 3E). A two-way ANOVA revealed a significant
effect of genotype (F(1,7) = 6,15; p < .05) and genotype x treatment
interaction (F(1,7) = 79,93, p < .01). Post hoc comparisons showed
that BACE-1 levels were higher in DMSO Tg2576 than in DMSO WT
mice (p < .03), but that the treatment was efficient in decreasing
BACE-1 levels of Tg2576 mice to those of DMSO WT mice (p = .42).
Total blots for p-eIF2α (C), APP (D) and BACE-1 (E) are shown in
Supplementary Fig. 3.

3.6. Salubrinal rescues AD-selective caspase-3 alteration in hippocampal
synaptosomes from early symptomatic Tg2576 mice

Caspase-3 (Casp-3) activity is significantly increased at hippo-
campal synapses of Tg2576 mice where it causes permanent activation
of calcineurin which leads to dephosphorylation of the AMPA receptor
GluR1 subunit and its removal from postsynaptic sites (D'Amelio et al.,
2011). Because protein synthesis is required for Casp-3 activation
(Coxon et al., 1998), we examined the possibility that salubrinal-
mediated decrease of eIF2α phosphorylation, which reduces protein
translation, could normalize Casp-3 levels in the mutant mice. Results
are shown in Fig. 3F. In line with this hypothesis, statistical comparison
of the cCasp-3/Casp-3 ratio measured in the four mice groups revealed
a significant genotype x treatment interaction (F(1,8) = 1,13 p = .01).
Pair comparisons then showed that these levels were reduced in salu-
brinal Tg2576 mice compared to DMSO Tg2576 mice (p = .01) and
were not different from those detected in DMSO WT mice (p = .99). To
our knowledge, these data provide the first in vivo demonstration that,
as in vitro (Gong et al., 2015), salubrinal is efficient in decreasing
apoptosis markers at hippocampal synapses. Total blots for Caspase-3
(F) are shown in Supplementary Fig. 3.

3.7. Effect of salubrinal in WT mice

Consistent with a previous report (Mouton-Liger et al., 2012) that
increasing eIF2α phosphorylation in healthy mice augments BACE-1
levels and induces Aβ amyloidogenesis, higher levels of BACE-1
(p < .01) (Fig. 3E) and p-eIF2α (p < .01) (Fig. 3C) were detected in
WT mice treated with salubrinal compared to the WT mice treated with
DMSO.

3.8. Salubrinal reverts synaptic plasticity alterations

At 3 months of age, Tg2576 mice show an increased magnitude of
DHPG-induced long-term depression (LTD) at CA3-CA1 hippocampal
synapses (D'Amelio et al., 2011). We applied the same LTD induction
protocol in acute hippocampal slices obtained from Tg2576 and WT
mice treated with salubrinal or DMSO. The data are shown in Fig. 4A–C.
A two-way ANOVA carried out on relative changes of fEPSP slopes
before and after low frequency stimulation in DMSO- and salubrinal-
injected Tg2576 (Fig. 4A) and WT (Fig. 4B) mice revealed a significant
genotype × treatment interaction (F(1,35) = 16.87; p < .01). Pair
comparisons of LTD percentage data (Fig. 4C) showed that DMSO-in-
jected Tg2576 mice exhibited a significant increase in the magnitude of
CA3-to-CA1 LTD compared to DMSO-injected WT mice (p < .001)

which was rescued by salubrinal treatment (salubrinal Tg2576 vs
DMSO Tg2576 mice, p < .001; salubrinal Tg2576 mice vs DMSO WT
mice, p > 1). Dendritic spines are among the first synaptic elements
which are disrupted during AD-related cognitive decline (Scheff et al.,
2007). In Tg2576 mice, spine density in CA1 pyramidal neurons is
significantly decreased at 3 months of age (D'Amelio M et al., 2011). We
measured spine density in Golgi-stained pyramidal CA1 neurons from
Tg2576 and WT mice treated with salubrinal and DMSO. Statistical
comparison of spine density revealed a significant genotype x treatment
interaction (F(1,10) = 27.37; p = .01). Pair comparisons of spine scores
showed that DMSO-injected Tg2576 mice exhibited a significant de-
crease in spine density compared to DMSO-injected WT mice which was
rescued by salubrinal treatment (salubrinal Tg2576 vs DMSO Tg2576
mice, p < .05; salubrinal Tg2576 mice vs DMSO WT mice, p < .05).

3.9. Salubrinal rescues novel object recognition performance and neuronal
activity

Early synaptic deficits shown by Tg2576 mice correlate with im-
pairments in hippocampal-dependent tasks. Accordingly, we probed
whether rescuing the plasticity and morphology of hippocampal sy-
napses also rescued novel object recognition performance in 3 month-
old mice (Fig. 5). During the training phase (Fig. 5B), no difference was
detected in the rate of exploration of the two identical objects in any
group (DMSO WT: object sx vs object dx, t(10) = 0,10, p = 0,9; DMSO
Tg2576: object sx vs object dx, t(8) = 1,66, p = .13; salubrinal WT:
object sx vs object dx, t(14) = 0,84; p = 0,42; salubrinal Tg2576: object
sx vs object dx t(10) = 1,87; p= 0,09). Differently, during the test phase
(Fig. 5C) only DMSO Tg2576 mice failed to explore more the novel
(NO) than the familiar (FO) object (DMSO Tg2576: NO vs FO,
t(8) = 0,29, p = 0,77; DMSO WT: NO vs FO t(12) = 3,86; p = .1; sa-
lubrinal WT: NO vs FO t(16) = 2,18; p = .04; salubrinal Tg2576: NO vs
FO, t(18) = 3,65; p < .01). Based on data showing that Tg2576 mice
show defective activation of hippocampal neurons during formation or
retrieval of hippocampal-dependent memory (Broadbent et al., 2004;
Lelos and Good, 2014), and that healthy mice exposed to the NOR test
show hippocampal neuronal activation (Tanimizu et al., 2017), we vi-
sualized by immunofluorescence the protein c-fos proto-oncogene in the
CA1 region 1 h after NOR test (Fig. 5D). A two-way ANOVA carried out
on the number of immunoreactivity spots detected in the CA1 region of
the four experimental groups revealed a significant genotype × treat-
ment interaction (F(1,22) = 8,04; p = .01). Pair comparisons showed a
lower number of c-fos immunoreactive spots in DMSO Tg2576 mice
compared with DMSO WT mice (p < .001) that was rescued by salu-
brinal treatment (salubrinal Tg2576 vs DMSO WT mice, P = 0,76). No
effect of treatment was detected on c-fos expression in the wild-type
mice (salubrinal WT vs DMSO WT p = 0,83).

4. Discussion

The main finding of this study is that polysomal APP signals asso-
ciated with decreased values of the p-eIF2α/eIF2α ratio were ex-
clusively detected in pre-symptomatic 1-month old and early sympto-
matic 3-month old mutant mice. Differently, the absence of polysomal
APP signals was associated with increased values of the p-eIF2α/eIF2α
ratio in symptomatic 6- and 9-month old mice.

It is therefore apparent that the phosphorylation status of eIF2α
varies according to the progression of AD pathogenesis with an early
unbalance in favor of decreased phosphorylation, which enhances
overall translation, followed by a late unbalance in favor of increased
phosphorylation, which decreases overall translation. Interestingly, we
found no evidence of alteration in other main players of translation
initiation including the phosphorylated and non-phosphorylated states
of the eukaryotic translation initiation factor 4E (p-eIF4E and eIF4E),
and the non-phosphorylated state of the eukaryotic translation initia-
tion factor 4G (eIF4G) which confirm the relevance of a single
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phosphorylation site in eIF2α as a key regulator of cognitive processes
(Costa-Mattioli et al., 2007).

Phosphorylation of the α-subunit of eukaryotic initiation factor 2
(eIF2α) acts as a negative regulator of general translation (Donnelly
et al., 2013; Ohno, 2014). In AD, there is evidence that accumulation of

Aβ increases eIF2α phosphorylation which then blocks mRNA transla-
tion and de novo protein synthesis. This has been shown in cultured
cells expressing swe-hAPP, in mature cultured hippocampal neurons
exposed to Aβ oligomers (Lourenco et al., 2013) and in brain tissues
from sporadic AD patients (Kim et al., 2007; Chang et al., 2002; Segev

Fig. 3. Salubrinal rescues pathogenic AD markers in the hippocampus of 3-month old Tg2576 mice. Histograms showing that i.c.v. (1 μl of a 75 μM solution
diluted in DMSO) or i.p. (1 mg/kg diluted in DMSO repeated for 7 consecutive days) injections of salubrinal were effective in decreasing (A) APP and (B) Aβ levels in
the hippocampus of Tg2576 mice. Histograms showing that i.p. injections of salubrinal were effective in restoring proper levels of (C) eIF2α (D) APP, (E) beta-
secretase 1 (BACE-1) in hippocampal extracts, and (F) of caspase-3 in hippocampal synaptosomes of 3-month old Tg2576 mice. Bars represent mean ± SEM.
(Tg2576 DMSO: solid blue bars; Tg2576 salubrinal: empty blue bars; wild-type DMSO: solid grey bars; wild-type salubrinal: empty grey bars) *p < .05; ** p < 0.01;
***p < 0,001). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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et al., 2013) and from symptomatic AD mice expressing the hAPP
mutation alone (Kim et al., 2007) or in association with other mutant
proteins (Devi and Ohno, 2010; Devi and Ohno, 2010a; Devi and Ohno,
2013; Page et al., 2006). Accordingly, the enhancement of p-eIF2α le-
vels in symptomatic AD patients and mouse models has been essentially
considered as the mechanism which mediates cognitive deterioration
via reduced translation and expression of synaptic plasticity proteins.
More recently, however, elevated levels of eIF2α phosphorylation have
been shown to elicit the unfolded protein response in the hippocampus
and the temporal cortex of AD patients (Hoozemans et al., 2005) which
suggests that the downregulation of translation observed during the
symptomatic phase can also be viewed as a prominent neuroprotective
mechanisms aimed at restoring normal cell function. Thus, a possible
explanation for the fluctuation of p-eIF2α levels in the mutant mice
could be that the prodromal and early symptomatic decrease of p-eIF2α
which favors APP accumulation, is then contrasted by a compensatory
decrease which restricts APP accumulation.

Having identified an early symptomatic age point (3 months)
wherein eIF2α is decreased, APP mRNA and protein are increased, and
Aβ oligomers become detectable, we then examined whether inhibiting

eIF2α dephosphorylation, i.e., decreasing overall translation, could
prevent the elevation of APP and Aβ levels. We tested this hypothesis by
injecting the selective inhibitor of eIF2α dephosphorylation salubrinal
both i.c.v. and i.p. in 3-month old mutants and found that, whatever the
injection route, salubrinal significantly lowered hippocampal APP and
C-terminal Aβ levels. Our findings are in line with in vitro data which
show that short-term treatment with salubrinal attenuates Aβ-induced
neuronal death in primary cortical neuronal cells (Huang et al., 2012),
and with several in vitro and in vivo data which indicate that com-
pounds like MMP13, which regulates BACE-1 translation, or posiphen,
which decreases the production of toxic Aβ by lowering APP transla-
tion, are effective in rescuing cognitive deficits in hAPP mutant AD
mice (Lahiri et al., 2007) and sporadic AD patients (Teich et al., 2018).

We therefore verified whether salubrinal chronically administered
in 3-month old mutants via the less invasive intraperitoneal injection
route could restore physiological levels of those and other major pa-
thogenic AD markers. We first observed that hippocampal levels of APP,
Aβ, BACE-1 measured in salubrinal-injected Tg2576 mice no longer
differed from those measured in vehicle-injected WT mice. We also
noticed a rescue of previously reported synaptic alterations (D'Amelio

Fig. 4. Salubrinal rescues hippocampal CA1 dendritic spine loss and increased LTD at CA3-CA1 hippocampal synapses. Superimposed fEPSPs traces recorded
immediately before DHPG (50 μM, 10 min) and at 55–60 min of DHPG washout in 3-month-old saline and salubrinal-treated WT (A) and Tg2576 (TG) mice (B).
Running plots show normalized fEPSP mean slope (± SEM. displayed every 1.5 min) recorded from the dendritic region of CA1 neurons in hippocampal slices from
WT and TG mice exposed to 50 μM DHPG for 10 min. (C) The box-and-whisker plot indicates the degree of DHPG-LTD, measured as fEPSP slope decrease from
baseline, 55–60 min from DHPG washout (WT: n= 10 slices from 4 saline, 7 slices from 4 salubrinal-treated mice; Tg2576: n = 10 slices from 4 saline, 12 slices from
4 salubrinal-treated mice). *** p < 0,001 (D) Left: Histograms showing dendritic spines (number of
spines/dendrite segment length) counted on 5 segments per neuron in 10 pyramidal neurons laying in the CA1 subfield of the hippocampus in wild-type mice (grey
bars) and Tg2576 mice (blue bars) injected with DMSO (solid bars) or salubrinal (empty bars). Bars represent mean ± SEM. Right: representative images of Golgi-
stained sections of the dorsal hippocampus (scale bar: 10 μm) and of apical dendrite segments of CA1 hippocampal pyramidal neurons (scale bar: 10 μm) in 3-month-
old wild-type and Tg2576 mice injected with DMSO or salubrinal. ***p < .001. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 5. Salubrinal rescues novel object recognition deficit in Tg2576 mice (A) Cartoon depicting the behavioral protocol. Tg2576 mice were injected daily with
salubrinal (i.p., 1 mg/kg) or with the same volume of DMSO during 7 consecutive days and their performance in the novel object recognition (NOR) task was
compared with the performance of wild-type (WT) mice injected with DMSO. Mice were first exposed to two identical objects (training) and, 1 h after, one of familiar
object was substituted with a novel object (testing). The time spent exploring each object was recorded during each phase and the preference index for each object
was calculated (time exploring one object divided by the time exploring the two objects*100). (B) Histograms showing the preference index for object sx (left, white
bars) and dx (right, black bars) during training. No effect of genotype or treatment was found (C) Histograms showing the preference index for object FO (familiar
object) and object NO (novel object). Tg2576 mice injected with DMSO showed the same preference index for objects FO and NO. Differently, Tg2576 mice injected
with salubrinal, and wild-type mice injected with DMSO explored significantly more object NO than object FO. (D) Histograms (left) and representative c-fos
immunohistochemistry staining (right) showing the number of c-fos positive spots in the CA1 region of the hippocampus (10 areas of 25 × 25 μm in size per mouse)
of DMSO-injected wild-type (grey solid bars) and Tg2576 (blue solid bars), and in salubrinal injected wild-type (grey empty bars) and Tg2576 (blue empty bars) mice.
Bars represent mean ± SEM. *p < .05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

A. Borreca, et al. Neurobiology of Disease 139 (2020) 104787

11



et al., 2011) including the enhancement of caspase-3 in hippocampal
synaptosomes, the prevalence of LTD at hippocampal synapses, and the
decrease in dendritic spines in CA1 hippocampal pyramidal neurons.
We then found that the treatment could prevent performance impair-
ments in the NOR task, and restored NOR-induced hippocampal c-fos
activation. These effects were specific to Tg2576 mice as, in line with
the Mouton-Liger et al. (2012) who reported an augmentation of BACE-
1 levels and amyloidogenesis in salubrinal-injected healthy mice, we
found an increase in APP, Aβ and peIF2α levels in WT mice following
both i.c.v. and i.p, administration of the compound. Also, partially
consistent with the report that salubrinal abolishes late-LTP and dis-
rupts long term contextual memory in healthy mice (Costa-Mattioli
et al., 2007, Lourenco et al., 2013), we observed a marginal significant
reduction in dendritic spines but no disruption of NOR performance or
NOR-induced hippocampal c-fos activation in salubrinal–injected WT
mice. Differences in the injection protocols (single post-training hip-
pocampal bilateral infusion vs chronic pre-training injections) and the
learning tasks (associative vs non associative) that were used likely
account for the discrepancies between the Costa-Mattioli et al. (2007)
and the present data. Also, genotypic differences in hippocampal
function might explain why the same route and regimen of salubrinal
injections disrupts memory performance in outbred Swiss mice
(Lourenco et al., 2013) but did not in our wild-type C7BL/6 (B6) x SJL
inbred mice which, due to their half B6 background, should outperform
in hippocampus-dependent tasks (Paylor et al., 1994; Crawley et al.,
1997) and form more resistant memories. Nevertheless, the three stu-
dies converge in showing that salubrinal injected in healthy mice trig-
gers a pattern of AD-related pathogenic neural factors similar to the one
exhibited by fully symptomatic APP mutant mice.

Altogether, our findings show an early upregulation of translational
efficiency in Tg2576 mice which, by favoring hAPP overexpression,
contributes to precipitate the transition between the early symptomatic
and the symptomatic phase. Remarkably, repression of overall trans-
lation by salubrinal treatment at the onset of AD-like symptoms pre-
vents the release of toxic products (Aβ) or apoptotic factors (caspase-3),
but also reinstates APP physiological processing via concurrent reg-
ularization of APP and BACE-1 levels. It is therefore apparent that the
peIF2α–mediated regulation of APP processing by salubrinal is bene-
ficial during the time-window where Tg2576 mice exhibit a transient
rise in overall translation.

Of note, altered mechanisms of protein synthesis have been reported
in the hippocampus of AD patients examined at several stages
(Hernández-Ortega et al., 2016). A progressive augmentation in eIF2α
levels was found between stages III–IV and V–VI. Remarkably, altera-
tions in the elongation factor eEF2 were even detected at that stage I-II
thereby showing for the first time the presence of protein synthesis
alterations at a very early stage of the disease. Alteration of genes in-
volved in protein synthesis were further identified in the frontal cortex
of both AD patients at advanced stages, and in fully symptomatic APP/
PS1 mice (Garcia-Esparcia et al., 2017). Although no strict overlapping
was found between the proteins which were altered in patients and
mice, reduced protein levels of elongation factor eEF2 repressing
translational efficiency was identified as a common mechanism. These
findings, together with our observations, strongly suggest that inter-
cepting and correcting time-widow/direction-specific alterations in
translational efficiency might represent a powerful tool to prevent or
contrast AD.
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