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Abstract
Background
Growing evidence shows that targeting the integrated stress response (ISR) through the inhibition of
phosphorylation of eIF2α provides beneficial effects in animal models of neurodegenerative diseases
including Alzheimer’s disease (AD). However, those results are inconsistent and somehow conflicting
likely due to the important role of ISR in both cell death and survival. Aβ-triggered pathologies including
microvascular hypoxia, neuronal hyperactivation, neuroinflammation are common inducers of the ISR.
The small-molecule inhibitor of the ISR called ISRIB, which only partially restores protein synthesis and
confers neuroprotection without adverse effects on the pancreas most probably due to its statedependent action, remarkably enhances cognition in animals.

Methods
To elucidate the roles of ISR in AD pathogenesis, we systemically treated exogenous Aβ-injected animals
with ISRIB. Both Aβ-facilitated long-term depression (LTD) and Morris water maze were used to
characterize Aβ-induced dysfunction.

Results
Acute treatment with ISRIB prevented Aβ-facilitated LTD and repeated treatment abrogated the spatial
learning and memory deficits in exogenous Aβ-injected animals. Moreover, ISRIB restored aberrant high
level of ATF4 to normal but did not affect the aberrant high level of phosphorylated eIF2α in the
hippocampus of exogenous Aβ-injected rats.

Conclusions
Targeting the ISR by suppressing the eIF2α cascade with ISRIB may provide protective effects against the
synaptic and cognitive disruptive effects of Aβ which likely mediate the early stage of sporadic AD.

Background
The major adaptive gene expression program to cellular stress termed the “integrated stress response”
(ISR) is induced by external factors including essential nutrient deprivation and viral infection. Similarly,
intrinsic cell stress such as endoplasmic reticulum (ER) stress (e.g. that caused by the accumulation of
unfolded proteins, or potentially damaging changes in cellular homeostasis) triggers a range of protective
actions, including the ISR as part of the unfolded protein response (UPR). Central to the ISR is the
regulation of translation initiation via phosphorylation of the eukaryotic initiation factor 2 α-subunit
(eIF2α) to preserve protein homeostasis. eIF2α phosphorylation by PKR-like ER kinase (PERK), a
component of the UPR, and three other eIF2α kinases (GCN2, PKR and HRI), is a highly conserved
mechanism regulating translation initiation (1, 2).
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As part of the acute adaptive response, general protein synthesis is suppressed temporarily, which
promotes proteostasis but also inhibits protein synthesis-dependent synaptic plasticity and memory
mechanisms (1). At the same time, the synthesis of activating transcription factor 4 (ATF4) is increased,
which amongst other things, promotes negative feedback control of eIF2α phosphorylation. With very
strong or prolonged stress the ISR becomes maladaptive and apoptosis can be triggered via ATF4 (3, 4).
In the brains of patients with Alzheimer’s disease (AD) elements of the UPR and ISR are persistently
dysregulated, with PERK upregulation and translational dysregulation due to aberrant eIF2α
phosphorylation being well documented(5–7). Importantly, inhibition or genetic reduction of PERK or
other eIF2α kinases (GCN2, PKR and HRI) is protective in many different animal models of
neurodegeneration including some models of AD (8–10).
Of particular potential therapeutic value, a brain-penetrant small molecule ISR inhibitor, called ISRIB,
which restores translation downstream of kinase phosphorylation of eIF2α, by activating the nucleotide
exchange factor eIF2B (11–13), has been found to have beneficial effects in neurodegeneration models
(14), but without the pancreatic toxicity of PERK inhibitors, presumably because its action is statedependent (15).
To determine whether ISRIB may be beneficial in early sporadic AD, we chose to study the disruptive
effects of injecting exogenous amyloid-β-protein (Aβ) (both soluble Aβ-containing AD brain extract and
synthetic Aβ1−42) in rats. We found that pre-treatment with ISRIB completely prevented AD brain extractfacilitated LTD and abrogated a learning and memory deficit caused by synthetic Aβ1−42 in the Morris
water maze (MWM). Moreover, we observed that pre-treatment with ISRIB restored aberrant high level of
AFT4 without affecting p-eIF2α in the hippocampus of exogenous Aβ-injected rats. Suppressing eIF2α
cascade may underlie the beneficial effects of ISRIB on Aβ-mediated synaptic plasticity disruption and
spatial learning and memory deficits.

Methods
Animals
Animal care and experimental protocols followed the ARRIVE (Animal Research: Reporting of In Vivo
Experiments) guidelines 2.0 (16) and were approved by the Health Products Regulatory Authority, Ireland
and Animal Care and Use Committee of Zhengzhou University and Wannan Medical College, China. All
efforts were made to minimize the number of animals used and their suffering.
Adult (250-350g, 8-11 weeks old) male Wistar and Lister Hooded rats were provided by the Comparative
Medicine Unit of Trinity College Dublin and the Laboratory Animal Center of Zhengzhou University and
Nanjing University. The animals were housed under a 12h light-dark cycle at room temperature (19-22oC).
Prior to the acute experiments, animals were anesthetized with urethane (1.5-1.6 g/kg, i.p.). Lignocaine
(10 mg, 1% adrenaline, s.c.) was injected over the area of the skull where electrodes and screws were to
be implanted. The body temperature of the rats was maintained at 37-38 oC with a feedback-controlled
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heating blanket. For i.c.v. injection of synthetic Aβ, the animals were anaesthetized with ketamine (80
mg/kg, i.p.) and xylazine (8 mg/kg, i.p.). The animals were monitored until full consciousness was
regained and housed singly for one week or until wound healing had completed, after which they were
housed in pairs with continuous access to food and water ad libitum.
Electrophysiology
Electrodes were made and implanted as described previously (17). Briefly, monopolar recording
electrodes were constructed from Teflon-coated tungsten wires (75 μm inner core diameter, 112 μm
external diameter) and twisted bipolar stimulating electrodes were constructed from Teflon-coated
tungsten wires (50 μm inner core diameter, 75 μm external diameter) separately. Field excitatory
postsynaptic potentials (EPSPs) were recorded from the stratum radiatum in the CA1 area of the right
hippocampus in response to stimulation of the ipsilateral Schaffer collateral-commissural pathway.
Electrode implantation sites were identified using stereotaxic coordinates relative to bregma, with the
recording site located 3.4 mm posterior to bregma and 2.5 mm lateral to midline, and stimulating site 4.2
mm posterior to bregma and 3.8 mm lateral to midline. In some animals, another stimulating electrode
was implanted at a site located 2.5 mm posterior to bregma and 2.2 mm lateral to the midline. The final
placement of electrodes was optimized by using electrophysiological criteria and confirmed via
postmortem analysis.
Test EPSPs were evoked by a single square wave pulse (0.2 ms duration) at a frequency of 0.033 Hz and
an intensity that triggered a 50% maximum EPSP response. LTD was induced using 1 Hz low frequency
stimulation (LFS) consisting of 900 pulses (0.2 ms duration). During the LFS the intensity was raised to
trigger EPSPs of 95% maximum amplitude. A relatively weak LFS protocol, used to study the Aβ-mediated
facilitation of LTD, consisted of 300 pulses (0.2 ms duration) at 1 Hz, with an intensity that evoked 95%
maximum amplitude. None of the conditioning stimulation protocols elicited any detectible abnormal
changes in background EEG, which was recorded from the hippocampus throughout the experiments.
A stainless-steel cannula (22 gauge, 0.7 mm outer diameter) was implanted above the right lateral
ventricle (1 mm lateral to the midline and 4 mm below the surface of the dura). The solutions were
injected in a 5 μL volume over a 3-min period or 10 μL volume over a 6-min period via an internal cannula
(28 gauge, 0.36 mm outer diameter). Verification of the placement of cannula was performed
postmortem by checking the spread of ink dye after i.c.v. injection.
Morris water maze
Two weeks after a single i.c.v. injection of soluble Aβ1-42 or reverse control Aß 42-1 under recovery
anaesthesia, the rats were trained in a water pool (150 cm diameter) with a hidden platform of 10 cm
diameter. Animals were handled daily for 3 days before the experiment, and the training protocol
consisted of four swimming trials per day. A relatively weak protocol consisted of one swimming trial per
day. Each animal swam until it found the hidden platform or 120 s, when it was gently guided to the
platform and stayed there for 10 s before being returned to the cage. Immediately after the swimming
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trial the animals were injected intraperitoneally with ISRIB (0.25 mg/kg in saline, 1% DMSO). For the
probe test, the platform was removed and each animal was allowed to swim for 120 s, while its
swimming trajectory was monitored with a video tracking system (Smart, PANLAB, Spain).
Western blot
Animals were sacrificed with decapitation after finishing experiments. The whole brain was taken out and
the hippocampus were separated from other parts and then all the brain tissues were immediately frozen
in liquid nitrogen and stored at -80oC. The rat hippocampus was homogenized Tris-HCl buffer (10mM
Tris-HCl, pH 7.5, 150mM NaCl, and 0.5% Triton X-100, 0.1mM PMSF) containing 1% protease inhibitor
mixture and 1% phosphatase inhibitor mixture (Sigma-Aldrich,). Protein concentration was determined by
the Bradford technique (Bio-Rad Laboratories), and equal amounts of protein from each sample were
loaded on 10% Tris-glycine SDS-PAGE (Invitrogen) gels. The protein were transferred onto PVDF
membranes (Millipore, IPVH00010 ), After transfer, membranes were blocked for at least 60 min at room
temperature with blocking buffer (BB; 5% non-fat milk in TBS containing 0.1% Tween 20 (TBS-T)), then
probed overnight at 4 °C using the following primary antibodies, rabbit anti-phospho-eIF2α (Ser51) (1:
500, ab32157, Abcam), rabbit anti-total eIF2α (1: 1000, A0764, ABclonal), rabbit anti-ATF4 (1: 1000,
ab23760, Abcam) and rabbit anti-GAPDH (1: 1000, AC001, ABclonal), washed three times use TBST then
incubated with the secondary antibody goat anti-rabbit (1:10,000, 111-035-144, Jackson
ImmunoResearch) for 2h at room temp. And the proteins were visualized by the chemiluminescence
reagents provided with the ECL kit (Affinity Biosciences) and then detected with a machine of
ProteinSimple (FluorChem E, USA). And then used the ImageJ to quantify the intensities of the blot.
TBS Extract of Human Brain
The same human brain tissue was used as our previous report (17). Human brain tissue was used in
accordance with local Ethics Committee guidelines. Briefly, tris-buffered saline (TBS) extracts of brain
specimens were prepared, processed and analyzed as described previously. Frozen cortex (0.9 g) was
allowed to thaw on ice, chopped into small pieces and homogenized in 4.5 ml of ice-cold 20 mM Tris-HCl,
pH 7.4, containing 150 mM NaCl with 25 strokes of a Dounce homogenizer (Fisher, Ottawa, Ontario,
Canada). Water-soluble Aβ was separated from membrane-bound and plaque Aβ by centrifugation at
91,000g and 4oC in a TLA 55 rotor (Beckman Coulter, Fullerton, CA, USA) for 78 minutes. To eliminate
bioactive small molecules the supernatant was exchanged into ammonium acetate. Thereafter, extracts
were divided into 2 parts: one aliquot was immunodepleted of Aβ by 3 rounds of 12-h incubations with
the anti-Aβ antibody, AW8, and protein A at 4oC. The second portion was not manipulated in any way and
is simply referred to as AD. Aliquots of samples were stored at -80oC .
Synthetic Aβ
Soluble Aβ1-42 and reverse control Aß 42-1 (ChinaPeptides, Shanghai) was prepared as a stock solution of
75 µM in mild alkali (0.1% ammonium hydroxide) in milliQ water to avoid isoelectric precipitation, and
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then centrifuged at 100,000 x g for 3 h to remove any fibril aggregates. An aliquot of the supernatant was
taken to estimate peptide concentration using the micro BCA protein assay (Thermo-Fisher Scientific Life
Science Research Products, Rockford, IL) and the remaining supernatant was stored at -80 oC until
required.
Pharmacological agents
Emetine dihydrochloride hydrate (Emetine, Sigma, E2357) was prepared in ultra-clean water. Trans-N,N′(Cyclohexane-1,4-diyl)bis(2-(4-chlorophenoxy) acetamide (ISRIB, Sigma, SML0843) was dissolved in
DMSO with gentle warming and diluted in polyethylene glycol 400 (PEG400) or saline before injection; 1:1
DMSO and PEG400 or 1 % v/v solution of DMSO in saline was used as vehicle control.
Data analysis.
Values are expressed as the mean ± s.e.m. For the electrophysiology experiments, the last 10 min prior to
LFS was used to calculate the “Pre” –induction fEPSP amplitude. Unless otherwise stated the magnitude
of LTD was measured over the last 10 min at 3 h after (“Post”) LFS. Control experiments were interleaved
randomly throughout. To compare between two group with one time point, unpaired t test was used. To
compare between groups of three or more, one-way ANOVA with Bonferroni multiple comparisons was
used. A two-tailed paired Student’s t-test (paired t) was used to compare between “Pre” and “Post” within
groups. For the Morris water maze test, two-way ANOVA followed by a post hoc Bonferroni multiple
comparisons test was used for escape latency analysis and one-way ANOVA with Bonferroni multiple
comparisons was used to analyze the results from the probe trials. For the Western blots, one-way ANOVA
with Bonferroni multiple comparisons was used. A value of P < 0.05 was considered statistically
significant.

Results
ISRIB restores protein synthesis dependence of Aβ-facilitated LTD at CA3-to-CA1 synapses in vivo
Protein synthesis provides a mechanism for the persistence of memory and is important in the late phase
of many forms of synaptic plasticity including LTD (18) (but see (19)). Previously we reported that Aβ
usurps normal mechanisms of LTD at glutamatergic synapses between CA3 and CA1 hippocampal
pyramidal neurons in the acutely anaesthetized adult rat (17) but the role of protein synthesis in this form
of LTD is still unclear. To investigate this, we tested the ability of the protein synthesis inhibitor emetine
and ISRIB, an agent which restores protein synthesis, to modulate control LTD and Aß-facilitated LTD in
anaesthetized rats.
Synaptic transmission was measured in the stratum radiatum of CA1 area of the dorsal hippocampus
following stimulation delivered to the Schaffer collateral-commissural pathway. The application of strong
LFS, consisting of 900 high intensity pulses at 1 Hz (LFS-900), triggered synaptic LTD that was stable for
more than 3 h (Fig. 1ab). The application of a peri-threshold relatively weak LFS of 300 high intensity
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pulses at 1Hz (LFS-300) did not induce persistent depression in vehicle-injected rats but induced robust
and stable LTD in rats with acute intracerebroventricular (i.c.v.) injection of water soluble SDS-stable Aβ in
post-mortem AD brain extracts (AD-Aβ) (Fig. 1cd).
Because previous reports indicate that the protein synthesis dependence of LTD is disrupted under certain
pathological conditions(19) , we postulated that Aβ-facilitated-LTD would be resistant to protein synthesis
inhibitors. Consistent with this prediction, the protein synthesis inhibitor emetine, at a dose (434 nmol,
i.c.v.) that completely blocked our control LTD induced by LFS-900 (Fig. 1ab), did not affect the LTD
induced by LFS-300 in the presence of soluble AD-Aβ (Fig. 1cd). Intriguingly systemic administration of
ISRIB (3mg/kg), which can partially restore protein synthesis (14), blocked AD-Aβ facilitated LTD induced
by LFS-300 (Fig. 2cd) while it did not affect control LTD induced by LFS-900 (Fig. 2ab).
Our previous studies indicate that the neurotoxicity of water soluble SDS-stable Aβ in post-mortem brain
extracts is mimicked by oligomeric Aβ1-42 (17). Therefore, we continued to investigate the effect of ISRIB
on animals treated with soluble oligomeric Aβ1-42 via i.c.v. injection.
ISRIB abrogates spatial memory deficits in exogenous Aβ-injected rats
Recent growing evidence suggests that synaptic LTD is a bona fide hippocampal learning and memory
mechanism (20-22) and soluble Aβ-facilitated LTD may underlie learning and memory deficits in early AD
(23, 24). I.c.v. or intrahippocampal injection of exogenous soluble Aβ can cause spatial learning and
memory deficits in rats and mice (25-27). Having found that systemic administration of ISRIB
successfully prevented AD brain Aβ-facilitated LTD in anaesthetized rats, we next determined whether
systemic administration of ISRIB impacted spatial learning deficits in rats injected with soluble synthetic
Aβ in the Morris water maze.
Water maze training with standard protocols (4 trials per day) was started 2 weeks after i.c.v. injection of
Aß 1-42 or reverse control Aß 42-1. ISRIB (0.25 mg/kg, i.p.) or vehicle was injected immediately after the last
training trial every day. Whereas repeated training caused a day-to-day decrease in escape latency in the
sham surgery group or Aβ42-1 injected group (rats that had been injected i.c.v. with the reverse sequence
peptide Aβ42-1), Aβ1-42 inhibited the acquisition of the spatial task, with a more gradual learning curve
slope / longer escape latencies (Fig. 3a). Although ISRIB only caused a small transient enhancement in
sham surgery rats and Aβ42-1-injected rats on day 2, ISRIB treatment consistently significantly shortened
escape latencies in Aβ1-42-injected rats from day 2 (Fig. 3a). Aβ1-42-injected rats crossed the platform area
much less compared with sham surgery rats and Aβ42-1 injected group when the platform was removed
24 h after the navigation training and ISRIB significantly reversed the memory deficit caused by Aβ1-42
injection (Fig. 3b). We also observed that Aβ1-42-injected rats spent much less time in the target quadrant
compared with sham surgery rats and Aβ42-1 injected group in the probe trial and ISRIB treatment restored
recall to normal level (Fig. 3c). Both the total swim distance (Fig. 3d) and swim speed (Fig. 3e) were
comparable in all the groups, which indicates that the movement ability was not affected.
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ISRIB showed promising memory enhancing effects in wild type animals trained in the MWM with a weak
protocos consisting of one swimming trial per day (11). Having not seen consistent memory
enhancement in sham surgery or Aβ42-1 injected animals trained in the MWM with a standard protocol, we
performed navigation training with a weak protocol (1 trial per day) in rats 2 weeks after i.c.v. injection of
Aß 1-42 or reverse control Aß 42-1 or age-matched rats with sham surgery. The same dose of ISRIB or
vehicle were injected immediately after the training session every day. Although ISRIB significantly
restored learning ability on days 6, 14 and 15 in animals that had been injected i.c.v with Aß 1-42, this
small molecule only caused a small transient enhancement in sham surgery rats and Aβ42-1-injected rats
on days 2-5 (Fig. 4a). We also observed a memory deficit in Aß 1-42 treated animals which crossed the
platform area much less compared with Aβ42-1-injected group or sham animals when the platform was
removed 24 h after the navigation training and ISRIB significantly reversed the memory deficit cause by
Aß 1-42 injection (Fig. 4b). Nevertheless, the target quadrant occupancy was comparably poor in all the
groups during the probe trial (Fig. 4c). Neither i.c.v injection of Aß peptide nor systemic injection of ISRIB
affected the movement ability of rats because the swimming distance and speed were comparable in all
the groups (Fig. 4d, e). These results, together with our previous data, support the ability of ISRIB to
abrogate learning and memory deficits caused by Aß 1-42.
ISRIB restores ATF4 level without affecting aberrant phosphorylation of eIF2α in rat with exogenous Aβ
injection
Elevated level of eIF2α phosphorylation have been observed in most studies of AD model animals with
overexpression of Aβ (but see (28) (29)). eIF2α phosphorylation suppresses general protein synthesis and
preferentially enhances translation of some mRNAs such as ATF4 which plays an important role in
synaptic plasticity and memory. We then investigated the expression level of phosphorylated eIF2α and
ATF4 in western blots of hippocampal tissue from rats that received an exogenous Aβ injection. The level
of eIF2α phosphorylation was significantly increased in the hippocampus in Aβ1-42 injected rats and
treatment of ISRIB did not affect eIF2α phosphorylation caused by Aβ1-42(Fig. 5ab). Under Aβ1-42 injection
we observed a remarkable increase of ATF4 which ISRIB completely reversed (Fig. 5cd).

Discussion
We report here that AD brain soluble Aβ causes loss of translational control in the promotion of LTD
mechanisms in the dorsal hippocampus in vivo. Whereas normal LTD required de-novo protein synthesis,
being completely prevented by the protein synthesis inhibitor emetine, we found that the same dose of
emetine did not inhibit soluble Aβ-containing AD brain extract-facilitated hippocampal LTD. Remarkably,
pre-treatment with ISRIB, at a dose that did not affect control LTD, completely prevented AD brain extractfacilitated LTD. Therefore, it seems likely that the restoration of normal protein synthesis by ISRIB
prevents Aβ-facilitated LTD. This finding is consistent with prior evidence that certain forms of LTD,
particular mGluR-dependent LTD, require eIF2α phosphorylation (30–33).
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mGluR-LTD was prevented by either genetically reducing eIF2α phosphorylation or pharmacologically
suppressing phospho-eIF2α controlled translation with ISRIB. By contrast, increased eIF2α
phosphorylation by eIF2α phosphatases inhibitor Sal300 induces mGluR-LTD (30). Interestingly, mGluRLTD is enhanced under pathophysiological conditions such as Fragile X syndrome (19) and AD Aβ (17).
As shown here for AD Aβ-facilitated mGluR-LTD, Fragile X syndrome-faciltated mGluR-LTD is also
resistant to protein synthesis inhibitors (19).
De novo protein synthesis-dependent synaptic plasticity is a likely critical step required for the generation
of long-term memories. Consistent with an important role for the ISR in mediating a persistent disruption
of synaptic learning mechanisms we found that ISRIB abrogated a learning and memory deficit caused
by synthetic Aβ1−42 in the water maze. Growing evidence indicates that eIF2α phosphorylation which is
tightly regulated by four kinases (HRI, PKR, PERK and GCN2) is a memory suppressor. Either reduction of
eIF2α phosphorylation or deletion / inhibition of the expression of any of the eIF2α kinases in the brain
enhances memory in a variety of behavioral tasks (34–38). Conversely, increasing eIF2α phosphorylation,
even when restricted to CA1 pyramidal neurons, impairs hippocampal memory consolidation (39). This
study suggests that specific translational changes downstream of eIF2α phosphorylation are required for
memory regulation.
Aberrant elevated phospho-eIF2α has been found in sporadic AD patients’ brains (40–45) and in different
transgenic mouse models of AD, including APP/PS1 (8) (46), Tg2576 (42, 47) and 5XFAD (43, 47, 48),
(but see (28)). Post-mortem examination of the brains of the Aβ1−42 injected rats showed that eIF2α
phosphorylation and AFT4 were elevated by Aβ1−42. ISRIB reduced AFT4 but not eIF2α phosphorylation.
These findings are consistent with evidence that addition of oligomeric Aβ1−42 induced aberrant
expression of mRNAs of ATF4 (49, 50) and the putatitive mechanism of action of ISRIB. ISRIB reverses
the attenuation of the guanine nucleotide exchange factor eIF2B by phosphorylated eIF2α (12, 13). ISRIB,
unlike the PERK inhibitor GSK2606414, only partially restores protein synthesis and confers
neuroprotection without adverse effects on the pancreas most probably due to its state-dependent action
(14, 15, 51, 52).
ATF4 is a key regulator for hippocampal long-term synaptic plasticity and memory formation (32) and its
expression level can be paradoxically upregulated by phosphorylation of eIF2α which leads to the
inhibition of general protein synthesis. The protein level of ATF4 is increased in the cortex of AD brains
(49, 53) and the increased translation level of ATF4 in axons is a mediator for the spread of AD pathology
(49). ATF4 also binds to the regulatory region of human presenilin-1 gene and therefore is critical for
gamma-secretase activity which in turn promotes the production of Aβ (54). Our administration of ISRIB
restores the elevated level of ATF4 caused by Aβ. These results are consistent with reports that ISRIB
blocks the production of ATF4 upon GCN2 or HRI activation (11, 55). However, whether restoration of
ATF4 mediated the protective effects of ISRIB in our Aβ-injected rat model is not clear and further
investigation is needed.
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Apart from ER stress caused by the unfolded protein response, other Aβ-mediated AD pathologies
including glutamate excitotoxicity, hypoxia and neuronal inflammation can also induce the ISR. Both Aβcontaining AD brain extracts and purified Aβ dimers potentially suppress glutamate reuptake and
subsequently induce neuronal hyperactivation (56). Hypoxia with decreased cerebral blood flow has been
found early in AD and a body of evidence indicates that Aβ has vasoactive and vasculotoxic effects on
blood vessels, in particular capillaries at pericyte locations (57).
Some reports indicate that ISRIB is not effective in certain transgenic APP and tau mouse models,
possibly because of ISRIB’s pharmacological profile or differences in the level of engagement of the ISR
in these models (28, 29, 58–60) and some recent studies indicate that ER stress is not elevated in certain
transgenic mouse models of AD (28, 29, 60). The very high failure rate of AD clinical trials may be partly
due to the premature translation of successful pathology reduction in transgenic mice to humans (61).
Thus, choosing appropriate models in AD research is extremely important and the best strategy is to
perform studies using human tissues whenever possible before developing ideal animal models (62).
Compared with transgenic models, whether or not animal models incorporating injected soluble Aβ from
AD brain here more closely mimic key early pathological changes in AD patient needs to be carefully
addressed in future studies.

Conclusions
In summary, exogenous Aβ triggers the ISR in the hippocampus with aberrant high level of
phosphorylated eIF2α and ATF4. The small molecule ISRIB provides promising protective effects on our
Aβ-facilitated LTD model and Aβ-induced spatial learning and memory deficit. Targeting the ISR by
suppressing the eIF2α cascade with ISRIB may provide protective effects against the synaptic and
cognitive disruptive effects of Aβ which likely mediate the early stage of sporadic AD.
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Figure 1
The maintenance of Aß-facilitated LTD, unlike control LTD, is not blocked by the protein synthesis
inhibitor emetine. (a) Whereas LFS-900 (bar, 900 high-intensity pulses at 1 Hz) 30min after acute
intracerebroventricular (i.c.v.) injection of vehicle trigged a robust and persistent LTD, the later phase of
control LTD was completely blocked in animals treated with emetine (240 µg, i.c.v.). As summarized in (b)
at 3 h after LFS-900 the EPSP measured 99.6 ± 2.5% in the emetine treated group, n = 5, P = 0.8972
compared with baseline (Pre), paired t; P < 0.0001 compared with 74.4 ± 1.8% in the vehicle control group,
one-way ANOVA). (c) Soluble AD brain Aß facilitates LTD that is resistant to emetine. The application of
weak LFS (bar, LFS-300; 300 high-intensity pulses at 1 Hz) trigged a robust and persistent LTD 30 min
after i.c.v. injection of unmanipulated TBS extract of AD brain (AD-Aß, 5 µl). In contrast, in animals treated
with the same extract of AD brain that had been immunodepleted of Aß using a polyclonal anti-Aß
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antibody (ID), LFS-300 failed to induce LTD. Fifteen minutes before i.c.v. injection of AD-Aß, i.c.v.
administration of emetine (240 µg) did not significantly affect AD-facilitated LTD. Triangle: Vehicle or
Emetine; hash: AD-Aß or ID. As summarized in (d) at 3 h the EPSP measured 93.9 ± 8.1% in Veh+ID group
(n = 4, P = 0.4459 compared with Pre; paired t), 66.7 ± 5.7% in Veh+ AD-Aß group (n = 6, P = 0.0013
compared with Pre and P = 0.0247 compared with Veh+ID group; paired t and one-way ANOVA) and 58.6
± 4.4% in Emetine+ AD-Aß (n = 5, P = 0.0015 compared with Pre and P > 0.9999 compared with Veh+ ADAß group; paired t and one-way ANOVA). Calibration bars for EPSP traces: vertical, 2 mV; horizontal, 10
ms.

Figure 2
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Aß-facilitated LTD, but not control LTD, is blocked by the integrated stress inhibitor ISRIB. (a) In both
vehicle (1:1 DMSO and PEG400, i.p.) and ISRIB (2.5mg/kg, i.p.) pre-treated rats, the application of LFS900 trigged a robust and persistent LTD. As summarized in (b) at 3 h the EPSP measured 73.9 ± 5.7% in
ISRIB treated group, n = 8, P = 0.4970 compared with 68.6 ± 4.9% in the vehicle control group; unpaired t).
(c) In contrast, the same dose of ISRIB that did not affect control LTD induced by LFS-900 completely
blocked the maintenance of Aβ-facilitated LTD. Thus, whereas weak LFS (bar, LFS-300) trigged a robust
and persistent LTD after administration of soluble Aß-containing AD brain extract (AD-Aß, 5 µl, i.c.v.) in
vehicle pre-injected rats, LTD was strongly inhibited in ISRIB treated rats. (d) Summary at 3 h (90.6 ± 3.7%
in the ISRIB treated group, n = 5, P = 0.0786 compared with Pre, P = 0.0231 compared with 68.3 ± 9.1% in
the AD-Aβ group; paired t and unpaired t). Triangle: Vehicle or ISRIB; hash: AD-Aß. Calibration bars for
EPSP traces: vertical, 2 mV; horizontal, 10 ms.
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Figure 3
Facilitation of learning and memory by ISRIB in Aß1-42-injected rats using a standard MWM protocol. (a)
Water maze training (4 trials per day for 5 days) was performed 2 weeks after i.c.v. injection of Aß1-42 or
reverse control Aß42-1. Vehicle (1% DMSO in saline) or ISRIB (0.25mg/kg, i.p.) were injected immediately
after the last training trial in the MWM every day. Escape latency in the navigation trial plotted against the
training days. Two-way ANOVA followed by a post hoc Bonferroni multiple comparison test, P < 0.0001,
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F5,36 = 15.38. During training, compared with the Aß42-1+Veh and Sham+Veh group, the Aß1-42+Veh
group spent more time to escape to the hidden platform from day 3 (Aß1-42+Veh versus Sham+Veh: P =
0.0079 on day 3, P = 0.0101 on day 4, P = 0.0229 on day 5; Aß1-42+Veh versus Aß42-1+Veh: P = 0.0165
on day 3, P = 0.0118 on day 4, P = 0.0107 on day 5) but not in the first 2 days. However, a large reduction
in escape latency was caused by ISRIB in rats injected with Aß1-42 from day 2 (Aß1-42+Veh versus Aß142+ISRIB: P = 0.0362). (b) In the probe trial, Aß1-42+Veh animals appeared to cross the platform less
frequently compared with the Aß42-1+Veh and Sham+Veh group and ISRIB significantly improved
performance (P = 0.0001, one-way ANOVA followed by a post hoc Bonferroni multiple comparison test).
(c) In the case of the probe trial quadrant bias, ISRIB significantly enhanced target quadrant occupancy in
the Aß1-42 -injected animals (Aß1-42+Veh versus Aß1-42+ISRIB: P < 0.0020, one-way ANOVA followed by
a post hoc Bonferroni multiple comparison test). (d,e) Both total swimming distance (P = 0.4351, one-way
ANOVA) and swimming speed (P = 0.3626, one-way ANOVA) are comparable in all the groups. Error bars,
s.e.m.
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Figure 4
Spatial learning and memory deficits in Aß1-42-injected rats are abrogated by ISRIB using a weak MWM
training protocol. (a) All animals were trained with 1-trial / day. Because the day-to-day decrease in
escape latency over the first six days was very slow compared with the results from daily 4-trial training.
training was resumed for two days after a 7-day break. Vehicle or ISRIB (0.25mg/kg, i.p.) were injected
immediately after the training session in the MWM every day. All the rats spent less time gradually to find
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the hidden platform after each training trial. Aß1-42-injected rats spent more time to find the hidden
platform from day 6 and on day 14 and day 15 after one-week break (Two-way ANOVA followed by a post
hoc Bonferroni multiple comparison test, P < 0.0001, F5,48 = 8.778. Aß1-42+Veh versus Sham+Veh: P =
0.0681 on day 6, P = 0.0325 on day 14, P = 0.0415 on day 15; Aß1-42+Veh versus Aß42-1+Veh: P =
0.1142 on day 6, P = 0.0207 on day 14, P = 0.0410 on day 15) and ISRIB significantly improved
performance (Aß1-42+Veh versus Aß1-42+ISRIB: P = 0.0146 on day 6, P = 0.0231 on day 14, P = 0.0158
on day 15). No difference was detected among Sham+Veh, Aß42-1+Veh, Sham+ISRIB, Aß42-1+ISRIB and
Aß1-42+ISRIB groups (Repeated measures ANOVA. P = 0.0569, F4,41 = 2.504). (b) In the probe trial, Aß142-injected animals crossed the platform much less compared with control groups (Aß1-42+Veh versus
Sham+Veh: P = 0.0129; Aß1-42+Veh versus Aß42-1+Veh: P = 0.0028) and ISRIB significantly enhanced
platform crossing in Aß1-42-injected rats (Aß1-42+Veh versus Aß1-42+ISRIB: P = 0.0050, One-way ANOVA
followed by a post hoc Bonferroni multiple comparison test). (c-e) All the groups were similar in target
quadrant occupancy (P = 0.9409, One-way ANOVA) (c) and total swimming distance (P = 0.7056, Oneway ANOVA) (d) and swimming speed (P = 0.7876, One-way ANOVA) (e). Error bars, s.e.m.
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Figure 5
ATF4 but not eIF2α phosphorylation, is restored by ISRIB in Aß1-42-injected rats. (a,b) Western blots
showing that the level of phospho-eIF2α was increased in the hippocampus of rats about three weeks
(two weeks recovery plus one week MWM test) after i.c.v. injection of Aß1-42 (n = 4, P = 0.0102, Aß142+Veh compared with Sham+Veh group; one-way ANOVA) while the injection of the reverse sequence
peptide Aß42-1 did not obviously change the level of phospho-eIF2α (n = 4, P = 0.5057, Aß42-1+Veh
compared with Sham+Veh group; one-way ANOVA). Treatment of ISRIB (0.25mg/kg, i.p.) for 5 days did
not affect the levels of phospho-eIF2α in Aß1-42-injected rats (n = 4, P = 0.5240, Aß1-42+Veh compared
with Aß1-42+ISRIB group; one-way ANOVA). (c,d) The level of ATF4 increased in Aß1-42 -injected rats (n =
4, P < 0.0001, Aß1-42+Veh compared with Sham+Veh or Aß42-1+Veh group; one-way ANOVA) but the
injection of the reverse sequence peptide Aß42-1 did not change the level of ATF4 (n = 4, P = 0.2133,
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Aß42-1+Veh compared with Sham+Veh group; one-way ANOVA). Treatment of ISRIB restored ATF4 to
normal level (n = 4, P = 0.0004, Aß1-42+Veh compared with Aß1-42+ISRIB; P = 0.6636, Aß1-42+ISRIB
compared with Sham+Veh group; one-way ANOVA). Error bars, s.e.m.
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