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Abstract

Emerging evidence suggests that aberrant phosphorylation of eukaryotic initiation factor-2α

(eIF2α) may induce synaptic failure and neurodegeneration through persistent translational

inhibition of global protein synthesis. However, elevated phospho-eIF2α also paradoxically causes

translational activation of a subset of mRNAs such as the β-secretase enzyme BACE1 and CREB

repressor ATF4. Therefore, we tested whether genetic reduction of the eIF2α kinase PERK may

prevent these deleterious events and mitigate Alzheimer’s disease (AD)-like neuropathology and

cognitive impairments in the 5XFAD mouse model. PERK haploinsufficiency blocked

overactivation of the PERK-eIF2α pathway, as evidenced by significant reductions in

phosphorylation of PERK and eIF2α, in 5XFAD mice. PERK haploinsufficiency was sufficient to

rescue memory deficits and cholinergic neurodegeneration in this AD model. Notably, PERK

haploinsufficiency also prevented BACE1 elevations, resulting in reduced levels of amyloid-β

peptides and plaque burden in 5XFAD mice. Moreover, CREB dysfunction was restored in

PERK+/−·5XFAD mice concomitant with reversal of ATF4 upregulation. Together, these findings

suggest that PERK may be a disease-modifying therapeutic target to prevent multiple memory-

disrupting mechanisms associated with AD.
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1. Introduction

Neurodegenerative diseases such as Alzheimer’s disease (AD), Parkinson’s disease and

prion disease are associated with the accumulation of disease-specific misfolded proteins in
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the brain. The presence of misfolded proteins in the endoplasmic reticulum (ER) triggers the

unfolded protein response (UPR), a protective cellular mechanism that induces the transient

shutdown of protein synthesis through phosphorylation of eukaryotic initiation factor-2α

(eIF2α). However, a recent study indicates that sustained translational repression of global

protein synthesis resulting from overactivation of the eIF2α phosphorylation pathway may

lead to neurodegeneration and synaptic failure in a prion-diseased mouse model (Moreno et

al., 2012). Remarkably, protein kinase RNA-like ER kinase (PERK), an eIF2α kinase, has

been shown to play a key role in mediating persistently high levels of eIF2α

phosphorylation following exposure to misfolded proteins. For example, a specific inhibitor

of PERK prevents UPR-mediated translational repression, neurodegeneration and clinical

signs of prion disease in prion-infected mice (Moreno et al., 2013). Similarly, genetic

deletion of PERK not only in amyloid precursor protein (APP) transgenic mice but also in

amyloid-β (Aβ)-treated hippocampal slices reverses eIF2α phosphorylation-dependent

inhibition of general protein synthesis and rescues deficits in CA1 synaptic plasticity and

memory function (Ma et al., 2013). Both investigations reveal that pharmacologic or genetic

suppression of PERK restores UPR overactivation-associated reductions in synthesis of vital

synaptic proteins, suggesting that PERK may be a critical therapeutic target downstream to

accumulation of misfolded prion protein or Aβ in these neurodegenerative diseases.

Whereas phosphorylation of eIF2α at Ser51 inhibits general translation initiation, it is

known to paradoxically cause translational activation of a subset of mRNAs that contain

upstream open reading frames. These include the β-secretase called β-site APP-cleaving

enzyme 1 (BACE1) (De Pietri Tonelli et al., 2004; Devi and Ohno, 2010b; Lammich et al.,

2004; Mihailovich et al., 2007; O’Connor et al., 2008) and the transcriptional modulator

activating transcription factor 4 (ATF4) (Harding et al., 2000a; Vattem and Wek, 2004). In

fact, protein levels of BACE1, a key enzyme responsible for initiating Aβ production, are

significantly elevated (Cai et al., 2012; Fukumoto et al., 2002; Holsinger et al., 2002; Li et

al., 2004; Ohno et al., 2007; Yang et al., 2003; Zhao et al., 2007) concomitant with increased

levels of phosphorylated eIF2α in brains of AD patients and different lines of APP

transgenic mice (Chang et al., 2002; Devi and Ohno, 2010b; Devi and Ohno, 2013b; Kim et

al., 2007; Mouton-Liger et al., 2012; O’Connor et al., 2008; Page et al., 2006). Furthermore,

a recent report demonstrates AD-related upregulation of ATF4 (Lewerenz and Maher,

2009), which works as a repressor of cAMP response element binding protein (CREB)-

dependent transcription responsible for memory consolidation (CREB2) (Chen et al., 2003;

Silva et al., 1998). These findings suggest that the overactivated eIF2α phosphorylation

pathway may contribute to AD pathogenesis and cognitive impairments not only by

inhibiting global protein synthesis but also by accelerating β-amyloidogenesis through

BACE1 elevations and directly suppressing CREB function. However, the causative

signaling mechanisms remain unclear. In this study, we examined whether PERK

haploinsufficiency could block deleterious BACE1/ATF4-elevating pathways and

consequently lead to therapeutic benefits including memory improvements in a mouse

model of AD.
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2. Methods

2.1. Subjects

We used 5XFAD mice (Tg6799 line) that co-overexpress familial AD (FAD) mutant forms

of human APP (the Swedish mutation: K670N, M671L; the Florida mutation: I716V; the

London mutation: V717I) and presenilin 1 (PS1) (M146L and L286V mutations) transgenes

under transcriptional control of the neuron-specific Thy-1 promoter (Oakley et al., 2006;

Ohno et al., 2006; Ohno et al., 2007). Although PERK mice show growth retardation,

inability to breed and early mortality, the heterozygotes are viable and fertile with normal

weight and longevity (Harding et al., 2001; Zhang et al., 2002). Therefore, hemizygous

5XFAD transgenic mice (C57BL/6 background) were crossbred to heterozygous PERK

knockout mice (C57BL/6 background) (Harding et al., 2000b), yielding animals with four

different genotypes (wild-type, PERK+/−, 5XFAD+/−, and PERK+/−·5XFAD+/−).

Genotyping was performed by PCR analysis of tail DNA and all experiments were done

blind with respect to the genotype of mice. In this study, we investigated the effects of

PERK haploinsufficiency in 5XFAD mice at 8–9 months of age, which exhibit significant

elevations in BACE1 and ATF4 expression (Devi and Ohno, 2010a; Devi and Ohno, 2013a;

Zhao et al., 2007). Since our previous study shows that there is no sex difference in cerebral

Aβ levels in 5XFAD mice except for the younger age (≤3 months) (Oakley et al., 2006), a

similar number of males and females were used for the experiments. All animal procedures

were approved by the Nathan Kline Institute Animal Care and Use Committee and

conducted in accordance with the National Institutes of Health Guide for the Care and Use

of Laboratory Animals.

2.2. Contextual fear conditioning

Contextual fear conditioning was tested as described previously (Kimura et al., 2010;

Kimura and Ohno, 2009; Ohno et al., 2001). In this behavioral assay, mice learn to associate

a distinct context (CS: conditioned stimulus) with aversive footshocks (US: unconditioned

stimulus) through hippocampus-dependent mechanisms (Fanselow, 2000; Maren, 2001).

During training, mice were placed in the conditioning chamber for 3 min and then received

two footshocks (1.0 mA, 2 s) at a 1-min interval. After the last shock delivery, mice were

left in the chamber for another 30 s. Contextual fear memory was evaluated by scoring

freezing behavior (the absence of all movement except for that needed for breathing) for 3

min when the mice were placed back into the same conditioning chamber 24 h after training.

The automated FreezeFrame system (Coulbourn Instruments, Allentown, PA, USA) was

used to score the amount of freezing during training and memory test sessions. After

behavioral testing, some mice were sacrificed for immunoblotting/ELISA experiments and

others were perfused for immunohistochemistry.

2.3. Immunoblot analysis

Hippocampal samples were taken from the mice under deep isoflurane anesthesia and were

snap-frozen for biochemical assays. For western blot analysis, each sample was

homogenized in 5 volumes of modified RIPA buffer containing 150 mM NaCl, 50 mM Tris

HCl (pH 8.0), 1 mM EDTA, 1% IGEPAL, 0.5% sodium deoxycholate, 0.1% SDS and

protease/phosphatase inhibitor cocktail (Calbiochem, La Jolla, CA, USA), and centrifuged at
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10,000 g for 10 min to remove any insoluble material. Protein concentrations were

determined by a BCA protein assay kit (Pierce, Rockford, IL, USA), and 10–50 μg of

protein was run on NuPAGE 4–12% Bis-Tris gels or 7% Tris-Acetate gels (Invitrogen,

Carlsbad, CA, USA) and transferred to nitrocellulose membrane. After blocking,

membranes were probed with the following primary antibodies: anti-phospho-PERK

(Ser713) (1:1,000, #649401, BioLegend, San Diego, CA), anti-phospho-eIF2α (Ser51)

(1:1,000, #3398, Cell Signaling Technology, Danvers, MA, USA), anti-eIF2α (1:2,000,

#9722, Cell Signaling Technology), anti-BACE1 (1:1,000, B0681, Sigma-Aldrich, St. Louis,

MO, USA), an antibody that recognizes C-terminal epitope in APP (1:1,000, C1/6.1, kindly

provided by Dr. Paul Mathews, Nathan Kline Institute) to detect full-length APP/C-terminal

fragments, anti-neprilysin (1:1,000, ab951, Abcam, Cambridge, MA, USA), anti-ATF4

(1:2,000, 10835-1-AP, Proteintech, Chicago, IL, USA), anti-phospho-CREB (Ser133)

(1:1,000, #9198, Cell Signaling Technology), anti-CREB 1:2,000, #9197, Cell Signaling

Technology) and anti-β-actin (1:15,000, AC-15, Sigma-Aldrich). They were then incubated

with horseradish peroxidase-conjugated secondary IgG. Immunoblot signals were visualized

by an ECL chemiluminescence substrate reagent kit (Pierce), and were quantified by

densitometric scanning and image analysis using Quantity One software (Bio-Rad

Laboratories, Hercules, CA, USA).

2.4. ELISAs of Aβ40 and Aβ42

Sandwich Aβ ELISAs were performed as described previously (Devi and Ohno, 2010b;

Devi and Ohno, 2012; Kimura et al., 2010). Briefly, each hippocampal sample was extracted

in 8X cold 5 M guanidine HCl plus 50 mM Tris HCl (pH 8.0) buffer, and centrifuged at

20,000 g for 1 h at 4°C to remove insoluble material. Final guanidine HCl concentrations

were below 0.1 M. Protein concentrations were determined by a BCA kit (Pierce). To

quantitate total levels of cerebral Aβ40 and Aβ42, supernatant fractions were analyzed by a

well-established human Aβ40 and Aβ42 ELISA kits (KHB3481 and KHB3441, Invitrogen),

respectively, according to the protocol of the manufacturer. Optical densities at 450 nm of

each well were read on a VersaMax tunable microplate reader (Molecular Devices,

Sunnyvale, CA, USA), and sample Aβ40 and Aβ42 concentrations were determined by

comparison with the respective standard curves. Aβ40 and Aβ42 concentration values were

normalized to total protein concentrations and expressed as the percentage of 5XFAD mouse

controls.

2.5. Aβ immunohistochemistry

Mice were transcardially perfused with 0.1 M phosphate buffered saline (PBS, pH7.4),

followed by 4% paraformaldehyde in PBS under deep isoflurane anesthesia. Brains were

postfixed for 24 h in 4% paraformaldehyde in PBS at 4°C and transferred to PBS. The brain

was sectioned coronally at 30 μm using a vibratome (VT1200, Leica Microsystems, Wetzlar,

Germany), and successive sections were stored in PBS containing 0.05% sodium azide at

4°C. Two sections per mouse taken at levels between −1.7 and −1.9 mm to bregma

according to the mouse brain atlas of (Franklin and Paxinos, 2008) were stained by the

avidin-biotin peroxidase complex (ABC) method as described previously (Devi et al., 2010;

Devi and Ohno, 2010a; Kimura et al., 2010). Briefly, the sections were incubated overnight

at 4°C with mouse monoclonal anti-Aβ1–16 (6E10) antibody (1:200, SIG-39347; Covance,
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Princeton, NJ, USA). The ABC kit (PK-2200; Vector Laboratories, Burlingame, CA, USA)

was utilized with 3,3′-diaminobenzidine tetrahydrochloride (DAB) as a chromogen to

visualize the reaction product. The sections were then mounted on charged slides,

dehydrated in a series of alcohol, cleared in xylene and covered with a coverslip. Light

microscopy was conducted on an Axioskop 2 microscope equipped with an AxioCaM HRc

digital camera (Zeiss, Oberkochen, Germany) for capturing images. Semi-quantitative

analysis was performed using AxioVision imaging software with the AutoMeasure module

(Zeiss). The threshold optical density that discriminated staining from background was

determined and held constant for all quantifications. Identified objects were individually

inspected by the same investigator to confirm the object as a plaque or not in a blinded

manner. Percentage area occupied by Aβ deposits in the hippocampus and cortex was

assessed bilaterally to compare plaque burden between 5XFAD control and

PERK+/−·5XFAD mice.

2.6. ChAT immunohistochemistry

Three brain sections per mouse were stained by the ABC method for immunohistochemical

analysis of ChAT-positive neurons in the Ch1/2 comprising the medial septum and the

vertical limb of the diagonal band, as described (Devi and Ohno, 2010b). The sections were

taken at levels between +1.2 and +0.8 mm to bregma according to the atlas of (Franklin and

Paxinos, 2008) and incubated overnight at 4°C with polyclonal goat anti-ChAT antibody

(1:200; AB144P, Millipore, Billerica, MA, USA). The DAB staining was performed using

the ABC kit (PK-6105, Vector Laboratories). After identified objects, following

thresholding under an Axioskop 2 microscope (Zeiss), were individually inspected in a

blinded manner to confirm the object as a neuron or not, the number of ChAT-positive

neurons in the Ch1/2 was counted using AxioVision imaging software (Zeiss). The average

of ChAT-positive neuron number per section from each mouse was used to calculate group

medians.

2.7. Data analysis

Significant differences between the groups were determined by a one-way ANOVA and

post-hoc Fisher’s PLSD tests were applied following all ANOVAs showing significance.

Data were presented as mean ± SEM and the level of significance was set for p value less

than 0.05.

3. Results

3.1. PERK haploinsufficiency reduces eIF2α phosphorylation in 5XFAD mice

According to accelerated Aβ42 production due to a combination of five FAD mutations,

5XFAD mice begin to develop visible amyloid deposition as early as 2 months of age and

exhibit memory declines on hippocampus-dependent behavioral tasks between 4 and 6

months concomitant with moderate Aβ accumulation and impaired synaptic physiology at

Schaffer collateral-CA1 pathways (Chen et al., 2012α; Jawhar et al., 2012; Kimura and

Ohno, 2009; Oakley et al., 2006; Ohno, 2009; Ohno et al., 2006). As aberrant

phosphorylation of eIF2α is observed in AD brains (Chang et al., 2002; Kim et al., 2007;

Mouton-Liger et al., 2012; O’Connor et al., 2008), immunoblot analysis of hippocampal
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samples showed robust increases in levels of phosphorylated eIF2α in 5XFAD mice at 8–9

months of age (p < 0.05) (Fig. 1A, B). This was accompanied by activation of the PERK

pathway, as measured by an increase in phosphorylated PERK (p < 0.05) in the absence of

change in total PERK, in 5XFAD mice. To examine the role of PERK pathway, we

crossbred 5XFAD mice with heterozygous PERK knockout mice. First, PERK

heterozygosity was confirmed by significant reductions in PERK protein levels in PERK+/−

mice (p < 0.05) and PERK+/−·5XFAD mice (p < 0.05) as compared with respective

PERK+/+ controls (Fig. 1B, D). Importantly, PERK haploinsufficiency significantly

suppressed increases in phosphorylated forms of eIF2α and PERK in 5XFAD mice (p <

0.05) without affecting total eIF2α levels, suggesting that PERK is a major eIF2α kinase

responsible for mediating robust eIF2α phosphorylation in this mouse model. In contrast,

PERK+/− mice showed no change in phosphorylated eIF2α as compared with wild-type

controls, although they had reduced levels of PERK phosphorylation (p < 0.05) (Fig. 1C, D).

Therefore, PERK seems to be specifically involved in overactivating the eIF2α

phosphorylation pathway under AD conditions.

3.2. PERK haploinsufficiency rescues memory deficits and cholinergic neurodegeneration
in 5XFAD mice

To test whether suppressing PERK-dependent phosphorylation of eIF2α can rescue memory

deficits in 5XFAD mice, we used the hippocampus-dependent contextual fear conditioning

paradigm (Fig. 2A). Wild-type control mice exhibited a robust conditioned fear response as

assessed by freezing (the absence of all but respiratory movements) when placed back into

the conditioning chamber 24 h after training with two CS-US pairings. 5XFAD mice

showed significantly reduced levels of freezing compared with wild-type controls (p < 0.05),

whereas the contextual memory impairment was rescued almost completely back to wild-

type levels in PERK+/−·5XFAD mice (p < 0.05). Furthermore, freezing levels were

indistinguishable between PERK+/− and wild-type mice, indicating that PERK

haploinsufficiency does not affect baseline memory performances on the wild-type

background.

Freezing behavior was also measured during training (Fig. 2B). While basal levels of

freezing before the first footshock were not different between the four groups of mice tested,

post-shock freezing was significantly increased in 5XFAD mice irrespective of the presence

of PERK mutation (p < 0.05). This implies that 5XFAD mice may have even greater

abilities to associate the context with aversive shocks, resulting in the higher expression of

fear response during training. Nevertheless, 5XFAD mice exhibited deficient contextual

memory, which was shown by significantly lower levels of freezing in 24-h retention test as

compared with wild-type controls (Fig. 2A). Importantly, post-shock freezing levels were

equivalent between 5XFAD and PERK+/−·5XFAD mice, suggesting that the change in the

expression of freezing is not likely to account for memory improvements associated with

PERK haploinsufficiency in 5XAFD mice.

The septohippocampal cholinergic pathway has an established role in memory performances

including the contextual fear conditioning (Gale et al., 2001), while cholinergic neuron loss

is found in several AD transgenic mouse models such as 5XFAD and APP23 (Choi et al.,
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2013; Devi and Ohno, 2010b). In order to determine whether PERK haploinsufficiency can

rescue neurodegeneration concomitant with mnemonic improvements, we analyzed

cholinergic neurons in the medial septum and the vertical limb of the diagonal band (Ch1/2)

that provide the cholinergic innervation to the hippocampus (Fig. 2C). Immunostaining for

choline acetyltransferase (ChAT: a cholinergic marker) revealed that the number of

cholinergic neurons was significantly reduced in 5XFAD mice as compared with that of

wild-type controls (p < 0.05) (Fig. 2D). Remarkably, ChAT-positive neuron number in

PERK+/−·5XFAD mice was significantly higher than that of 5XFAD mice (p < 0.05) and

nearly equivalent to wild-type control levels. Therefore, overactivated PERK-dependent

eIF2α phosphorylation may be an important mediator of cholinergic neuron death associated

with AD.

3.3. PERK haploinsufficiency mitigates β-amyloidosis in 5XFAD mice

In accordance with recent data from our laboratory and others (Devi and Ohno, 2010b; Devi

and Ohno, 2013b; Mouton-Liger et al., 2012; O’Connor et al., 2008), the robust increase in

eIF2α phosphorylation was closely associated with BACE1 elevation in 5XFAD mice (Fig.

3A, B). We found that suppression of eIF2α phosphorylation in PERK+/−·5XFAD mice

almost completely reversed their BACE1 expression to wild-type control levels (p < 0.05),

demonstrating that the PERK-dependent eIF2α phosphorylation pathway mediates BACE1

elevation in this mouse model. Interestingly, PERK haploinsufficiency also partially but

significantly reduced expression of full-length APP in 5XFAD mice (p < 0.05). Consistent

with these changes, levels of the β-cleaved C-terminal fragment of APP (C99) in

PERK+/−·5XFAD mice were dramatically lower than those of 5XFAD mice (p < 0.05).

Therefore, PERK haploinsufficiency mitigated Aβ-overproducing mechanisms found in

5XFAD mice. Meanwhile, in agreement with no change in phosphorylated eIF2α levels

(Fig. 1C, D), PERK haploinsufficiency on the wild-type background did not affect BACE1

(wild-type, 100 ± 4.6%, n = 5; PERK+/−, 114.8 ± 7.2%, n = 5) or APP (wild-type, 100 ±

4.8%, n = 5; PERK+/−, 103.6 ± 5.5%, n = 5) expression.

Given that net Aβ concentrations in brain are determined by the rate of Aβ generation

relative to the overall rate of Aβ clearance, we next examined a possibility that PERK

haploinsufficiency may affect Aβ clearance in 5XFAD mice. As observed in human AD

brains (Wang et al., 2010), 5XFAD mice showed reductions in the major Aβ-degrading

enzyme neprilysin (Fig. 3A, C). Reduced expression of neprilysin was restored in

PERK+/−·5XFAD mice (p < 0.05), suggesting that PERK haploinsufficiency may also

correct compromised Aβ clearance in addition to suppressing the β-amyloidogenic

processing of APP.

Sandwich ELISAs showed that PERK haploinsufficiency significantly reduced hippocampal

Aβ42 levels in 5XFAD mice (p < 0.05), while a trend toward reduction of Aβ40 was

observed in PERK+/−·5XFAD mice compared to 5XFAD mice (p = 0.08) (Fig. 3D). In

accordance with ELISA data, Aβ immunostaining with 6E10 antibody revealed that

hippocampal and cortical plaque loads in PERK+/−·5XFAD mice were significantly lower

than those in 5XFAD control mice (p < 0.05) (Fig. 3E, F). Therefore, genetic suppression of
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PERK-dependent eIF2α phosphorylation significantly lowered Aβ accumulation not only

through reducing Aβ production but also through facilitating Aβ degradation.

3.4. PERK haploinsufficiency rescues CREB dysfunction in 5XFAD mice

Since eIF2α phosphorylation is also known to induce translational elevation of the CREB

repressor ATF4 in addition to BACE1 (Harding et al., 2000a; Vattem and Wek, 2004), we

performed immunoblot analysis of hippocampal samples to determine whether PERK

haploinsufficiency may affect ATF4 expression and CREB signaling in 5XFAD mice (Fig.

4A). Consistent with changes in phosphorylated eIF2α levels (Fig. 1A, B), ATF4 was

significantly increased in 5XFAD mice (p < 0.05) while it was reduced to almost wild-type

control levels in PERK+/−·5XFAD mice (p < 0.05) (Fig. 4B). Moreover, PERK

haploinsufficiency restored reductions of phosphorylated CREB without affecting total

CREB levels in 5XFAD mice (p < 0.05). Together, the results suggest that suppressing

PERK-mediated eIF2α phosphorylation also reverses ATF4-dependent CREB dysfunction

in 5XFAD mice.

4. Discussion

The current study was designed to determine the mechanisms by which aberrant

translational machinery through overactivated eIF2α phosphorylation pathways may

contribute to the pathogenesis of AD and related memory deficits. The phosphorylation of

eIF2α at Ser51 is controlled by four protein kinases such as PERK, double-stranded RNA-

activated protein kinase (PKR), general control nonderepressible-2 kinase (GCN2) and

heme-regulated inhibitor kinase (HRI) (Costa-Mattioli and Sonenberg, 2008; Donnelly et al.,

2013). These eIF2α kinases share a conserved kinase domain but have divergent regulatory

domains to specifically become active (i.e., phosphorylated) in response to a variety of

cellular stress stimuli. By crossing heterozygous PERK knockout mice with 5XFAD mice,

we demonstrate that partial reduction of PERK signaling lowers increased amounts of

phosphorylated eIF2α in the hippocampus of this mouse model. Therefore, the PERK

pathway accounts for eIF2α phosphorylation that overly occurs with relevance to AD. In

contrast, PERK haploinsufficiency is not sufficient to affect basal levels of eIF2α

phosphorylation on the wild-type background. It is important to note that homozygous

PERK gene knockout that is restricted to the forebrain (Trinh et al., 2012) or complete

GCN2−/− ablation (Costa-Mattioli et al., 2005; Devi and Ohno, 2013a) can produce a

significant reduction of eIF2α phosphorylation. Together, the greater sensitivity of eIF2α

phosphorylation to partial PERK reduction in 5XFAD mice suggests that PERK signaling

pathway may play a more prominent role in causing overactivation of eIF2α

phosphorylation under exposure to Aβ accumulation rather than in regulating baseline levels

of eIF2α phosphorylation under normal physiological conditions.

Importantly, we found that reduced PERK-dependent eIF2α phosphorylation in

PERK+/−·5XFAD mice leads to amelioration of memory deficits, as tested by the

hippocampus-dependent contextual fear conditioning. This is consistent with a recent study

showing that forebrain-specific conditional deletion of PERK prevents hippocampal eIF2α

phosphorylation and memory impairments in APP/PS1 transgenic mice, as assessed by the

hippocampus-dependent spatial learning paradigms such as Morris water maze, Y-water
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maze and object location tasks (Ma et al., 2013). Interestingly, this report also reveals that

conditional PERK removal can ameliorate deficits in long-term potentiation (LTP: a

synaptic plasticity model for learning and memory) at Schaffer collateral-CA1 synapses in

Aβ-applied hippocampal slices as well as in APP/PS1 mice. Moreover, global protein

synthesis is suppressed concomitant with increased levels of phosphorylated eIF2α in the in

vitro and in vivo AD models, whereas PERK ablation prevents reductions in general protein

synthesis and key plasticity-related synaptic proteins as well (Ma et al., 2013). Therefore,

two independent investigations using different AD mouse models combined with PERK

gene targeting approaches consistently suggest that overactivation of the PERK-dependent

eIF2α phosphorylation pathway may cause memory deficits associated with AD, at least in

part, through translational suppression of general protein synthesis as a downstream branch

of excess Aβ accumulation.

As opposed to the general protein synthesis inhibition, it has been indicated that eIF2α

phosphorylation paradoxically induces translational upregulation of the β-secretase enzyme

BACE1 (Devi and Ohno, 2010b; Mouton-Liger et al., 2012; O’Connor et al., 2008). We

previously reported that 6-month-old 5XFAD mice, which have not yet showed BACE1

upregulation, have only marginal changes in eIF2α phosphorylation, whereas levels of

phosphorylated eIF2α are dramatically increased in accordance with the emergence of

BACE1 elevation in 5XFAD mice at ≥8 months of age (Devi and Ohno, 2010b; Devi and

Ohno, 2013a; Devi and Ohno, 2013b). Moreover, we demonstrated that increased amounts

of phosphorylated eIF2α resulting from the application of Sal 003, a specific inhibitor of its

phosphatase, can elevate BACE1 protein levels in 6-month-old 5XFAD mice (Devi and

Ohno, 2010b). However, it remained unclear which eIF2α phosphorylation pathway would

be responsible for mediating the elevation of BACE1 expression in AD. The eIF2α kinases

except for HRI (predominantly found in erythroid cells) are prominently expressed in the

mammalian brain (Costa-Mattioli and Sonenberg, 2008; Donnelly et al., 2013). In this study,

we found that reducing PERK-dependent eIF2α phosphorylation blocks BACE1 elevation in

advanced stages of 5XFAD mice (8–9-month-old), leading to the suppression of β-

amyloidogenesis as evidenced by decreased levels of C99 fragments, Aβ40 and Aβ42

peptides, and amyloid plaque burden in PERK+/−·5XFAD mice. In contrast, our previous

investigations reveal that the PKR pathway is not activated even in old 5XFAD mice that

have significantly elevated levels of phosphorylated eIF2α and BACE1 (Devi and Ohno,

2013a; Devi and Ohno, 2013b). Moreover, GCN2 gene deletion fails to block the eIF2α

phosphorylation-associated upregulation of BACE1 in this AD model (Devi and Ohno,

2013a). Consistent with our observations in 5XFAD mice, transfection with dominant

negative PERK, but not dominant negative GCN2, was reported to prevent energy

deprivation-induced phosphorylation of eIF2α and BACE1 elevation in vitro (O’Connor et

al., 2008). Therefore, the results demonstrate that overactivation of the PERK-eIF2α

pathway may represent a crucial pathogenic mechanism underlying BACE1 elevation and

consequent acceleration of neurotoxic Aβ/C99, at least, in the 5XFAD mouse model of AD.

Transgenic overexpression of multiple FAD mutant forms of human APP and PS1 is

designed to trigger robust Aβ42 production in 5XFAD mice (Oakley et al., 2006). In the

current study, we found that additional mechanisms, such as elevation in not only BACE1
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but also full-length APP and reduction in the major Aβ-degrading enzyme neprilysin, are

implicated in further accelerating the progression of amyloid pathology after Aβ

accumulation reaches a certain level in this AD model (8–9 months of age). Interestingly, in

addition to the complete reversal of BACE1 upregulation, we also observed that PERK

haploinsufficiency partially but significantly lowers the expression of full-length APP in

5XFAD mice. The expression level of APP transgene in 5XFAD mice is under tight

transcriptional control of the neuron-specific Thy-1 promoter. Therefore, the reduction in

full-length APP protein in PERK+/−·5XFAD mice relative to 5XFAD controls suggests that

there is a posttranscriptional component of the APP overexpression in this model.

Importantly, the changes in response to PERK haploinsufficiency are specific to 5XFAD

mice, since levels of full-length APP as well as BACE1 are equivalent between PERK+/−

and wild-type control mice. Moreover, our recent study reveals progressive increases of

APP expression in 5XFAD mice with aging, which coincide with enhanced eIF2α

phosphorylation (Devi and Ohno, unpublished data). Together, it seems reasonable to

conceive that overactivation of the PERK-dependent eIF2α phosphorylation pathway in

5XFAD mice may be closely associated with the posttranscriptional elevation of APP,

although further investigation is needed to understand the precise underlying mechanisms.

This idea is also supported by our previous findings that not only BACE1 but also its

substrate full-length APP is elevated concomitant with robust activation of the PERK-eIF2α

pathway in younger (3- to 4-month-old) 5XFAD mice under insulin-deficient diabetic

conditions or exposure to behavioral stress (Devi et al., 2010; Devi et al., 2012).

Meanwhile, PERK haploinsufficiency also restores reduced levels of neprilysin expression

in 5XFAD mice. Similarly, Ma et al. (2013) report that conditional ablation of PERK in

APP/PS1 transgenic mice also lowers cerebral Aβ concentrations concomitant with the

correction of decreased neprilysin expression. However, in contrast to our results, neither

BACE1 nor full-length APP levels are changed by PERK gene manipulation in their

APP/PS1 mice. In this regard, it is important to note that BACE1 expression levels are not

different between APP/PS1 and wild-type control mice, suggesting that PERK-dependent

eIF2α phosphorylation in this model does not reach the level required to elicit BACE1

elevation. Therefore, the contradictory results concerning the mechanisms of Aβ reduction

may be accounted for by the different lines of transgenic AD models used and/or

neuropathological stages that represent a key determinant for the degree of overactivation of

the PERK-eIF2α phosphorylation pathway. The current study, using the aggressive 5XFAD

amyloid model that recapitulates BACE1 elevations as seen in human AD brains, indicates

that suppressing the PERK-eIF2α signaling pathway can reduce Aβ accumulation through

different mechanisms, including decreased Aβ generation (i.e., BACE1 and APP reductions)

and rescued Aβ clearance (i.e., neprilysin elevation).

ATF4, a repressor of CREB (CREB2), is another signaling molecule of which translation is

facilitated by eIF2α phosphorylation (Harding et al., 2000a; Vattem and Wek, 2004). Recent

work demonstrates that genetic or pharmacologic stimulation of eIF2α phosphorylation

impairs contextual memory consolidation through upregulation of ATF4 and consequent

CREB dysfunction, whereas behavioral training for contextual conditioning results in

reduced levels of phosphorylated eIF2α (Costa-Mattioli et al., 2007; Jiang et al., 2010).

Furthermore, it has also been reported that genetic or pharmacologic suppression of eIF2α
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phosphorylation reduces ATF4 levels and enhances memory performances on different

learning tasks with weak training protocols (Costa-Mattioli et al., 2005; Costa-Mattioli et al.,

2007; Stern et al., 2013). The neurobiological studies provide convergent evidence that

eIF2α phosphorylation-dependent elevation of ATF4 negatively regulates memory

consolidation processes through suppressing CREB activity. In accordance with this

hypothesis, we demonstrate that 5XFAD mice suffering from memory decline recapitulate

increased levels of ATF4 expression concomitant with robust elevations in phosphorylated

eIF2α, as seen with AD brains (Lewerenz and Maher, 2009). More importantly, we found

that both ATF4 elevation and CREB dysfunction are reversed in PERK+/−·5XFAD mice that

show improvements in contextual memory. Therefore, our findings indicate that PERK-

mediated eIF2α phosphorylation may cause deficient CREB function through upregulation

of the CREB repressor ATF4, leading to impairments of contextual memory consolidation in

5XFAD mice. However, it should be noted that there are multiple mechanisms for Aβ-

dependent induction of CREB dysfunction such as impaired PKA and MAPK signaling

pathways (Ma et al., 2007; Vitolo et al., 2002). Furthermore, recent evidence suggests that

BACE1 may interact with adenylate cyclase and directly impair the PKA/CREB pathway

independent of its β-secretase activity for Aβ production (Chen et al., 2012b). We cannot,

therefore, rule out the possibility that reductions in BACE1 expression and/or Aβ

concentrations found in PERK+/−·5XFAD mice may also contribute to the rescue of CREB

dysfunction.

Finally, the present study provides the first demonstration that PERK haploinsufficiency can

prevent AD-like cholinergic neuron loss found in the medial septum of 5XFAD mice.

Consistent with our observations, oral administration of the specific PERK inhibitor

GSK2606414 is reported to prevent eIF2α phosphorylation and translational failure in prion-

infected mice, leading to rescue from neurodegeneration, deficient synaptic proteins and

clinical signs including memory impairments (Moreno et al., 2013). Therefore, these

findings support the concept that the dysregulated PERK-eIF2α pathway may be a common

molecular mechanism underlying neurodegeneration that occurs as a consequence of the

accumulation of misfolded proteins.

In conclusion, the results presented here provide experimental evidence that PERK mediates

overactivation of eIF2α phosphorylation responsible for multifaceted memory-deteriorating

mechanisms associated with AD, such as acceleration of β-amyloidosis, CREB dysfunction,

and cholinergic neurodegeneration. Notably, selective and orally bioavailable inhibitors of

PERK have been recently developed for neurodegenerative disease therapy (Axten et al.,

2012; Moreno et al., 2013), so it will be important to test, as a next step, whether treatments

with these PERK inhibitors, including the regimen for timing and duration of drug

administration during the progression of disease, can exert similar beneficial effects in

relevant animal models of AD. Our gene-based findings warrant such preclinical evaluations

of PERK inhibitor drugs as a novel disease-modifying therapeutic intervention to treat AD

and related cognitive impairments.
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Fig. 1.
Effects of PERK haploinsufficiency on eIF2α phosphorylation in 5XFAD mice. (A, C)

Representative immunoblots of protein extracts from hippocampal homogenates of mice. (B,

D) Immunoreactive bands were quantified and expressed as the percentage of 5XFAD (B) or

wild-type control (D) mice. The number of animals used is indicated on top of each column.

Note that blocking PERK overactivation significantly suppressed increases in eIF2α

phosphorylation in 5XFAD mice without changes in total eIF2α levels. Meanwhile, levels

of phosphorylated eIF2α were indistinguishable between PERK+/− and wild-type mice. All

data are presented as mean ± SEM and were analyzed by one-way ANOVA followed by

post-hoc Fisher’s PLSD test (* p < 0.05 vs. wild-type, # p < 0.05 vs. 5XFAD).

Devi and Ohno Page 16

Neurobiol Aging. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 2.
Effects of PERK haploinsufficiency on memory deficits and cholinergic neurodegeneration

in 5XFAD mice. (A, B) Mice were trained with two CS-US pairings for contextual fear

conditioning (wild-type, n = 22; PERK+/−, n = 24; 5XFAD, n = 28; PERK+/−·5XFAD, n =

27). Freezing behavior was assessed during training session (B) as well as 24-h memory

retention test (A). 5XFAD mice showed significantly lower levels of contextual freezing

than wild-type mice when tested 24 h after training. Note that PERK+/−·5XFAD mice were

rescued almost completely back to wild-type control levels of contextual memory. (C) Brain

sections were immunostained for the cholinergic marker ChAT. Shown are representative

photomicrographs of ChAT-immunoreactive neurons in the medial septum of mice. Scale

bar = 200 μm. (D) The number of ChAT-positive neurons in the medial septum and the

vertical limb of the diagonal band (Ch1/2), which provide the cholinergic innervation to the
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hippocampus, was counted for quantification (wild-type, n = 4; 5XFAD, n = 4;

PERK+/−·5XFAD, n = 5). Note that PERK haploinsufficiency almost completely prevented

cholinergic neurodegeneration in 5XFAD mice. All data are presented as mean ± SEM and

were analyzed by one-way ANOVA followed by post-hoc Fisher’s PLSD test (* p < 0.05 vs.

wild-type, # p < 0.05 vs. 5XFAD).
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Fig. 3.
Effects of PERK haploinsufficiency on β-amyloidogenic processing of APP and Aβ

accumulation in 5XFAD mice. (A) Representative immunoblots of protein extracts from

hippocampal homogenates of mice. (B, C) Immunoreactive bands were quantified and

expressed as the percentage of 5XFAD (B) or wild-type control (C) mice (wild-type, n = 6;

5XFAD, n = 8; PERK+/−·5XFAD, n = 8). Note that PERK haploinsufficiency significantly

reduced levels of BACE1, full-length APP and C99, while it restored decreased neprilysin

expression in 5XFAD mice. (D) Levels of total Aβ40 and Aβ42 were quantified by

sandwich ELISAs of guanidine extracts of hippocampal samples and expressed as the

percentage of 5XFAD controls (5XFAD, n = 9; PERK+/−·5XFAD, n = 12). (E) Brain

sections were immunostained with the 6E10 anti-Aβ antibody. Shown are representative

photomicrographs of the hippocampal and cortical regions. Scale bar = 500 μm. (F)

Percentage area occupied by Aβ deposits in the hippocampus and cerebral cortex was
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measured for quantification (5XFAD, n = 7; PERK+/−·5XFAD, n = 5). PERK

haploinsufficiency significantly reduced Aβ40 and Aβ42 concentrations as well as plaque

burden in 5XFAD mice. All data are presented as mean ± SEM and were analyzed by one-

way ANOVA followed by post-hoc Fisher’s PLSD test (* p < 0.05 vs. wild-type, # p < 0.05

vs. 5XFAD).
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Fig. 4.
Effects of PERK haploinsufficiency on ATF4 and CREB pathways in 5XFAD mice. (A)

Representative immunoblots of protein extracts from hippocampal homogenates of mice.

(B) Immunoreactive bands were quantified and expressed as the percentage of wild-type

control mice (wild-type, n = 6; 5XFAD, n = 8; PERK+/−·5XFAD, n = 8). Note that PERK

haploinsufficiency almost completely blocked ATF4 elevation, while it restored reduced

levels of phosphorylated CREB without affecting total CREB in 5XFAD mice. All data are

presented as mean ± SEM and were analyzed by one-way ANOVA followed by post-hoc

Fisher’s PLSD test (* p < 0.05 vs. wild-type, # p < 0.05 vs. 5XFAD).
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