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Abstract  26 

Protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK) is one of four known kinases 27 

that respond to cellular stress by deactivating the eukaryotic initiation factor 2 alpha (eIF2α) or 28 

other signal transduction cascades. Recently, both eIF2α and its kinases were found to play a role 29 

in normal and pathological brain function. Here, we show that reduction of either the amount or 30 

the activity of PERK, specifically in the CA1 region of the hippocampus in young adult male 31 

mice, enhances neuronal excitability and improves cognitive function. In addition, this 32 

manipulation rescues the age-dependent cellular phenotype of reduced excitability and memory 33 

decline. Specifically, the reduction of PERK expression in the CA1 region of the hippocampus of 34 

middle-aged male mice using a viral vector rejuvenates hippocampal function and improves 35 

hippocampal-dependent learning. These results delineate a mechanism for behavior and neuronal 36 

aging and position PERK as a promising therapeutic target for age-dependent brain malfunction.  37 

 38 

Significance Statement 39 
 40 

We found that (1) local reduced PERK expression or activity in the hippocampus enhances neuronal 41 

excitability and cognitive function in young normal mice, (2) old CA1 pyramidal cells have reduced 42 

excitability and an increased PERK expression, which can be rescued by reducing PERK expression 43 

in the hippocampus, and (3) reducing PERK expression in the hippocampus of middle-aged mice 44 

enhances hippocampal-dependent learning and memory and restores it to normal performance levels 45 

of young mice. These findings uncover an entirely new biological link among PERK, neuronal 46 

intrinsic properties, aging, and cognitive function. Moreover, our findings propose a new way to fight 47 

mild cognitive impairment and aging-related cognitive deterioration.  48 
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 49 

Translation of mRNA into protein can be divided into three phases: initiation, elongation, and 50 

termination, where both the initiation and elongation phases are vital for memory consolidation 51 

(Gal-Ben-Ari et al., 2012; Gildish et al., 2012; Taha et al., 2013; Heise et al., 2017). Both the 52 

transition from short- to long-term memory and synaptic plasticity are regulated by 53 

phosphorylation of eukaryotic initiation factor 2 (eIF2) at Serine 51 of its α subunit (p-eIF2α). 54 

Specifically, reduction in levels of p-eIF2α results in facilitation of long-term memory formation, 55 

while an increase results in memory impairment (Costa-Mattioli et al., 2007). From a 56 

biochemical perspective, eIF2α phosphorylation reduces translation of most mRNAs, but 57 

paradoxically stimulates translation of mRNAs harboring upstream open reading frames 58 

(uORFs) in their 5′UTR, such as activating transcription factor 4 (ATF4) and beta-secretase 1 59 

(BACE1) (Hooper et al., 2007; O’Connor et al., 2008). 60 

In the brain, eIF2α can be phosphorylated by three well-described kinases: 1- PKR, a double-61 

stranded RNA-dependent protein kinase; 2- PKR-like endoplasmic reticulum kinase (PERK); 62 

and 3- general control nonderepressible 2 (GCN2) (Gal-Ben-Ari et al., 2012; Segev et al., 2015). 63 

Of these three kinases, PERK is the major one to determine basal p-eIF2α levels (Moreno et al., 64 

2012; Trinh et al., 2012; Ounallah-Saad et al., 2014).  65 

The role of PERK in synaptic plasticity and hippocampal-dependent memory has been studied 66 

using a PERK conditional KO mouse model, where PERK is deleted specifically in excitatory 67 

neurons. In these mice, overall memory strength is not affected. However, behavioral flexibility 68 

is impaired, a finding attributed to facilitated mGluR-mediated long-term depression (mGluR-69 

LTD) (Trinh et al., 2012, 2014). Paradoxically, knocking down PERK in the cortex of adult rats 70 

resulted in enhanced memory and enhanced behavioral flexibility (Ounallah-Saad et al., 2014). 71 
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Nevertheless, the effect of PERK reduction specifically in the CA1 of adult mice on 72 

hippocampal-dependent cognitive function remains unaddressed.  73 

In addition to the function of PERK in learning and memory processes, it has also been 74 

implicated in age-dependent brain diseases. For example, decreasing p-eIF2α by reducing PERK 75 

activity or expression levels has been shown to rescue neurodegeneration in prion disease as well 76 

as memory deficits in the APP/PS1 Alzheimer’s disease (AD) mouse models that overproduce 77 

Aβ (Ma et al., 2013; Moreno et al., 2013; Radford et al., 2015). Brain aging also alters calcium 78 

homeostasis, which can negatively affect neuronal function. For example, aging is correlated 79 

with reduced neuronal excitability that can be measured via modulation in after-80 

hyperpolarization (AHP) and accommodation of hippocampal neurons (Disterhoft and Oh, 81 

2007). Moreover, with age, mAHP in CA1 neurons is significantly larger, thus causing lower 82 

neural excitability in aged rats (Disterhoft and Oh, 2007; Oh et al., 2010). Recent reports suggest 83 

that PERK regulates Gq protein-coupled Ca2+ dynamics in pyramidal neurons independently of 84 

its function as an eIF2α kinase (Zhu et al., 2016). Another recent report suggests that PERK 85 

activation is correlated with memory deficits after traumatic brain injury), mediated by novel 86 

targets of PERK, independent of eIF2α (Sen et al., 2017). 87 

   Nevertheless, the role of PERK and its targets in neuronal intrinsic properties and normal aging 88 

remains unexplored. In line with the dual functions of PERK in learning processes and aging-89 

dependent brain diseases, we tested two hypotheses: first, we tested the hypothesis that locally 90 

reduced PERK activity or expression in the CA1 region of the hippocampus results in better 91 

long-term memory. Second, we tested the hypothesis that reducing PERK in the CA1 region of 92 

middle-aged mice would have an ameliorating effect on both the declined cognitive performance 93 

and intrinsic neuronal excitability.  94 
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 95 

 96 

Materials and Methods 97 

 98 

Animals 99 

Male C57BL/6 mice (Harlan, Jerusalem) about 12-week-old, weighing 20-25 g, were used, 100 

unless otherwise indicated. The mice were housed individually, on a 12/12-h light/dark cycle, 101 

and provided with water and standard rodent chow ad libitum. Animals were handled according 102 

to approved protocols and animal welfare regulations of the University of Haifa Institutional 103 

Ethics Committee. For the aging experiment, 8-month-old male mice were purchased from 104 

Harlan, and kept under the same conditions until the time of the experiment. For behavioral 105 

experiments scr animals were injected at either 3/10 months of age and assessed at 5/12 month. 106 

For electrophysiology scr animals were injected at 4 months of age. 107 

Stereotaxic administration of PERK shRNA AAV 108 

To perform stereotaxic viral injections into the brain, mice were anesthetized with 5% isoflurane 109 

using an anesthesia system (HME109, Highland Medical Equipment). The mice were then 110 

placed in a rodent stereotaxic apparatus (Kopf Stereotaxic Alignment System Model 1900) with 111 

continuous 1.5% isoflurane. A small incision was made in the head, the skin was reflected, and 112 

the skull was exposed to show the bregma and lambda, as well as the desired injection sites. The 113 

following injection coordinates targeting dorsal hippocampal CA1 were used (relative to 114 

bregma): −1.46 mm anteroposterior (AP), ±1 mm mediolateral (ML), −1.4 mm dorsoventral 115 

(DV). A small drill hole was made in the skull over the injection site. A 10 μl Hamilton syringe 116 
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with a 32-gauge stainless steel needle, connected to a stereotacxic infusion pump, was used to 117 

inject the virus into the brain. A total of 1 μl of PERK shRNA (Sigma clone TRCN28772) AAV 118 

(pAAV-EF1a-ZsGreen-shRNA, 1 × 1012 vg per ml, serotype 5) or scrambled sequence AAV was 119 

bilaterally injected into the brain at a rate of 50 nl/min. The needle was left in place for 5 min 120 

before and after injection to allow for tissue relaxation and to minimize fluid retraction. Once the 121 

injection needle was withdrawn, the incision was closed with tissue adhesive (3M Vetbond, St. 122 

Paul, MN) and the mouse was removed from the stereotaxic apparatus. The mice were given at 123 

least 4 weeks to recuperate and to allow infected neurons to express high contents of AAV 124 

before any behavior experiments were conducted. 125 

Cannula implantation and microinjection of PERK inhibitor GSK2606414 126 

Animals were anesthetized under 5% isoflurane using an isoflurane anesthesia system (HME109, 127 

Highland Medical Equipment). Under aseptic conditions, a rodent stereotaxic apparatus (Kopf 128 

Stereotaxic Alignment System Model 1900) with continuous 1.5% isoflurane anesthesia was 129 

used. For CA1 infusion, cannula was implanted bilaterally into the CA1 region (from the 130 

bregma: −1.94 mm AP, ±1.0 mm ML, −1.0 mm DV). The implanted cannula was cemented on 131 

the skull. Each cannula was fitted with a 28-gauge dummy cannula that extended 0.1 mm beyond 132 

the tip of the guide cannula to prevent blockage of the guide cannula. After cannulation, mice 133 

were allowed to recover for 7 days before infusion of PERK inhibitor or vehicle and behavior 134 

experiments. On conditioning day, randomly assigned mice were infused with 100 nM PERK 135 

inhibitor GSK2606414 (Rozpędek et al., 2017) dissolved in dimethyl sulfoxide (DMSO) and 136 

further diluted in saline to a final DMSO concentration of 0.5%, via a 28-gauge infusion cannula 137 

connected by polyethylene (PE 20) tubing to a 10 μL Hamilton microsyringe (Hamilton 138 

Company). The infusion cannula protruded 0.25 mm beyond the guide cannula. For CA1 139 
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administration, infusion volume of 1 μl of 100 nM GSK2606414 or vehicle was delivered using 140 

a Harvard PHD2000 syringe pump (Harvard Apparatus) over the course of 1 min (at a rate of 1 141 

μL/min). After infusion, the injection cannula was kept in the guide cannula for an additional 142 

minute to minimize dragging of infused solutes along the injection tract. Locations of cannula 143 

were verified in 30 μm coronal sections. 144 

Trace fear conditioning 145 

Model chambers measuring 25 × 25 × 25 cm internally (Panlab, Harvard Apparatus) were 146 

located inside a larger, insulated plastic cabinet that excluded external light and noise. For the 147 

trace fear conditioning protocol, mice were placed in a chamber (with light [20 W bulb] and a 16 148 

bar metal grid floor) for 120 s, after which the mice received a 2.9 kHz tone, applied for 20 s at 149 

80 dB (conditioned stimulus) and a 0.5 mA footshock applied for 2 s (unconditioned stimulus) 150 

20 s following the end of the conditioned stimulus. This protocol was repeated 5 times, where 151 

each tone-shock presentation was separated by a 2-minute interval. After administration of the 152 

last shock, animals remained in the chamber for 2 minutes before they were taken back to the 153 

home cage. The chambers were cleaned with 10% ethanol between successive sets of mice. 154 

Animals from control and treatment groups were randomized between the 4 different chambers. 155 

For the context test, mice were placed in the conditioning chamber 24 h after conditioning and 156 

kept in the cage for 300 s without tone or foot shock. For the tone-trace test, animals were put in 157 

chambers 48 h after conditioning, but the grid floor was hidden with black plastic to create 158 

another context, and the animals were presented with the tones as on the conditioning day. 159 

Animal behavior was recorded, and the data were analyzed by Freeze Frame 3.0 software 160 

(Coulbourn Instruments). The indication for fear memory was percentage of time spent freezing. 161 

We used the Shapiro-Wilk test as a numerical means of assessing normality. Independent sample 162 
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t-test was used as a parametric test, and for the non-parametric equivalent, the Mann-Whitney U 163 

Test was used. Exclusion/Inclusion criteria: Cannula and injection site were determined blindly. 164 

Animals were serially numbered, and injection or cannulation site were determined. Animals 165 

with misplaced injections were excluded. The experimenter who determined injection or cannula 166 

site was blind to the treatment. 167 

Preparation of total samples for biochemical analysis 168 

At the end of the behavioral procedure, the brains were removed and snap-frozen in liquid 169 

nitrogen. CA1 punches were made using a cryostat (Leica, Germany) according to injection 170 

coordinates and were homogenized by 30 strokes in a glass-Teflon homogenizer in a lysis buffer 171 

containing 10 mM HEPES, pH 7.4, 2 mM EDTA, 2 mM EGTA, 0.5 mM DTT, 1% phosphatase 172 

inhibitor cocktail (3 -P0044, Sigma), and 1% protease inhibitor cocktail (p2714, Sigma). Protein 173 

content was determined with the BCA Protein Assay Kit (GE Healthcare). Appropriate volumes 174 

of 2X SDS sample buffer (10% glycerol, 5% β-mercaptoethanol, 4% SDS, 120 mM Tris-HCl, 175 

pH 6.8) were added to the homogenates, and samples were boiled for 5 min and stored at -80 °C 176 

until further analysis. 177 

Western blotting 178 

Samples were prepared in SDS sample buffer, and subjected to 7.5–10% SDS-PAGE and 179 

Western blot analysis. Each lane was loaded with an equal amount of protein (10 μg). After 180 

transfer to a nitrocellulose membrane, the blots were blocked for 1 h with 4% BSA in Tris-181 

buffered saline plus 0.5% Tween 20 (TBST) at room temperature. They were then incubated 182 

overnight with the following primary antibodies: PKR (1:1000; Santa Cruz), eIF2α (1:1000; Cell 183 

Signaling Technology), p-(Ser51) eIF2α (1:1000; Cell Signaling Technology), PERK, (1:1000; 184 
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Cell Signaling Technology), CREB (1:1000; Cell Signaling Technology), p-(Ser133) CREB 185 

(1:1000; Cell Signaling Technology), PSD95 (1:1000; Cell Signaling Technology), p-(Thr19) 186 

PSD95 (1:1000, Abcam), β-actin (1: 3000; Santa Cruz Biotechnology), and β-tubulin (1:30,000; 187 

Sigma). The blots were then subjected to three 5 min washing steps in TBST, after which they 188 

were incubated with the corresponding HRP-conjugated secondary antibodies: goat anti-rabbit 189 

(IgG), goat anti-mouse (IgG), or rabbit anti-goat (IgG) (1:10,000; Millipore Bioscience Research 190 

Reagents), for 1 h at room temperature followed by three 10 min washing steps with TBST. 191 

Immunodetection was performed with the enhanced chemiluminescence EZ-ECL Kit (Biological 192 

Industries). The immunoblots were quantified with a CCD camera and Quantity One software 193 

(Bio-Rad, USA). Each sample was measured relative to the background. Phosphorylation levels 194 

were calculated as the ratio between chemiluminescence values of the antibody directed against 195 

the phosphoproteins and those of the antibody directed against the phosphorylation state 196 

independent forms of the proteins. 197 

RNA extraction and quantitative real time PCR 198 

RNA was extracted from mouse hippocampus using TRI Reagent (Molecular Research Center 199 

INC), according to the manufacturer’s protocol. RNA concentration and purity were evaluated 200 

using Nanodrop (ThermoScientific, Nanodrop2000).  High Capacity Reverse Transcription Kit 201 

(ABI, USA) was used according to the manufacturer's instructions for cDNA synthesis, in a total 202 

volume of 20 μl using 1 μg of RNA as template. The qRT-PCR reaction was performed in a total 203 

volume of 10 μl using the following TaqMan assays (Applied Biosystems, USA): PERK 204 

(Mm00438700_m1) and HPRT (Mm00446968_m1).  Reactions were carried out in accordance 205 

with the manufacturer's instructions. Real Time-PCR analysis was performed using the PCR 206 
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System STEP-ONE plus (Applied Biosystems).  Relative mRNA levels were calculated using 207 

the ∆∆Ct method, and the 2^-∆∆Ct formula. Statistical analysis was performed on dct values. 208 

Electrophysiology 209 

Tissue preparation 210 

Mice were sacrificed by cervical dislocation or by anesthetizing with isoflurane and subsequent 211 

decapitation. Three hundred micrometer coronal brain slices were cut with a Campden-1000 Vibratome. 212 

Slices were cut in ice-cold sucrose-based cutting solution (containing (in mM): 110 sucrose, 60 NaCl, 3 213 

KCl, 1.25 NaH2PO4, 28 NaHCO3, 0.5 CaCl2, 7 MgCl2, 5 D-glucose, and 0.6 ascorbate). The slices were 214 

allowed to recover for 30 min at 37 °C in artificial cerebrospinal fluid (ACSF), containing (in mM): 125 215 

NaCl, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 25 D-glucose, 2 CaCl2, and 1 MgCl2, followed by additional 216 

recovery for at least 30 min in ACSF at room-temperature, until electrophysiological recording. The 217 

solutions were constantly gassed with carbogen (95% O2 + 5% CO2).  218 

Intracellular whole-cell recording 219 

After the recovery period, slices were placed in the recording chamber and maintained at 34 °C 220 

with continuous perfusion of carbogenated ACSF (2 ml/min). Brain slices containing the dorsal 221 

hippocampus were illuminated with infrared light and pyramidal cells were visualized under a 222 

differential interference contrast microscope (DIC) with ×60 or ×40 water-immersion objectives, 223 

mounted on a fixed-stage microscope (BX51-WI; Olympus). The image was displayed on a 224 

video monitor using a charge-coupled device (CCD) camera (Dage MTI). In AAV injected 225 

animals, cells infected with AAV containing PERK-shRNA or scrambled sequence shRNA 226 

(PERK-Scr)- were identified by GFP green fluorescence. Recordings were amplified by 227 

multiclamp 700B or Axopatch 200B amplifiers and digitized with Digidata 1440 (Molecular 228 
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Devices). The recording electrode was pulled from a borosilicate glass pipette (3–5 MΩ) using 229 

an electrode puller (P-1000; Sutter Instruments) and filled with a K-gluconate-based internal 230 

solution, containing (in mM): 120 K-gluconate, 20 KCl, 10 HEPES, 2 MgCl2, 4 Na2ATP, 0.5 231 

TrisGTP, and 14 phosphocreatine. The osmolarity was 290 mOsm and the pH was 7.3. The 232 

recordings were made from the soma of CA1 pyramidal cells. Liquid junction potential 233 

(+10 mV) was not corrected online. All current-clamp recordings were low-pass filtered at 10 234 

kHz and sampled at 50 kHz. Pipette capacitance and series resistance were compensated and 235 

only cells with series resistance smaller than 20 MΩ were included in the data set. The method 236 

for measuring active intrinsic properties was based on a modified version of (Kaphzan et al., 237 

2013; Chakraborty et al., 2017). For recordings with GSK2606414, the inhibitor was added to 238 

the pipette solution (100nM). 239 

Recording parameters 240 

Resting membrane potential (RMP) was measured 5 min after the beginning of whole-cell 241 

recording (rupture of the membrane under the recording pipette). The dependence of firing rate 242 

on the injected current was obtained by injection of current steps (of 1 s duration from -150 to 243 

+300 pA in 50 pA increments). Input resistance (Rin) was calculated from the voltage response 244 

to a hyperpolarizing current pulse (-150 pA). For measurements of a single AP, after initial 245 

assessment of the current, which was required to induce an action potential at 15 ms from the 246 

start of the current injection with large steps (50 pA), we injected a series of brief depolarizing 247 

currents for 10 ms in steps of 10 pA increments. The first action potential that appeared on the 248 

5 ms time point was analyzed. A curve of dV/dt was created for that trace, and the 30 V/s point 249 

in the rising slope of the action potential was considered as threshold (Chakraborty et al., 2017). 250 
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AP amplitude was measured from the equipotential point of the threshold to the spike peak, 251 

while AP duration was measured at the point of half-amplitude of the spike. The mAHP 252 

(medium after-hyperpolarization) was measured using prolonged (3 s), high-amplitude (3 nA) 253 

somatic current injections to initiate time-locked action potential trains of 50 Hz frequency and 254 

duration (10–50 Hz, 1 or 3 s) in pyramidal cells. These action potential trains generated pro-255 

longed (~20 s) AHPs, the amplitudes and integrals of which increased with the number of action 256 

potentials in the spike train. AHP was measured from the equipotential point of the threshold to 257 

the anti-peak of the same spike (Gulledge et al., 2013).  258 

Series resistance, input resistance, and membrane capacitance were monitored during the entire 259 

experiment. Changes greater than 10% in these parameters were criteria for exclusion of data. 260 

All experimental analyses were performed in a blind manner; the identity of the mouse from 261 

which neurons were recorded (PERK shRNA or scrambled) was not known to the person 262 

conducting the experiments and measurements. 263 

 264 

Statistical analysis 265 

Experimenters were blinded to the group and treatment during testing and scoring. To decide the 266 

sample size for our behavioral, electrophysiological, imaging and biochemical experiments, we 267 

followed the standard sample sizes used in similar experiments in each of the relevant fields in 268 

the literature. Calculated statistical values are presented as means ± S.E.M. Differences in mean 269 

values were assessed with the appropriate ANOVA (one-way or two-way repeated measures) 270 

followed by multiple comparisons. For comparisons between two groups, data were analyzed 271 
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using Student's t-test. Differences between means were considered statistically significant if p < 272 

0.05. 273 

  274 
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Results  275 

Inhibition of PERK activity in CA1 region enhances hippocampal memory and neuronal 276 

excitability 277 

In a previous study, we have shown that reduced PERK activity or expression in specific cortical 278 

regions enhances memory and behavioral flexibility (Ounallah-Saad et al., 2014). Here, we first 279 

tested whether a similar phenomenon would be observed in the adult hippocampus, a brain 280 

structure necessary for different cognitive functions in human and rodents. Towards that aim, we 281 

reduced PERK activity in the adult hippocampus by bilaterally infusing a PERK-specific 282 

inhibitor, GSK2606414 (100 nM), to the CA1 region (Figure 1a) 50 min. prior to the acquisition 283 

phase (Figure 1b) of a trace fear conditioning paradigm (Figure 1c). Long-term memory was 284 

tested 24 h after conditioning by re-exposing the animals to the training context. Tone-trace 285 

memory was tested 48 h following conditioning by putting the animals in a new context and 286 

presenting the tone from the training day. This behavioral paradigm was selected since working 287 

memory and declarative memory processes are engaged to facilitate formation of trace memory 288 

during the trace fear conditioning procedure, which is more difficult to acquire than standard 289 

delayed fear conditioning procedures, and critically engages the hippocampus (Bangasser et al., 290 

2006; Connor and Gould, 2016). Several studies have shown that dorsal hippocampus lesions 291 

before and after the training impair the animal’s ability to associate the CS and US stimuli when 292 

they are separated by the trace interval. However, animals with hippocampal lesions could 293 

associate CS and US in a delay situation where no trace interval separates the CS and US 294 

(McEchron et al., 1998, 2000; Quinn et al., 2002). In addition, this paradigm is well 295 

characterized, and enables testing hippocampal-dependent non-spatial learning and memory 296 

(Lugo et al., 2014), as well as detecting subtle learning and memory deficits and enhancements 297 
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in mice that are not found using other fear conditioning methods   (Wiltgen et al., 2005; Lugo et 298 

al., 2014). In the tone-trace test conducted 48 h after conditioning, PERK inhibition resulted in 299 

enhanced freezing during tone presentation, as well as in the trace interval following the tone, 300 

compared with vehicle-treated animals (Figure 1e). However, context memory was not altered, 301 

as demonstrated by a similar freezing percentage in both groups (Figure 1d). In addition, 302 

reduction of PERK activity at the time of conditioning had no effect on extinction (data not 303 

shown).  304 

In order to test possible neuronal mechanisms underlying the cognitive enhancement observed by 305 

a reduction in PERK activity, we examined intrinsic neuronal properties using whole cell patch 306 

clamp recording from pyramidal CA1 neurons following PERK inhibition. PERK inhibition 307 

(GSK2606414, 100 nM, in the recording pipette) in acute mouse hippocampal slices resulted in 308 

increased neuronal excitability, reflected in increased action potential (AP) firing frequency, 309 

obtained in response to depolarizing current steps (Figure 1f). Moreover, PERK inhibition 310 

caused a significantly reduced mAHP, another indication of increased neuronal excitability 311 

(Figure 1g). The effect of the PERK inhibitor, GSK2606414, on neuronal passive intrinsic 312 

properties was also examined. Neither resting membrane potential (RMP) nor input resistance 313 

were changed. However, PERK inhibition hyperpolarized the AP threshold and produced longer 314 

and narrower AP (data not shown). On the biochemical level, PERK inhibition had no effect on 315 

total PERK levels, but resulted in significant reduction in p-eIF2ɑ levels (Figure 1h, i).  316 

Reduction in CA1 PERK expression level enhances hippocampal-dependent memory and 317 

neuronal excitability 318 

To examine whether genetic reduction of PERK expression level yields similar results to those 319 

obtained with pharmacological inhibition of its activity, we bilaterally injected an adeno-320 
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associated virus (AAV) expressing PERK-specific shRNA into the CA1 region of the 321 

hippocampus (Figure 2a, b, e). The effect on hippocampal-dependent learning was examined 322 

using the trace fear conditioning paradigm as described in Figure 1. Indeed, the cognitive 323 

enhancement observed following genetically reducing PERK levels was similar to that observed 324 

following CA1-specific inhibition of PERK activity: while tone and trace memory were 325 

significantly enhanced in the animals injected with PERK shRNA AAV compared to control 326 

animals injected with scrambled (SCR) shRNA AAV (Figure 2g), context memory was 327 

unaffected (Figure 2f). The extinction of tone and trace memory in animals treated with PERK 328 

shRNA was normal (data not shown). As expected, animals injected with PERK shRNA AAV 329 

show reduction in both PERK expression level and p-eIF2α level in CA1 punches, compared to 330 

SCR AAV-injected animals (Figure 2c, d).  331 

The changes in intrinsic properties were similar to those observed with the PERK inhibitor. To 332 

complement the behavioral data, 4-month-old mice were injected with PERK shRNA AAV or 333 

scrambled sequence AAV into the CA1 region of hippocampus. The reduction of PERK 334 

expression levels in the CA1 region resulted in increased neuronal excitability (Figure 3). Action 335 

potential (AP) firing frequency, obtained in response to depolarizing current steps, was 336 

significantly higher in neurons infected with PERK shRNA AAV, compared to neurons infected 337 

with scrambled AAV (Figure 3a). In addition, neurons infected with PERK shRNA AAV 338 

showed a significant reduction in mAHP, compared to neurons infected with SCR AAV (mean 339 

difference of 3.3 mV, Figure 3b). Additionally, the passive properties of neurons infected with 340 

PERK shRNA were examined. Similarly, to the inhibition of PERK activity, reducing perk 341 

expression levels had no effect on input resistance, but hyperpolarized the AP threshold (data not 342 

shown). Interestingly, in contrast to acute inhibition of PERK activity with GSK2606414, 343 
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chronic reduction in perk expression level hyperpolarized the resting membrane potential (RMP) 344 

and had no effect on AP amplitude and AP mid-width, compared to the neurons infected with 345 

SCR shRNA AAV (data not shown). 346 

PERK reduction in the CA1 region of the hippocampus reverses memory deterioration and 347 

decreased neuronal excitability associated with age.  348 

Taken together, our results above demonstrate that reduced PERK expression levels or activity 349 

improves hippocampal-dependent memory and increases neuronal excitability. Since PERK 350 

mRNA levels are increased in middle-aged mice (Figure 4a), we next wished to examine if 351 

PERK knockdown in hippocampus of older (12-month) mice would have a beneficial effect on 352 

behavioral performance. To test this hypothesis, PERK shRNA AAV or SCR AAV was 353 

bilaterally injected into the CA1 region of the hippocampus of 10-month-old mice, and 354 

behavioral performance was assessed at the age of 12 months. In addition, 3-month-old mice 355 

were bilaterally injected with SCR AAV into the CA1 region of the hippocampus, and assessed 356 

for behavioral performance at the age of 5 months, thus enabling the assessment of the effect of 357 

age. In these experiments, we found that contextual memory, as measured in the trace fear 358 

conditioning paradigm, was impaired in 12-month-old animals injected with SCR AAV, 359 

compared to 5-month-old animals injected with the same vector (Figure 4b). However, 360 

administration of PERK shRNA AAV to 12-month-old animals prevented this age-induced 361 

memory decline, resulting in contextual memory performance similar to 5-month-old animals 362 

injected with SCR AAV (Figure 4a). A similar rescue was observed in the tone-trace memory 363 

test, where 12-month-old animals injected with PERK shRNA AAV performed at least as well as 364 

5-month-old animals injected with SCR AAV, overcoming the age-induced memory impairment 365 
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(Figure 4c). Extinction was normal in both 12-month-old animals injected with PERK shRNA 366 

and with SCR control (data not shown).  367 

On the physiological level, AP frequency in infected neurons derived from 12-month-old 368 

animals injected with SCR AAV was lower than in infected neurons from 5-month-old animals 369 

treated with the same vector shown in Figure 3a (the 5-month scrambled group used in Figure 370 

4d, 4e is the same as in Figure 3a and b), reflecting normal physiological changes that 371 

accompany aging (Figure 4d), as previously reported (Kumar and Foster, 2007; Gant and 372 

Thibault, 2009). However, this aging-induced decrease in AP frequency was prevented in 373 

infected neurons derived from 12-month-old animals treated with PERK shRNA AAV, and AP 374 

frequency was even higher in these animals compared to 5-month-old animals treated with SCR 375 

AAV (Figure 4d). Furthermore, the effect of normal aging on neuronal excitability was reflected 376 

in the mAHP that was significantly increased in neurons derived from 12-month-old animals 377 

treated with SCR AAV compared with neurons derived from 5-month-old scrambled injected 378 

animals shown in Figure 3b (Figure 4e). However, treatment with PERK shRNA AAV not only 379 

reversed this increase in 12-month-old animals but also resulted in significantly smaller mAHP 380 

than in the 5-month-old animals treated with SCR AAV (Figure 4e). When assessing passive 381 

properties, RMP in neurons from 12-month-old animals infected with either PERK shRNA AAV 382 

or SCR AAV was of similar levels, and more hyperpolarized compared to neurons derived from 383 

5-month-old animals treated with SCR AAV (data not shown). A molecular pathway known to 384 

regulate memory and neuronal intrinsic properties is CREB. A recent study has shown that 385 

PERK stimulation inactivates CREB and destabilizes PSD95 in dendritic spines (Sen et al., 386 

2017). To test if CREB is the signaling pathway downstream of the effects of PERK that leads to 387 

modifications in neuronal intrinsic properties in middle-aged mice, we injected another group of 388 
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11-month-old animals with PERK shRNA or scrambled control to the CA1 region of the 389 

hippocampus.  Our results show that while administration of PERK shRNA reduced expression 390 

levels of both PERK and eIF2α phosphorylation in the CA1 region of the hippocampus (Figure 391 

5a and b, in agreement with Figure 2), no change was observed in the expression levels of p-392 

CREB (Ser 133; Figure 5c), total PSD95, or its phosphorylated form at threonine-19 (Figure 5d 393 

and e).  394 

 395 

 396 

 397 

Discussion 398 

In the current work, we show that local inhibition of PERK activity by infusing a PERK-specific 399 

inhibitor (GSK2606414) into the CA1 region of the hippocampus of wt mice, enhances trace and 400 

tone memories, using the trace fear conditioning paradigm (Figure 1), while the extinction of the 401 

trace and tone memories remained normal. Similar results of enhanced trace and tone memories 402 

with normal memory extinction were also obtained following prolonged reduction in perk 403 

expression level, achieved by genetically knocking down PERK in the CA1 region, by using 404 

PERK-specific shRNA (Figure 2). This phenotype was distinct from that of the PERK KO 405 

mouse model under the CaMKII promoter, characterized by impaired hippocampal-dependent 406 

flexibility, with no effect on memory strength (Trinh et al., 2012, 2014). The different phenotype 407 

observed in the present study suggests that the role of PERK in cognitive function depends on 408 

the brain area, cell type manipulated, and behavioral paradigm used. For example, injecting viral 409 

vector expressing shRNA against PERK into the CA1 region of the hippocampus, as described in 410 
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the present study, reduces the expression level of PERK in both excitatory and inhibitory 411 

neurons, and not only in excitatory neurons (Trinh et al., 2012, 2014). In addition, different 412 

behavioral paradigms have been used in the studies performed using the PERK KO mice than the 413 

one used in the present study. Interstigly, pkr KO mice, another eIF2α kinase, have a phenotype 414 

that is specific to interneurons (Zhu et al., 2011). It is thus possible that the effect is dependent 415 

on specific neuronal subtype populations.  416 

In accordance with the enhanced behavioral performance observed following either PERK 417 

inhibition (using GSK2606414) or decreased PERK expression (using a viral vector), both 418 

manipulations resulted in increased neuronal excitability, manifested as significant reduction in 419 

mAHP amplitude and increase in action potential firing frequency (Figure 1 and 3). This result 420 

indicates that PERK plays a role in the homeostasis of neuronal intrinsic properties. Assuming 421 

that aging can be biochemically defined as prolonged metabolic stress, the link between aging 422 

and changes in neuronal inrinsic properties can be mediated by PERK, which serves as a main 423 

cellular mechanism to respond to ER stress. Further research is required to better define 424 

additional PERK targets during normal aging.  425 

 It is currently unknown how inhibition or decreased expression of PERK leads to increased 426 

neuronal excitability. One possibility is that PERK exerts its effect via cAMP response element-427 

binding protein (CREB) signaling (Sen et al., 2017). As we and others have shown, genetic or 428 

pharmacologic reduction of PERK decreases phosphorylation of eIF2α in neurons in vitro and in 429 

vivo (Ounallah-Saad et al., 2014; Bruch et al., 2017). Phosphorylation of eIF2α, in turn,  430 

activates CREB by inhibiting the CREB repressor, ATF4, and enhances memory performances 431 

in different learning tasks by decreasing the threshold for neuronal excitability (Costa-Mattioli et 432 

al., 2005, 2007; Stern et al., 2013; Devi and Ohno, 2014). Different CREB mutant mice with loss 433 
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of CREB function have impaired memory formation and long-term potentiation (LTP), whereas 434 

enhanced CREB function in CREB-DIEDML mice and CREB-Y134F mice show improved 435 

memory formation. In addition, CREB-VP16 mice in which CREB is expressed constitutively 436 

displayed a lowered threshold of long-lasting LTP (L-LTP) induction. These findings have been 437 

shown to be mediated by regulating the expression of c-fos, activity-regulated cytoskeleton-438 

associated protein (Arc), and brain-derived neurotrophic factor (BDNF) (Sheng et al., 1991; 439 

Finkbeiner et al., 1997; Kawashima et al., 2009; Kida, 2012). Conversely, we found that PERK 440 

reduction in the CA1 region of the hippocampus does not affect CREB phosphorylation, 441 

suggesting that CREB activity is not downstream to PERK under normal conditions. However, 442 

we cannot rule out that specific neuronal subtypes are differentially regulated since our tissue 443 

samples contain different cells.    444 

Interestingly, PERK has been shown to regulate insulin secretion and calcium dynamics in β 445 

cells of the pancreas (Wang et al., 2013a). In addition, acute inhibition of PERK reduced the rise 446 

in intracellular Ca2+ concentration in response to activation of acetylcholine, metabotropic 447 

glutamate, and bradykinin-2 receptor in primary cortical neurons. This was shown to occur by 448 

increased Ca2+ release from the endoplasmic reticulum (ER), mediated by inositol triphosphate 449 

receptor (IP3R), in parallel to decreased extracellular Ca2+ influx, mediated by Gq protein-450 

coupled receptors (Zhu et al., 2016).  451 

These findings raise the possibility that PERK may affect neuronal excitability, at least in part, 452 

by regulating intracellular calcium dynamics. Further research is required to better characterize 453 

this possible link between calcium and PERK in the brain and its effect on cognitive 454 

performance in health and disease. Thus, manipulation of PERK levels or activity may modulate 455 

neuronal plasticity by regulating and controlling neuronal excitability, in parallel-and possibly 456 
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independently of its role as the major eIF2α-regulating kinase. It was recently described that 457 

PERK deletion alleviates mGluR-LTD impairment in aging AD animals (Yang et al., 2016). 458 

However, our findings present an additional cellular mechanism that is distinct from LTP- and 459 

LTD-related mechanisms. Furthermore, we show here that reducing perk expression levels 460 

rescues age-dependent deficits, as measured both on the behavioral level and on the 461 

physiological level (Figure 4). This is in line with the reported increase in hippocampal 462 

phosphorylation levels of eIF2α with age in both rats and mice, and in young AD model mice 463 

(Segev et al., 2013, 2016).  464 

The relationships between aging, neuronal intrinsic properties and cognitive function are 465 

complex. Changes in PERK levels correlated with age may underlie some of the processes that 466 

lead to cognitive deterioration by altering mAHP in CA1 neurons (Disterhoft and Oh, 2006, 467 

2007). In accordance with the literature, we observed that mAHP is increased in the aging 468 

hippocampus (Disterhoft and Oh, 2007; Kumar and Foster, 2007; Gant and Thibault, 2009). The 469 

functional consequence of this age-related increase in mAHP is that CA1 neurons fire fewer 470 

action potentials in response to a prolonged depolarizing stimulus: i.e., the intrinsic neuronal 471 

excitability of these neurons is reduced by the larger mAHP.  472 

mAHP is activated by Ca2+ ions released from the ER via Ca2+-induced Ca2+ release (CICR) 473 

mechanisms and Ca2+ ions that enter the cell via voltage-gated calcium channels (VGCCs). 474 

VGCCs are modulated by Gq proteins, which govern the calcium-dependent neurotransmission 475 

and synaptic communication (Bernheim et al., 1991; Mintz and Bean, 1993; Catterall and Few, 476 

2008).  477 
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In normal aging, mAHP is significantly increased (Disterhoft and Oh, 2006, 2007). There are 478 

numerous potential factors for this increase, which may lead to cognitive deficits (Oh et al., 479 

2010). Examples include increased L-type VGCCs (Thibault and Landfield, 1996; Norris et al., 480 

1998; Power et al., 2002), increased CICR (Kumar and Foster, 2004; Gant et al., 2006), increased 481 

calcineurin activity and expression (Foster et al., 2001) that leads to a reduction in CREB 482 

activation (Bito et al., 1996; Mons et al., 2004), and reduced Na+/K+-ATPase activity (Koçak et 483 

al., 2002).  484 

Our data show that in young (5-month-old) animals, pharmacological as well as genetic 485 

reduction of PERK activity or levels, resulted in significantly reduced mAHP, increased 486 

excitability and improved cognitive performance. Moreover, genetic reduction of PERK 487 

expression in the CA1 region of the hippocampus in aging (12-month-old) mice rescued memory 488 

deterioration, reduced the mAHP, and increased action potential frequency. This is the first time, 489 

to our knowledge, where reducing PERK levels is reported to affect neuronal intrinsic 490 

excitability properties, and to rescue cognitive deficits related to normal aging. Further research 491 

is required to dissect the specific molecular changes that result from PERK reduction, and lead to 492 

the observed cellular changes and correlated observed cognitive changes. 493 

Aging is the main risk factor for developing neurodegenerative disorders involving cognitive 494 

disabilities (Segev et al., 2013, 2015, 2016; Wang et al., 2013b). Recent publications have 495 

highlighted PERK as a potential therapeutic target for several neurodegenerative diseases such as 496 

prion disease, AD, and fronto-temporal dementia (Moreno et al., 2012; Ma et al., 2013; Devi and 497 

Ohno, 2014; Radford et al., 2015; Penke et al., 2016). One possible mechanism through which 498 

PERK is thought to mediate brain diseases in aging is via its role in the regulation of the 499 

unfolded protein response (UPR), an endoplasmic reticulum (ER) stress response which affects 500 
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cell fate (Ma et al., 2013; Moreno et al., 2013). The ER, along with maintaining protein 501 

folding/unfolding, controls cellular Ca2+ homeostasis, and therefore can affect neuronal 502 

excitability (De Felice and Lourenco, 2015).  503 

Interestingly, both Ca2+/calmodulin-dependent protein phosphatase calcineurin (CaN) and 504 

ATPase functionality are modulated by binding PERK. Thus, CaN may serve as a link among 505 

PERK activation, Ca2+ regulation, synaptic plasticity, cell survival, and cognition (Bollo et al., 506 

2010). For example, overexpression of CaN in young adult animals leads to altered synaptic 507 

function and memory retention deficits (Mansuy et al., 1998; Winder et al., 1998; Zhuo et al., 508 

1999), remarkably similar to those observed in normal aged rodents (Sharp et al., 1985; Foster, 509 

1999). In addition, age-related impairments in neural function and cognition may involve 510 

increased CaN activity as a result of Ca2+ dyshomeostasis (Kumar and Foster, 2005).  511 

Furthermore, expression levels of CaN and its coactivator, Na+/K+-ATPase, are inversely 512 

correlated to the severity of AD (Wu et al., 2010; Karch et al., 2013).  513 

In recent reports, oral treatment of prion disease and of fronto-temporal dementia rodent models 514 

with PERK inhibitor GSK206414 resulted in the rescue of the pathology and associated 515 

neurodegeneration (Moreno et al., 2013; Radford et al., 2015), with diabetes as a side effect 516 

(Wang et al., 2013a, 2014). Therefore, targeting PERK systemically to treat age-related cognitive 517 

deficits and neurodegeneration will require a better understanding of the drug dynamics, in order 518 

to allow improved drug design that would make it more specific to brain cells. Gene therapy in 519 

the brain using AAV as described in the current study may be a useful tool regarding local 520 

specificity. Nevertheless, substantial studies are required to assess the safety and potential 521 

adverse events that may arise in the long run when using gene modifying therapies. The notions 522 

that neuronal cells can be rejuvenated, and that age-dependent cognitive decline can be restored 523 
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by manipulating PERK, position PERK as a major target to develop therapies for mild cognitive 524 

impairment and neurodegeneration.  525 

 526 

   527 
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Figure legends 740 

Figure 1. PERK inhibition (GSK2606414, 100 nM) in the CA1 enhances trace fear 741 

conditioning (TFC) memory and increases neuronal excitability. (a) Cannulation site to CA1 742 

region. (b) Experimental design. (c) TFC protocol. (d) GSK2606414 has no effect on context 743 

memory (vehicle: n = 11; GSK2606414: n = 13; Mann-Whitney U Test, U = 58.5, p = 0.451). (e) 744 

GSK2606414 enhances tone memory. Inhibitor vs vehicle; GSK2606414 (*Mann-Whitney U 745 

Test, U = 34, p = 0.03). GSK2606414 enhances trace memory in the 20 s trace interval following 746 

tone presentation Inhibitor vs vehicle; GSK2606414 (Independent sample t-test, t (21.086) = -2.672, 747 

*p = 0.014.  (f) GSK2606414 increases the firing index in treated neurons (n = 21) vs. vehicle 748 

controls (n = 19) (Two-way repeated measure ANOVA, F (1,18) = 41.24; *p = 4.8 × 10-6). Inset 749 

shows examples of traces obtained in response to ± 150 pA current steps with the vehicle (gray) 750 

or the inhibitor (magenta) in the recording pipette. (g) GSK2606414 reduces mAHP in treated 751 

neurons n = 21) vs. vehicle controls (n = 19, Independent sample t-test, t (31.401) = -4.255, *p = 752 

0.00017). Inset: examples of traces showing AHP obtained in response to current protocol (see 753 

methods) with the vehicle (gray) or the inhibitor (magenta) in the recording pipette. (h) Total 754 

PERK protein levels are not changed in CA1 punches after GSK2606414 infusion (Independent 755 

sample t-test, t (14) = -0.832, p = 0.419). (i)  GSK2606414 infusion into the CA1 region reduces 756 

p- eIF2α in adult mice (Independent sample t-test, t (14) = 2.235, *p = 0.042). 757 

 758 

Figure 2. Genetic reduction of PERK expression in the CA1 enhances trace fear 759 

conditioning memory. (a) Representative illustration of target area for PERK knockdown. (b) 760 

The structure of the plasmid used to express either scrambled or PERK shRNA sequence. (c)  761 

Total PERK levels are reduced in CA1 of animals injected with PERK shRNA (Independent 762 
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sample t-test, t (14) = 2.724, *p = 0.016). (d) PERK knockdown reduces p-eIF2α level 763 

(Independent sample t-test, t (14) = 2.28, *p = 0.039) in the CA1 region. (e) 764 

Immunohistochemistry for EGFP reporter demonstrates that PERK shRNA AAV expression is 765 

restricted to the CA1 region of the hippocampus. (f) Context memory is similar in animals 766 

injected with PERK shRNA or SCR-shRNA. (g) Reduced PERK expression enhances tone 767 

(Independent sample t-test, for tone: t (20) = -2.436, *p = 0.024) and trace (Independent sample t-768 

test, for trace: t (20) = -2.69, *p = 0.014) memory in animals injected with PERK shRNA, 769 

compared to control animals injected with SCR-shRNA. Data presented are mean freezing 770 

percent ± SEM. 771 

 772 

Figure 3. Genetic reduction of PERK expression in the CA1 increases neuronal excitability. 773 

(a) AP frequency was increased in PERK shRNA AAV infected neurons (n = 14) vs. SCR-774 

shRNA AAV infected control neurons (n = 13) (Two-way repeated measure ANOVA, F (1, 12) = 775 

25.45; *p = 0.00029). Inset shows examples of voltage traces obtained in response to ±150 pA 776 

current steps in PERK shRNA AAV infected neuron (gray) or in SCR-shRNA AAV infected 777 

neuron (blue). (b) mAHP amplitude was smaller in PERK shRNA AAV infected neurons n = 14) 778 

vs. SCR-shRNA AAV infected neurons (n = 13, Independent sample t-test, t (25) = 5.71, *p = 6 × 779 

10-6). Examples for voltage traces are shown in the inset. Data presented are mean freezing 780 

percent ± SEM. 781 

 782 

Figure 4. Genetic reduction of PERK expression in the CA1 region alleviates memory 783 

deficits in aging animals and increases neuronal excitability of middle-aged neurons 784 
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beyond young neurons expressing scrambled controls. (a) PERK mRNA relative quantity is 785 

increased in 13-month-old animals compared to 4-month-old animals. (b) Context memory is 786 

impaired in 12-month old animals injected with a scrambled lentivirus compared to 5-month old 787 

animals injected with the same vector. PERK knockdown in 12-month old animals restores 788 

context text memory, comparable to 5-month old injected with the scrambled vector (One-way 789 

ANOVA F (2, 24) = 3.728, *p = 0.039, Tukey post-hoc test *p = 0.043 scrambled (5 months); 790 

scrambled (12 months)). (c) Freezing during tone test is similar between the three groups. PERK 791 

knockdown increases trace freezing in 12-month-old animals vs. 12-month-old scrambled 792 

control, comparable with 5-month-old animals treated with a scrambled vector (scrambled (5 793 

months), One-way ANOVA, F (2, 24) = 4.24, *p = 0.026, Tukey post-hoc test, *p = 0.021). (d) 794 

Aging decreases AP frequency (12-month scrambled, n = 18 vs. 5-month scrambled, n = 13; 795 

Bonferroni post hoc, *p = 0.04). PERK knockdown (n = 21) reverses this reduction to levels 796 

comparable with 5-month-old animals treated with a scrambled vector Bonferroni post hoc, *p = 797 

0.001; Two-way repeated measure ANOVA, F(2, 11) = 26.526; *p = 6.1 × 10-5). (e) Aging 798 

increases mAHP (12-month scrambled, n = 18 vs. 5-month scrambled, n = 13 Tukey post hoc, *p 799 

= 0.0048). PERK knockdown reduces mAHP in 12-month-old animals (n = 21) vs. 5 month and 800 

12-month-old scrambled controls (*Tukey post hoc, p = 3.65 × 10-8; * One-way ANOVA, F (2,49) 801 

= 66.59; p = 1.06 × 10-14). The 5-month scrambled group used in Figure d and e is the same as in 802 

Figure 3a and b.  803 

 804 

Figure 5. CA1 expression levels of p-CREB, Total PSD95, and p-PSD95 do not change 805 

following PERK knockdown in middle-aged mice. Total levels of (a) PERK and (b) p-eIF2α 806 

(S51) are reduced in the CA1 region of PERK shRNA-injected middle-aged mice (12-month-807 
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old) (PERK shRNA: n = 5, Scrambled: n = 4; PERK: Independent sample t-test, t (6.928) = 5.695, 808 

*p = 0.0008; p-eIF2α (S51): Independent sample t-test, t (4.851) = 4.348, *p = 0.0079). Levels of 809 

(c) p-CREB (S133), (d) total PSD95, or (e) p-PSD95 levels in the CA1 region do not change 810 

following administration of PERK shRNA to the CA1 of middle-aged mice (p-CREB: 811 

Independent sample t-test, t (4.595) = 0.9977, p = 0.368; Total PSD95: Independent sample t-test, t 812 

(4.494) = 0.0188, p = 0.9986); p-PSD95 (T19): Independent sample t-test, t (5.633) = 2.292, p = 813 

0.0646).  814 












