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ARTICLE INFO ABSTRACT

Keywords: Increasing evidence indicates that a key factor in neurodegenerative diseases is the activation of the unfolded
Huntington‘s disease protein response (UPR) caused by an accumulation of misfolded proteins in the endoplasmic reticulum (ER
hippocampus stress). Particularly, in Huntington's disease (HD) mutant huntingtin (mHtt) toxicity involves disruption of the
fﬂis::;s ER-associated degradation pathway and loss of the ER protein homeostasis leading to neuronal dysfunction and
PERK degeneration. Besides the role of the UPR in regulating cell survival and death, studies that demonstrate the
Therapeutics contribution of sustained UPR activation, particularly of PERK signaling, in memory disturbances and synaptic

plasticity deficiencies are emerging. Given the contribution of hippocampal dysfunction to emotional and
cognitive deficits seen in HD, we have analyzed the involvement of ER stress in HD memory alterations. We have
demonstrated that at early disease stages, ER stress activation manifested as an increase in GRP78 and CHOP is
observed in the hippocampus of R6/1 mice. Genetic reduction of GRP78 expression resulted in preventing
hippocampal-dependent memory alterations but no motor deficits. Accordingly, hippocampal neuropathology
namely, dendritic spine loss and accumulation of mHtt aggregates was ameliorated by GRP78 reduction. To
elucidate the signaling pathways, we found that the inactivation of PERK by GSK2606414 restored spatial and
recognition memories in R6/1 mice and rescued dendritic spine density in CA1 pyramidal neurons and protein
levels of some specific immediate early genes. Our study unveils the critical role of the GRP78/PERK axis in
memory impairment in HD mice and suggests the modulation of PERK activation as a novel therapeutic target for
HD intervention.

1. Introduction

Neurodegenerative diseases are diverse, and each has unique path-
ophysiological and clinical hallmarks. However, most share an arche-
typical pathological attribute: aberrant aggregation of misfolded
proteins that eventually triggers endoplasmic reticulum (ER) stress
(Aguzzi and O'Connor, 2010; Bertram and Tanzi, 2005; Soto, 2003). In
the case of Huntington's disease (HD), the presence of mutant huntingtin
(mHtt) toxic oligomers induces the accumulation of misfolded proteins
within the ER, thereby triggering the unfolded protein response (UPR)

(Duennwald and Lindquist, 2008; Leitman et al., 2013). When activated,
the UPR improves protein folding capacity and promotes quality-control
mechanisms to ensure adequate proteostasis and cellular health,
avoiding abnormal protein aggregation (Hetz and Saxena, 2017). In
particular, the master regulatory protein of the UPR is the glucose-
regulated protein of 78 kDa (GRP78), also known as BiP or HSP5,
whose levels rapidly increase under ER stress load (Casas, 2017).
However, in long-term unresolved ER stress, the UPR may induce
apoptosis (Hetz and Papa, 2018; Riccardi et al., 2015) by the expression
of the transcriptional regulator C/EBP homologous protein (CHOP)
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eventually activating the intrinsic proapoptotic pathway (Tabas and
Ron, 2011; Urra et al., 2013).

Sustained UPR activation has been reported in several neurodegen-
erative diseases including HD (Hetz and Saxena, 2017). Thus, in HD
mouse and cellular models as well as in postmortem samples from HD
patients, ER stress markers such as GRP78, phosphorylated protein ki-
nase RNA-like ER kinase (P-PERK), phosphorylated eukaryotic initiation
factor 2a (P-eIF2a), and CHOP are found aberrantly increased and have
been directly associated with striatal neurodegeneration (Carnemolla
et al., 2009; Duennwald and Lindquist, 2008; Leitman et al., 2014;
Leitman et al., 2013; Matthias et al., 2015; Reijonen et al., 2008; Sha-
cham et al., 2019). Notably, recent evidence has reported that chronic
and excessive hippocampal ER stress and upregulation of GRP78
expression also play an important role in memory impairment and
hippocampal damage (Cai et al., 2015; Cai et al., 2020; Gupta et al.,
2021; Keshk et al., 2020; Li et al., 2018; Xu et al., 2019). This might be
plausibly mediated by the hyperactivation of the UPR sensor PERK.
Accordingly, the reduction of PERK signaling in the hippocampus has
been found to enhance neuronal flexibility and improve cognitive
function (Sharma et al., 2018; Zhu et al., 2016a). In line with these
observations, PERK inhibition has turned out to be beneficial in different
pathological settings including Alzheimer's disease (Ma et al., 2013),
prion-infected mice (Moreno et al., 2013), frontotemporal dementia
(Radford et al., 2015), and traumatic brain injury (Sen et al., 2017; Yan
etal., 2017). However, despite all this background, the precise impact of
ER stress on memory and synaptic dysfunction in HD, two major
neuropathological hallmarks of this neurological disorder (Begeti et al.,
2016; Brito et al., 2014; Giralt et al., 2012; Harris et al., 2019; Spires
et al., 2004), remains to be addressed.

In this study, we aimed to obtain a detailed and comprehensive
picture of how ER stress signaling affects cognition in the R6/1 trans-
genic HD mouse model. We show that the genetic reduction of GRP78
expression completely prevents spatial and recognition long-term
memory deficits in these mice. This was accompanied by a recovery of
several pathological hallmarks within the hippocampus, suggesting a
detrimental role of the GRP78-mediated ER stress process in HD
cognitive symptoms. In line with these data, intraventricular pharma-
cological inhibition of PERK significantly protected R6/1 mice from
cognitive impairment mainly by acting at the synaptic level. Taken
together, these findings illustrate the GRP78-PERK axis as an emerging
and druggable pathway critically involved in memory loss and synaptic
deficits in HD.

2. Materials and methods
2.1. Animals

R6/1 heterozygous transgenic mice expressing a pathogenic frag-
ment of human mutant Huntingtin (mHtt) exon 1 with CAG repeats
ranging from 115 to 150 (Mangiarini et al., 1996) were obtained from
The Jackson Laboratory® (Bar Harbor, ME, USA #006471). They were
maintained in a BL/6:CBA background together with their non-
transgenic wild-type (WT) littermates that served as controls. To study
the function of GRP78 we cross-mated R6/1 mice with heterozygous
GRP78"/~ mice (The Jackson Laboratory® #019549) and generated a
new double-mutant R6/1:GRP78"/~ mouse line that expresses a path-
ogenic fragment of human mHtt exon 1 and carries a single functional
Grp78 allele. [Note that very early embryonic lethality occurs in Grp78 ™~/
~ mice (Luo et al., 2006)].

Animals used in the experiments were males and females and were
housed together in numerical birth order in groups of mixed genotypes.
Genotyping was determined by PCR analysis. Animals were housed with
access to food and water ad libitum in a colony room kept at 19-22 °C
and a 40-60% humidity under a 12:12 light/dark cycle. All animal-
related procedures were performed in compliance with the National
Institutes of Health Guide for the care and use of laboratory animals and
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were approved by the local animal care committee of the Universitat de
Barcelona (448/17) and the Generalitat de Catalunya (9878 P2),
following the directive (2010/63/EU) of the European Commission and
Spanish (RD53/2013) guidelines for the care and use of laboratory
animals.

2.2. Behavioral assessment

Cognitive functions and spontaneous locomotor activity were eval-
uated in R6/1 and R6/1:Grp78"/~ mice at 12-14 weeks of age. Motor
learning was assessed by the accelerating rotarod task (ARTP) while
spatial and recognition long-term memory was assessed by the novel
object location and recognition tasks (NOLT and NORT), respectively.
Spontaneous locomotor activity was determined in the Open field test.
Protocols were performed as previously described (Brito et al., 2014).

2.3. Novel object location task

Exploration took place in a quadrangular open field (40 x 40 cm
sides, 40 cm high). The light intensity was 40 1x throughout the arena,
and the room temperature was kept at 19-22 °C, with a humidity of
40-60%. Mice were first habituated to the arena in the absence of ob-
jects with spatial cues attached to the walls for 15 min for 2 consecutive
days. Spontaneous locomotor activity and time/distance in the periph-
ery/center were measured during this phase. On the third day (NOLT
training), 2 identical objects (A and A") were placed in two adjacent
corners of the arena, and mice were allowed to explore for 10 min. 24 h
later (NOLT testing), one copy of the familiar object (A) was placed in
the same location whereas the other object (A") was placed in the corner
diagonally opposite. In the testing, mice were allowed to explore for 5
min. The arena was rigorously cleaned between animals to avoid odors.
Animals were tracked and recorded with SMART® Junior software
(Panlab, Spain). Exploration times were recorded and used to calculate
the discrimination index as follows:

time exploring novel object — time exploring familiar object % 100

time exploring both objects

2.4. Novel object recognition task

Exploration took place following the same standards as indicated
before in the NOLT. Mice were first habituated to the arena in the
absence of objects for 15 min for 2 consecutive days. Spontaneous lo-
comotor activity and time/distance in the periphery/center were
measured during this phase. On the third day (NORT training), mice
were allowed to explore two identical objects (B and B') for 10 min
before returning to their home cage. 24 h later (NORT testing), one copy
of the familiar object (B) and a new object (C) were placed in the same
location as during the training session, and animals were allowed to
explore for 5 min. The arena was rigorously cleaned between animals to
avoid odors. Animals were tracked and recorded with SMART® Junior
software (Panlab, Spain). Exploration times were recorded and used to
calculate the Discrimination index as indicated above.

2.5. Accelerating rotarod test

The ARTP was performed as described in (Puigdellivol et al., 2015).
Animals were placed on a motorized rod (30-mm diameter, Panlab,
Spain), and rotation speed gradually increased from 4 to 40 rpm over the
course of 5 min. The fall latency time was recorded when the animal was
unable to keep up with the increasing speed and fell. The task was
performed four times per day for three consecutive days for a total of 12
trials. Different trials within the same day were separated by 1 h. The
results show the average fall latencies per trial during the 3 days of
training.
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2.6. Open field test

The open field test consisted of a white quadrangular arena (40 x 40
cm sides, 40 cm high) with opaque white walls without external cues.
Mice were placed in the center of the arena and were allowed to move
freely for 15 min for two consecutive days while being tracked with
SMART® Junior software (Panlab, Spain). The arena was rigorously
cleaned between trials to eliminate odors. For analysis, spontaneous
locomotor activity was measured as the total distance traveled and re-
sults show the average distance traveled during the two consecutive
days.

2.7. Pharmacological treatment in vivo

2.7.1. Cannula implantation, surgery, and GSK2606414 treatment

WT and R6/1 mice were anesthetized with a mixture of oxygen and
isoflurane (4% isoflurane for induction and 2% for maintenance) and
small holes were drilled in the skull to target the lateral ventricle at the
following coordinates: - 0.22 mm AP, + 1 mm ML, and - 2.4 mm DV.
Stainless steel guide cannulas (26-G, Plastics One Inc., Roanoke, VA,
USA) were lowered and secured to the skull using surgical screws and
acrylic dental cement. Dummy cannulas with the same length to that as
the guide cannula were inserted to prevent clogging. One week after
surgery, mice were pre-treated with the PERK inhibitor GSK2606414
(MCE®, NJ, USA cat n° HY-18072) (Axten et al., 2012) (20 pM) during 3
alternate days, and then a daily drug administration routine was per-
formed for one week during the behavioral analysis (see the experi-
mental procedure in Fig. 8). GSK2606414 was dissolved in DMSO and
further diluted in PBS to a final DMSO concentration of 0.5%. Mice
received daily 1 pL of vehicle or 1 pL of 20 pM GSK2606414 using
infusion cannulas 0.5 mm longer than guide cannulas. Drugs were
infused at 0.5 pL/min in awake and freely moving mice. After infusion,
the cannula was left for an additional 3 min to ensure proper diffusion
and avoid reflux.

2.7.2. Protein extraction and quantification

Animals were sacrificed by cervical dislocation at different ages.
Brains were quickly removed, dissected, frozen in dry ice, and stored at
—80 °C until use. Brain tissue was homogenized by sonication in lysis
buffer containing 150 mM NacCl, 20 mM Tris-HCI (pH 8.0), 50 mM NaF,
1% NP-40, 10% glycerol supplemented with 1 mM sodium orthovana-
date and protease inhibitor mixture (Sigma-Aldrich® cat n° P8340),
centrifuged for 15 min at 16.000 g at 4 °C and the supernatants were
collected. Protein concentration was determined with a colorimetric
assay using the Detergent-Compatible Protein Assay kit (Bio-Rad® cat n°
5,000,116) as indicated in the manufacturer's instructions.

2.7.3. Western Blot analysis

Protein extracts (15-20 pg) were denatured in SDS sample buffer
[62.5 mM Tris-HCl (pH = 6.8), 2% (w/v) SDS, 10% glycerol, 140 mM B-
mercaptoethanol, and 0.1% (w/v) bromophenol blue)] and boiled at
100 °C for 5 min. They were resolved in 6%-15% polyacrylamide gels
(SDS-PAGE) at 30 mA for 1 h. Proteins were then transferred to a
nitrocellulose membrane (Amersham® by GE Healthcare Life Sci-
ences®, cat n° 10,600,002) for 1.5 h at 100 V at 4 °C to avoid excessive
warming. After 1 h incubation in blocking buffer containing 10% non-fat
powdered milk in TBS-T (50 mM Tris-HCI, 150 mM NacCl, pH 7.4, 0.05%
Tween 20) membranes were blotted overnight (o/n) at 4 °C with the
following primary antibodies: GRP78 (1:1000, Abcam® cat n°
ab21685), CHOP (1:1000, Novus Biological® cat n° NBP2-13172), P-
PERK(Thr980) (1:1000, ThermoFisher® cat n° MA5-15033), PERK
(1:1000, Cell Signaling Technology® cat n° 3192), P-IREla(Ser724)
(1:1000 Novus Biological® cat n° NB100-2323SS), IRE1a (1:1000 Novus
Biological® cat n° NB100-2324SS), ATF6 (1:1000 Novus Biological® cat
n° NBP1-40256SS), elF2a (1:1000 Cell Signaling Technology cat n°
9722), P-elF2u (Ser51) (1:1000 Cell Signaling Technology cat n° 9721),
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ATF4 (1:1000 Proteintech® cat n° 10,835-1-AP), XBP1 (1:1000 Novus
Biologicals ®cat n°77681ss), P-PSD95(T19) (1:1000, Abcam® cat n°
16,496), PSD95 (1:2000, Cell Signaling Technology® cat n° 34,505), P-
CREB(Ser133) (1:1000 Millipore® cat n° 06-519), CREB (1:1000 Cell
Signaling Technology® cat n° 9197S), BDNF (1:1000. Icosagen® cat n°
3C11), ARC (1:500 Santa Cruz Technology® cat n° SC-17839), c-FOS
(1:1000 Cell Signaling Technology® cat n° 4384), EGR1 (1:1000 Cell
Signaling Technology® cat n° 41548S), actin (1:100000, Sigma Aldrich®,
cat n° A3854) (the latter at room temperature for 30 min). Membranes
were then rinsed three times for 10 min each with TBS-T and incubated
for 1 h at room temperature with the appropriate horseradish
peroxidase-conjugated mouse or rabbit secondary antibody (1:3000;
Promega® cat n° W4021, W4011). After washing for 30 min with TBS-T,
membranes were developed using the enhanced chemiluminescence
ECL kit (Santa Cruz Biotechnology®, cat n° sc-2048) in a ChemiDoc
imaging system (Bio-Rad®). ImageLab® Software Version 6.0 (2017)
was used to quantify the different immunoreactive bands relative to the
intensity of actin in the same membranes within a linear range of
detection for the ECL reagent. Data are expressed as the mean + SEM of
band density.

2.7.4. Tissue fixation and histology

Animals were deeply anesthetized and immediately perfused intra-
cardially with 4% (weight/vol) paraformaldehyde in 0.1 M phosphate
buffer. Brains were dissected out and postfixed for 48-72 h shacking at
4 °C in the same solution. Coronal sections (30 pm) of the whole brain
were obtained using a vibratome (Leica® VT1000).

2.7.5. Nissl staining and stereology

Nissl staining was performed in floating sections (30 pm in width)
separated 240 pm each, after incubation with Cresyl violet solution (0.1
g/L) for 45 min. Then, sections were dehydrated in increasing ethanol
concentrations (70% - 100%) and finally mounted with DPX. Bright-
field images were acquired at 4x magnification with an AF6000 Leica
microscope, and hippocampal volumes were estimated following the
Cavalieri method as previously described in (Brito et al., 2014).

2.7.6. Immunoperoxidase staining for mHtt aggregates

For EM48 immunohistochemistry, sections were first incubated for
30 min in 0.01 M sodium citrate buffer (pH 6.0) in a water bath at 80 °C
for antigen retrieval. Then, endogenous peroxidases were blocked in PBS
containing 5% H0, for 45 min, and nonspecific protein interactions
were also blocked with PBS containing 3% normal horse serum. Tissue
was incubated overnight at 4 °C with anti-EM48 (1:500, Merck Milli-
pore®, Billerica, MA, USA, cat n° MAB5374), diluted in PBS containing
0.02% sodium azide and 3% normal horse serum. Sections were then
incubated at room temperature for 2 h with a biotinylated anti-mouse
antibody (1:200; Pierce; ThermoFisher® Scientific, Waltham, MA,
USA, cat n° 32,020), diluted in PBS containing 3% normal horse serum.
Sections were washed three times in PBS for 5 min each and incubated
for 1.5 h at room temperature in Reagent A (Avidin) and Reagent B
(Biotinylated HRP), each of them diluted at 1:56 in PBS, from the ABC
kit (Pierce, ThermoFisher® Scientific). The immunohistochemical re-
action was developed by incubating the samples for 7 min in dia-
minobenzidine (DAB), diluted at 1 x in PB 0.1 M and 5% H30. Sections
were mounted in gelatinized slides and were left at room temperature to
dry completely to finally mount them with DPX. Three coronal hippo-
campal sections per animal spaced 240 pm apart were chosen for the
analysis. Bright-field images from 100% of the CA1 were acquired at
40x magnification with an AF6000 Leica microscope. Automated
quantification of the number of nuclear huntingtin aggregates in the
CA1l hippocampal region was performed using the Trainable Weka
Segmentation Fiji Plugin within the ImageJ® software (a specific pipe-
line file was created).
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2.7.7. Dendritic spine analysis: Golgi-cox staining

Following the manufacturer's instructions, we performed the Golgi-
Cox impregnation using the Rapid Golgistain Kit (FD Neuro-
technologies®, cat n® PK401). Mice were killed by cervical dislocation at
18-19 weeks of age, brains were quickly removed, and both hemi-
spheres were separated and incubated in a mix of solution A/B for 2
weeks. Then, brains were changed to solution C for 7 days and even-
tually processed using a cryostat to obtain 100 pm sections mounted in
gelatin-coated slides left to dry for 24 h. Sections were stained with the
kit's provided solutions and finally, sections were dehydrated and
mounted with DPX. We obtained bright field images using a Leica
AF6000 epifluorescence microscope with a x 63 numerical aperture
objective for dendritic spine analysis. Segments of apical dendrites from
hippocampal CA1 pyramidal neurons were selected and spine density
was measured manually in the stacks using the ImageJ Plug-in Cell
Counter. Spines were marked in the appropriate focal plane preventing
double counting and counted in dendritic segments ranging from 20 to
60 pm in length.

2.8. Statistical analysis

All raw data were processed and analyzed using Excel® Microsoft
Office and GraphPad Prism® software version 8.0. Results are expressed
as the mean =+ standard error of the means (SEM). Statistical analysis
was performed using the unpaired Student's t-Test (two-tailed), one-way
or two-way ANOVA followed by the appropriate posthoc tests as indi-
cated in each figure legend. P values below 0.05 were considered sta-
tistically significant.

3. Results

3.1. GRP78 and CHOP levels are significantly increased in the
hippocampus of naive R6/1 mice

Hippocampal-dependent cognitive alterations are an important
neuropathological hallmark in HD (Begeti et al., 2016; Giralt et al.,
2012; Harris et al., 2019). Recent evidence has unveiled the contribution
of ER stress to synaptic dysfunction and memory deficits in different
pathological conditions (Cai et al., 2015; Cai et al., 2020; Gupta et al.,
2021; Keshk et al., 2020; Li et al., 2018; Xu et al., 2019). However, no
data has been reported on how disruption of ER homeostasis may affect
HD hippocampal function. Therefore, we first analyzed the ER stress
response in the hippocampus, striatum, and cerebral cortex of R6/1
male mice at different disease stages (12 weeks, 16 weeks and 20 weeks,
corresponding to pre-symptomatic, early symptomatic and late symp-
tomatic stages). We measured the levels of GRP78 as the main chap-
erone acting as an ER stress sensor (Casas, 2017; Wang et al., 2009) and
CHOP as a key UPR pro-apoptotic factor (Cai et al., 2015; Tabas and
Ron, 2011; Urra et al., 2013). We found increased GRP78 and CHOP
protein levels in the hippocampus of R6/1 mice compared to WT mice at
different disease stages (Fig. 1A and 2A). No changes between genotypes
were detected for GRP78 and CHOP within the striatum at early disease
stages (Fig. 1B and 2B) while a slight, but significant decrease for
cortical GRP78 levels was observed (Fig. 1C and 2C). Interestingly, at
late stages, GRP78 was found to be significantly increased in the stria-
tum of R6/1 mice while only a tendency was observed in the cortex.
Similar results were detected for CHOP at 20 weeks of age. In view of
these data, similar studies were performed in the hippocampus of female
mice. Significantly higher levels of GRP78, starting at 16 weeks of age,
were found in R6/1 mice compared to WT mice. In contrast, CHOP levels
were found increased only at 20 weeks of age, suggesting a delay of the
ER stress response in R6/1 female compared to R6/1 males. Next, and
taking advantage of published RNA-seq data generated from different
HD mice and tissues (Langfelder et al., 2016 and Lee et al., 2020) we
integrated our protein results on GRP78 and CHOP with published
datasets of RNA expression (Supplementary Table 1). Overall, modest
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changes have been found in the mRNA expression of some ER stress
markers in the striatum and cortex of HD mice, particularly in those with
higher CAG number (Q140, Q175 and R6/2 mice) and at late stages of
the disease (6 months for KI mice and 9 weeks for R6/2) with no sig-
nificant changes in the hippocampus of Q175 mice.

Next, and given the role of CHOP as a transcription factor we next
explored whether genes known to be differentially explored in the hip-
pocampus of HD mice were downstream targets of CHOP (Supplemen-
tary Fig. 2). We integrated published data of hippocampal differential
expressed genes between zQ175 and WT mice (Langfelder et al., 2016)
with genes directly regulated by CHOP in response to stress (Han et al.,
2013). When comparing all the differential expressed genes observed in
zQ175 mice with genes directly regulated by CHOP in response to ER
stress, we identified only 1.2% of overlapping genes, while 21% and
78% of the differential expressed genes were unique for each condition
suggesting a modest contribution of CHOP transcriptional activity to
hippocampal stress gene dysregulation.

Altogether, these results demonstrate an early ER stress in the hip-
pocampus of R6/1 mice.

3.2. PERK signaling pathway is preferentially induced in the hippocampus
of naive R6/1 mice

To further characterize the ER stress response in the hippocampus of
R6/1 mice, we next determined the activation of the three major UPR
sensor proteins, namely: PERK, ATF6, and IREla. PERK and IREla
activation were evaluated by measuring its phosphorylation at Thr980
and Ser724 respectively (Hetz et al., 2015; Walter and Ron, 2011), while
ATF6 activity was assessed by measuring its proteolytic cleavage (Fer-
nandez-Fernandez et al., 2011). Total hippocampal lysates from R6/1
and WT mice at the age of 12 weeks were analyzed. As shown in Fig. 3A,
a significant increase in P-PERK levels was found in R6/1 mice
compared to age-matched WT mice. In contrast, P-IREla and ATF6
levels (full-length and cleaved forms) remained unaltered (Fig. 3B and
C). Next, P-elF2a, ATF4 and active spliced XBP1 (XBP1s) were evaluated
as downstream effectors of the UPR sensor proteins. No major changes
were observed neither for elF2a phosphorylation nor ATF4 levels
(Fig. 3D and Fig. 3E). However, a slight but significant decrease in XBP1s
was found in R6/1 compared to WT mice (Fig. 3F).

These results suggest that activation of the GRP78/PERK axis is
associated with the ER stress response in the hippocampus of R6/1 mice
at early disease stages.

3.3. Memory deficits but not motor performance alterations can be
prevented by genetic reduction of GRP78 expression in R6/1 mice

To explore how increased hippocampal ER stress response may
contribute to HD memory disturbances, a new double-mutant (R6/1:
GRP78"/7) mice with reduced levels of GRP78 expression was gener-
ated by cross-mating R6/1 mice with heterozygous GRP78"/~ mice (Luo
et al., 2006). GRP78 levels were found significantly decrease in hippo-
campal lysates from double-mutant mice compared to either R6/1 or WT
mice while a normalization to WT levels was found for CHOP expression
(Fig. 4A). No gross changes were noticed when GRP78 and CHOP pro-
tein levels were analyzed in striatal and cortical extracts from double-
mutant mice (Fig. 4B and C). Based on these results and given the in-
crease in PERK activation observed in the hippocampus of R6/1 mice,
we next evaluated the effect of GRP78 reduction in PERK activation.
Similar to data found for CHOP expression, double-mutant mice
exhibited comparable P-PERK levels to WT or heterozygous GRP78"/~
mice. These results reveal that genetic reduction of GRP78 expression in
R6/1 mice normalizes hippocampal levels of CHOP and P-PERK
ameliorating the sustained ER stress response.

Next, long-term spatial and recognition memories were evaluated in
double-mutant mice by the Novel Object Location and Novel Object
Recognition Tasks (NOLT and NORT, respectively) (Fig. 5). During the
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Fig. 1. GRP78 levels are increased in the
hippocampus of R6/1 mice. Representative
immunoblots showing the levels of GRP78
in total lysates from A hippocampal, B
striatal, and C cortical extracts of WT and
R6/1 male mice at different disease stages
(W, weeks; n = 6-7 mice/group). Actin was
used as a loading control. Histograms show
protein levels relative to actin and
expressed as percentage of WT mice. Data
represent mean + SEM. *P < 0.05 vs WT
mice determined by unpaired Student's t-
test.
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Fig. 2. CHOP levels are increased in the
hippocampus of R6/1 mice. Representa-
tive immunoblots showing the levels of
CHOP in total lysates from A hippocam-
pal, B striatal, and C cortical extracts of
WT and R6/1 male mice at different dis-
ease stages (W, weeks; n = 6-7 mice/
group). Actin was used as a loading con-
trol. Histograms show protein levels
relative to actin and expressed as per-
centage of WT mice. Data represent mean
+ SEM. *P < 0.05, **P < 0.01 vs WT mice
determined by unpaired Student's t-test.
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Fig. 3. Selective induction of PERK in the hippocampus of young R6/1 mice. Representative immunoblots showing the levels of P-PERK (Thr980) and PERK (A), fl-
ATF6 (full-length) and clv-ATF6 (cleaved) (B), P-IREla (Ser724) and IRElx (C) in total lysates from hippocampal extracts of WT and R6/1 male mice at 12 weeks of
age. (*) indicates an unspecific band recognized by the ATF6 antibody. Actin was used as a loading control. Histograms show protein levels relative to actin and
expressed as percentage of WT mice. Data represent the mean + SEM (W, weeks; n = 6-7 mice/group). ***P < 0.001 vs WT mice determined by unpaired Student's t-
test. Representative immunoblots showing the levels of P-elF2a (Ser 51) and elF2a (D), ATF4 (E), XBP1s (spliced form) and XBP1u (unspliced form) (F) in total
lysates from hippocampal extracts of WT and R6/1 male mice at 12 weeks of age. (*) indicates an unspecific band recognized by the XBP1 antibody. Actin was used as
a loading control. Histograms show protein levels relative to actin and expressed as percentage of WT mice. Data represent the mean + SEM (W, weeks; n = 6-7

mice/group). *P < 0.05 vs WT mice determined by unpaired Student's t-test.

training sessions, all mice were presented with two similar objects (A
and A') that were explored equally showing no preference for either
location or object (Fig. 5B and C). 24 h later, when long-term memory
was assessed, R6/1 mice were not able to discriminate the new location
(NOLT; Fig. 5B) nor the novel object (NORT Fig. 5C) from the familiar
ones. Notably, double-mutant mice exhibited preserved spatial and
recognition memories with a similar percentage of time exploring the
new location as well as discrimination indexes comparable to WT mice.
Then, motor performance was evaluated by the accelerating rotarod task
(motor learning) and the open field test (motor coordination). As shown
in Fig. 6, R6/1 and double-mutant mice showed poor motor learning
ability, manifested as reduced latency to fall over trials compared to
either WT or GRP78%/~ mice (Fig. 6A). When the spontaneous loco-
motor activity was assessed in the open field test, once again, both R6/1
and double-mutant mice traveled less distance in the arena over the

course of 15 min compared to WT or GRP78"/~ mice (Fig. 6B). To
exclude anxiety-like behaviors due to the reduction of GRP78 expres-
sion, the percentage of time spent in the periphery versus the center of
the open-field arena was calculated and no significant differences were
found between genotypes (Fig. 6B). These data suggest that the reduc-
tion of GRP78 expression in R6/1 mice ameliorates ER stress in the
hippocampus and prevents hippocampal-dependent long-term memory
deficits but not motor impairments.

3.4. Dendritic spine loss in CA1 pyramidal neurons can be prevented by
genetic reduction of GRP78 expression in R6/1 mice

Our previous data demonstrate that reduction of GRP78 expression
in R6/1 mice prevents memory deficits but not motor disturbances,
pointing to a regional effect of ER stress activation at early HD stages.
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Fig. 4. Genetic reduction of GRP78 expression nor-
malizes hippocampal CHOP levels in R6/1 mice.
Representative immunoblots showing the levels of
GRP78 and CHOP in total lysates from A hippocampal,
B striatal, and C cortical extracts of WT, heterozygous
GRP78"/~ (HET), R6/1 and double-mutant R6/1:
GRP78*/~ (DM) male mice at 12 weeks of age. Actin
was used as a loading control. Histograms show protein
levels relative to actin and expressed as percentage of
WT mice. Data represent the mean + SEM (W, weeks; n
= 4-7 mice/group). *P < 0.05, **P < 0.01, ***P <
0.001 vs WT mice. ##P < 0.01, ####P < 0.0001 vs
HET mice. $P < 0.05, $$P < 0.01, $$$$P < 0.0001 vs
R6/1 mice. All data were analyzed by One-way ANOVA
followed by Tukey's test.
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Fig. 5. Genetic reduction of GRP78 expression prevents spatial and recognition memory deficits in R6/1 mice. A Timeline representing experimental behavioral
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centage (%). The dashed line marks the chance level of exploration. Data were analyzed by Two-way ANOVA followed by Sidak's test. **P < 0.01, ***P < 0.001,
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Therefore, we next focused our analysis on hippocampal neuropa-
thology. First, a quantitative stereological analysis of the hippocampus
volume was performed (Fig. 7A). No significant differences were found
between genotypes suggesting no gross anatomical alterations either in
R6/1 or double-mutant mice. Next, structural synaptic plasticity was
assessed by measuring apical dendritic spine density in CA1l pyramidal
neurons (Fig. 7B). R6/1 mice showed a significant decrease in spine
density compared to WT mice, a decrease that was prevented in double-
mutant mice. These data suggest that the hippocampal-dependent
cognitive improvements observed in double-mutant mice might be
related to a recovery of structural synaptic plasticity.

3.5. Hippocampal intranuclear mHtt inclusions can be reduced by genetic
reduction of GRP78 expression in R6/1 mice

Another neuropathological hallmark of HD is the aggregation of
mHtt in neuronal intranuclear inclusions (Bates, 2003; DiFiglia et al.,

1997; Vonsattel et al., 1985). Therefore, we evaluated whether the
reduction of GRP78 expression in R6/1 mice also ameliorates the for-
mation of mHtt inclusions. Immunohistochemical analysis of EM48
antibody staining was performed in coronal hippocampal slices from
R6/1 and double-mutant mice. As previously described by our group
and others (Anglada-Huguet et al., 2014; Garcia-Forn et al., 2018)
EM48-positive intranuclear inclusions were found in the hippocampal
CAl region of R6/1 mice (Fig. 8). Remarkably, GRP78 expression
reduction in double-mutant mice induced a significant decrease in
intranuclear mHtt inclusion density suggesting that amelioration of ER
stress in R6/1 mice contributes to delaying the onset of hippocampal
neuropathology and long-term memory deficits.

3.6. Pharmacological PERK inhibition prevents long-term memory deficits
in R6/1 mice

Given the observed beneficial effects of reducing GRP78 expression
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on hippocampal neuropathology and memory deficits in R6/1 mice and
recent evidence suggesting that activation of PERK may lead to cognitive
impairments (Shacham et al., 2021), we next asked whether PERK in-
hibition could influence memory impairments in R6/1 mice. To this aim,
the PERK inhibitor GSK2606414 (1 pl volume, 20 pM) was infused
intraventricularly on 3 alternate days before the cognitive evaluation
period, and then daily during the behavioral assessment (Fig. 9A). First,
we evaluated the effect of GSK2606414 on PERK phosphorylation levels
by Western blot. We observed a significant treatment effect on P-PERK
levels with decreased phosphorylation both in WT and R6/1 mice
(Fig. 9B). Since the role of PERK in hippocampal-dependent memory has
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been associated with the activation of elF2a (Ma et al., 2013; Moreno
et al., 2012), we next analyzed phosphorylation of elF2«q at Ser51 in
vehicle and GSK2606414-treated R6/1 mice (Fig. 9B). Surprisingly, no
significant changes were detected in P-eIF2a neither between genotypes
nor between treatments, suggesting that the PERK/elF2a axis is not
involved in R6/1 memory disturbances. Next, the effect of PERK inhi-
bition was evaluated on long-term spatial and recognition memory by
the NOLT and NORT tasks (Fig. 9C). A similar percentage of time
exploring both the novel location and object was found in treated-R6/1
mice compared to vehicle-treated WT mice. Notably and in line with the
critical role of PERK in cognitive functions (Sharma et al., 2018; Zhu
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Fig. 7. Genetic reduction of GRP78 counteracts dendritic spine pathology of CA1 pyramidal neurons in R6/1 mice. A Hippocampal volumes of Nissl-stained coronal
sections were stereologically quantified in WT, heterozygous GRP78*/~ (HET), R6/1 and double-mutant R6,/1:GRP78"/~ (DM) mice at the age of 18 weeks. Data
were analyzed by One-way ANOVA followed by Tukey's Test. All data represent the mean + SEM (n = 5-6 mice/group). B Representative photomicrographs showing
apical dendrites from CA1 pyramidal neurons from WT, heterozygous GRP78"/~ (HET), R6/1, and double-mutant R6,/1:GRP78"/~ (DM) mice at the age of 18 weeks
of age. Scale bar 3 pm. The histogram shows a quantitative analysis of dendritic spine density per micrometer of dendritic length. Data were analyzed by One-way
ANOVA followed by Tukey's Test. ****P < 0.0001 vs WT, $$$$ P < 0.0001 vs R6/1, #### P < 0.0001 vs HET. All data represent the mean + SEM (>50 dendrites/

group: n = 4 mice/group).

etal., 2016a), GSK2606414-treated WT mice are impaired in spatial and
recognition memory tasks. These data point to an important contribu-
tion of hippocampal ER stress to spatial and recognition memory deficits
in R6/1 mice through the activation of PERK.

3.7. Pharmacological PERK inhibition ameliorates dendritic spine loss
and reduction of memory-related gene expression in R6/1 mice

Our previous results suggest that treatment with GSK2606414 pre-
vents memory decline in R6/1 mice independently of elF2a phosphor-
ylation. Therefore, we were interested in defining other molecular
mechanisms by which the inactivation of PERK could be exerting its
beneficial effects. Our previous data revealed that the reduction of
GRP78 expression had a positive impact on hippocampal structural
synaptic plasticity. Thus, we next evaluated whether the pharmacolog-
ical inhibition of PERK could induce a similar effect. Interestingly, we
found that GSK2606414 treatment ameliorated the loss of apical den-
dritic spine density in pyramidal CAl neurons in R6/1 mice while
reducing the number of spines in treated-WT mice (Fig. 10) suggesting
that the GRP78/PERK axis is involved in HD hippocampal structural
synaptic alterations and, therefore, in cognitive deficits.

Next, the expression of some synaptic-related proteins and memory-
related genes were evaluated in the hippocampus of vehicle and treated-
R6/1 mice. Given that phosphorylation of PSD95 by PERK at T19 res-
idue has been reported to negatively affect the stability of dendritic
spines (Sen et al., 2017), we first analyzed the levels of total and P-
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PSD95 in hippocampal extracts. No significant changes were found be-
tween genotypes and treatments in WT nor R6/1 mice, suggesting that
this pathway is not involved in the observed HD cognitive deficits
(Fig. 11A). Then, CREB and BDNF, two important proteins critical for
synaptic function and memory formation were analyzed (Giralt et al.,
2013; Puigdellivol et al., 2016). Again, no differences were found when
comparing genotypes and treatments (Fig. 11B and C). Finally, we
analyzed the levels of some immediate early genes known to be acti-
vated by neuronal activity and regulate memory and synaptic plasticity
(Herdegen and Leah, 1998; Korb and Finkbeiner, 2011; Minatohara
et al., 2016). A positive effect of PERK inhibition was observed in R6/1
mice, showing an increase in both Arc and c-Fos protein levels compared
to vehicle-treated mice (Fig. 11D and E). In contrast, inhibition of PERK
was not able to rescue the significant decrease in Egrl protein levels
observed in R6/1 mice compared to WT mice (Fig. 11<F). Therefore,
pharmacological inhibition of PERK increases the protein levels of Arc
and c-Fos with no changes in Egrl. Altogether, these data suggest that
inhibition of PERK positively affects memory function in HD by acting
on structural and synaptic plasticity.

4. Discussion

ER stress, a common pathological hallmark of several neurodegen-
erative diseases including HD, elicits the activation of the UPR signaling
cascade to ensure correct proteostasis and cellular health (Hetz and
Saxena, 2017; Riccardi et al., 2015). Specifically, in HD it has been
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Fig. 8. Genetic reduction of GRP78 decreases mHtt aggregates in the hippo-
campus of R6/1 mice. A Representative photomicrographs showing nuclear
EM48 immunostaining in the hippocampal CAl region of R6/1 and double-
mutant R6/1:GRP78"/~ (DM) mice at the age of 18 weeks. Scale bar 100 pm.
B Histogram represents the density of EM48-positive neuronal intranuclear
inclusions (NIIs). Each symbol represents the mean density of aggregates from
one CAl hemisphere. ***P < 0.001 vs R6/1 mice by Student's t-Test. Data
represent the mean + SEM (All CA1 NIIs were quantified in each hemisphere
from n = 5-6 mice/group).

reported that mHtt might cause ER stress by sequestering and depleting
the cytosolic chaperone p97/VCP and its cofactors Npl4 and Ufd1, both
essential for the ERAD pathway enhancing protein accumulation in the
ER (Duennwald and Lindquist, 2008; Leitman et al., 2013). The resultant
ER stress causes chronic upregulation of UPR markers which were
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observed in HD cellular and animal models and in postmortem samples
from HD patients (Carnemolla et al., 2009; Duennwald and Lindquist,
2008; Leitman et al., 2014; Leitman et al., 2013; Reijonen et al., 2008;
Shacham et al., 2019). However, most of these studies have been focused
on the association between ER stress and striatal cell death or dysfunc-
tion with no studies addressing the possible link between HD memory
impairment and ER stress. Indeed, defects in memory function following
induction of ER stress have been previously reported in the context of AD
and recent evidence has underlined the importance of ER stress in syn-
aptic function and memory formation under healthy conditions (Lin
et al., 2018; Sen, 2019).

Here, we have defined the contribution of the GRP78/PERK axis, a
major transducer of ER stress signaling, to HD hippocampal neuropa-
thology and memory dysfunction. We show that early in the disease
process, in stages prior to motor coordination deficits (Mangiarini et al.,
1996) a sustained ER stress activation, manifested by increased protein
levels of GRP78, CHOP and P-PERK is observed in the hippocampus.
Remarkably, any significant alteration in GRP78 and CHOP protein
levels was found in the striatum or the cortex of R6/1 mice at early
disease stages. These results are in accordance with previous studies
showing no significant alterations in GRP78 protein expression in the
striatum of symptomatic R6/1 mice (Fernandez-Fernandez et al., 2011)
or GRP78 and CHOP protein levels in Knock-in®1/Q111 gtriatal cells
following ER stress induction by tunicamycin (Leitman et al., 2014).
Similarly, previous published data from RNA-seq data generated from
different HD mice and tissues revealed modest RNA changes in the
mRNA expression of some ER stress markers in the striatum and cortex
of HD mice, particularly in those with higher CAG number (Q140, Q175
and R6/2) and at late stages of the disease (6 months and 9 weeks).
Indeed, at very late disease stages we also found in R6/1 mice a sig-
nificant increase for GRP78 in the striatum while a tendency in the
cortex. Actually, other HD mouse models (YAC128 at 18 months of age
mice and R6/2 mice at 13 weeks of age) exhibited increased levels of
GRP78 and CHOP in the striatum and cortex (Lee et al., 2012) which,
may indicate that the ER stress response propagates in a specific brain
region manner along HD disease progression, showing the striatum and
cortex a late ER stress response.

Since previous studies have suggested that neuronal excitability can
induce ER stress response (Liu et al., 2019; Liu et al., 2021), protein
levels of both GRP78 and CHOP were also investigated in behavioral
trained mice. A similar increase in GRP78 and CHOP was detected in
R6/1 compared to WT animals suggesting that neuronal activity does
not differentially affect ER stress response in R6/1 mice (data not
shown).

To investigate the specific contribution of GRP78 to early memory
disturbances in HD, we generated a new double-mutant mouse by
crossbreeding R6,/1 mice with heterozygous GRP78"/~ mice. Preserved
spatial and recognition memories were found in these double-mutant
mice suggesting that ER stress activation in the HD hippocampus
negatively affects cognitive function. In accordance to these results, in
ApoE4 transgenic mice used as a model of AD, the reduction of GRP78
levels by curcumin treatment improved spatial memory deficits in the
Morris water maze test (Kou et al., 2021). Likewise, cognitive impair-
ment in rats induced by microcystin-LR was prevented by treatment
with the ER stress blocker tauroursodeoxycholic acid (TUDCA) along
with a reduction in the ER stress response (Cai et al., 2015). Notably,
TUDCA treatment also prevented spine density loss and synaptic activity
dysfunction in APP/PS1 mice (Ramalho et al., 2013) suggesting that the
detrimental effect of ER stress on hippocampal function is related to
changes in structural plasticity. In line with this hypothesis, our results
have revealed that the reduction of GRP78 expression in R6/1 mice
prevented the loss of dendritic spines in CA1 hippocampal neurons.
Besides an effect on spine density, our results also suggest that genetic
reduction of GRP78 may ameliorates HD hippocampal pathology by
decreasing mutant huntingtin (mHtt) aggregates. Though it is not clear
the mechanism, we can speculate that induction of autophagy as a result
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Fig. 9. PERK inhibitor GSK2606414 prevents spatial and recognition memory deficits in R6/1 mice. A Timeline representing experimental design. B Representative
immunoblots showing hippocampal levels of P-PERK (Thr980), PERK, P-elF2a (Ser 51), and elF2a from vehicle and GSK2606414-treated mice. Actin was used as a
loading control. Histograms show protein levels relative to actin and expressed as percentage of vehicle-treated WT mice. Data were analyzed by Two-way ANOVA
followed by Tukey's test or t-Test. Data represents the mean + SEM (n = 5-6 mice/group). C Performance in spatial and recognition memory tests. Exploration time
during training and testing sessions is expressed as a percentage (%). The dashed line marks the chance level of exploration. Data were analyzed by Two-way ANOVA
followed by Sidak's test. *P < 0.05, ***P < 0.001, ****P < 0.0001 compared to the percentage of time exploring the familiar object. All data represent the mean +
SEM (n = 7-9 mice/group). Discrimination indexes are expressed as a percentage (%). Data were analyzed by Two-way ANOVA followed by Tukey's test. *P < 0.05,
**P < 0.01. All data represent the mean + SEM (n = 7-9 mice/group).
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Fig. 10. PERK inhibitor GSK2606414 ameliorates
hippocampal CA1 dendritic spine pathology in R6/
1 mice. Representative photomicrographs showing
apical dendrites from CAl pyramidal neurons in
vehicle and treated-R6/1 mice at 14 weeks of age.
Scale bar 3 pm. The histogram shows a quantitative
analysis of dendritic spine density per micrometer
of dendritic length. Data were analyzed by Two-
way ANOVA followed by Tukey's test. ****P <
0.0001 vs WT vehicle, $$$ P < 0.001 vs R6/1
vehicle. All data represent the mean + SEM (>45
dendrites/group: n = 4 mice/group).
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Fig. 11. PERK inhibitor GSK2606414 enhances protein levels of memory-related genes in R6/1 mice. Representative immunoblots showing P-PSD95 (Thr19),
PSD95, P-CREB (Ser133), CREB, BDNF, Arc, c-fos, and Egr1 levels in total hippocampal extracts from vehicle and treated-WT and R6/1 mice at 14 weeks of age. Actin
was used as a loading control. Histograms show protein levels relative to actin and expressed as percentage of WT vehicle-treated mice. Data were analyzed by Two-
way ANOVA followed by Tukey's test or t-Test. All data represent the mean + SEM (n = 5-6 mice/group).
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of ER stress mitigation might induce degradation of mHtt aggregates.
Supporting this hypothesis, it has been shown that targeting the ER
stress response by knocking down XBP1, drastically reduces mHtt ag-
gregates in HD cellular models by inducing autophagy (Vidal et al.,
2012). Conversely, induction of ER stress via thapsigargin or tunica-
mycin causes aggregation of mHtt proteins through autophagy inhibi-
tion (Lee et al., 2012).

Contrary to the beneficial effect found in the hippocampus, we found
that deficits in motor learning and motor coordination, behavioral tasks
mostly dependent on the cortico-striatal pathway, were not prevented in
R6/1 mice by reduction of GRP78. These data contrast with previous
results showing that treatment of R6/2 mice with TUDCA at middle-
advanced disease stages results in reduced striatal atrophy and amelio-
ration of locomotor deficits (Keene et al., 2002). This apparent contro-
versy may rely on the lack of an increase of GRP78 both in the striatum
and cortex of R6/1 mice at early disease stages but also may reflect a
different role of ER stress and in particular of GRP78 according to the HD
disease stage, the brain region or even the cell population. Indeed,
studies of cell type-specific transcriptomics of HD mice have revealed
differential gene expression profiles across cell populations (Lee et al.,
2020). In particular, in R6/2 mice has been found at early disease stages,
differential expression of ER stress genes between neurons and glia or
even between striatal medium spiny neurons from the direct and indi-
rect pathways. Since our biochemistry studies do not distinguish cell
populations, immunohistochemistry studies with specific neuronal and
glial markers would better address this issue.

Besides the cell specific expression of GRP78 a different role of ER
stress and in particular of GRP78 according to the HD disease stage or
the brain region is also plausible. An example of the complexity of ER
stress activation in neurodegenerative diseases is the fact that in Par-
kinson's Disease (PD), some authors have reported the benefits of GRP78
knockdown against the toxicity induced by a-synuclein (Salganik et al.,
2015) or rotenone (Jiang et al., 2016) while others have demonstrated
that upregulation of GRP78 suppresses a-synuclein aggregation and
toxicity in PD rat models (Gorbatyuk et al., 2012). Therefore, even if the
precise mechanisms underlying hippocampal ER stress remains unclear,
to define the involvement of GRP78 activation in neuronal dysfunction
and neurodegeneration in specific pathogenic conditions could be crit-
ical when designing new therapies targeting ER stress. In this scenario,
the study of the UPR branches and their signaling pathways in HD may
help to optimize these therapeutic interventions.

Several pieces of evidence have suggested that sustained activation
of PERK impairs cognitive function due to prolonged inhibition of
essential new protein synthesis involved in neuronal plasticity and
memory formation (Ohno, 2018; Taalab et al., 2018). Therefore, we
focused on this branch of the UPR pathways as a potential mechanism
underlying hippocampal-dependent cognitive dysfunction in HD. Ac-
cording to the idea of a detrimental role of chronic PERK signaling in
memory, the hippocampus of R6/1 mice showed increased PERK
phosphorylation without any significant change in IREla phosphoryla-
tion or ATF6 levels. Notably, no changes in downstream effectors of
these UPR sensor proteins, namely P-elF2a and ATF4 were found
pointing to a specific induction of the GRP78/PERK axis in the hippo-
campus of young R6/1 mice. To better clarify the role of PERK hyper-
activation in HD memory alterations, GSK2606414, a well-known PERK
inhibitor (Axten et al., 2012), was administered intraventricularly to
R6/1 mice at the age of 12 weeks, when cognitive symptoms start to
manifest. Notably, pharmacological inhibition of PERK prevented
spatial and recognition memory deficits in R6/1 mice, in line with other
studies showing beneficial effects of PERK inhibition in different
neuropathological conditions such as AD or PD (Devi and Ohno, 2014;
Ma et al., 2013; Mercado et al., 2018).

Different mechanisms may explain how PERK activation is involved
in HD memory impairments. The PERK-eIF2a axis has been considered a
key regulator for memory disturbances in neurodegenerative diseases
and neurological conditions since phosphorylation of elF2a inhibits
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general translation and stimulates ATF4 expression, repressing CREB-
mediated long-term potentiation and memory (Hetz and Saxena,
2017; Hughes and Mallucci, 2019; Ohno, 2018; Zhu et al., 2016a). Thus,
genetic, or pharmacological inhibition of elF2a phosphorylation has
been shown to facilitate memory (Jiang et al., 2014; Rubovitch et al.,
2015). Accordingly, elevated P-eIF2a has been found in the brain of AD
patients and mouse models while genetic deletion of PERK prevented
synaptic plasticity and memory deficits in AD mice by reducing elF2a
phosphorylation (Ma et al., 2013). In contrast, here we have reported
that inhibition of PERK is not associated with reduced phosphorylation
of elF2ua even though PERK inhibition does rescue cognitive impair-
ments in R6/1 mice. These results suggest that other molecular path-
ways downstream of PERK and independently of elF2a may contribute
to HD memory deficits. Actually, the prevention of spatial and recog-
nition memory deficits in R6/1 mice treated with the PERK inhibitor was
accompanied by the rescue of dendritic spine loss in CA1 pyramidal
neurons suggesting that sustained PERK activation may induce a nega-
tive effect on dendritic spine formation or stability. Similar results were
found in traumatic brain injury mouse models. Thus, treatment with the
PERK inhibitor GSK2656157 normalized dendritic spine density in
cortical neurons preventing PERK phosphorylation but not phosphory-
lation of elF2u (Sen et al., 2017). Similarly, in cortical primary cultures,
genetic or pharmacological inhibition of PERK rescues the loss of den-
dritic outgrowth reducing phosphorylation of PERK but not of elF2a
(Sen et al., 2017).

In addition, our data also point to a role of PERK phosphorylation in
modulating levels of critical immediate early genes (IEGs) like Arc and c-
Fos known to be rapidly and selectively upregulated underlying long-
term memory (Minatohara et al., 2016). However, increased PERK
phosphorylation does not affect CREB phosphorylation at Ser133 even
though an association between PERK-eIF2a signaling activation and
CREB dysfunction has been previously described (Costa-Mattioli et al.,
2005; Devi and Ohno, 2014). In line with our results, specific knock-
down of PERK in the hippocampal CA1l region of middle-aged mice
enhances memory without altering P-CREB levels or other synaptic
proteins such as PSD95. Although we cannot completely rule out a
contribution of PERK-induced CREB dysfunction in R6/1 memory
problems, other PERK-related mechanisms might be involved. Thus, it is
known that PERK may contribute to the homeostasis of neuronal prop-
erties by modulating neuronal excitability, likely by regulation of
neuronal calcium dynamics (Sharma et al., 2018; Zhu et al., 2016b; Zhu
et al., 2016a). Since calcium dyshomeostasis can alter the activation of
Ca+2—dependent kinases that regulate the production of IEGs, we can
hypothesize that PERK activation may contribute to memory distur-
bances by mechanisms related to aberrant neuronal excitability and
calcium homeostasis leading to the dysregulation of synaptic proteins
involved in structural and synaptic plasticity.

Overall, these data identify a novel mechanism involved in HD
cognitive deficits based on the dysregulation of the GRP78/PERK axis
opening a new therapeutic window in which PERK inhibition can be a
beneficial treatment to prevent memory impairments in HD.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.nbd.2023.106225.
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