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Abstract

Aging is associated with cognitive decline and is the main risk factor for a myriad of conditions
including neurodegeneration and stroke. Concomitant with aging is the progressive accumulation
of misfolded proteins and loss of proteostasis. Accumulation of misfolded proteins in the
endoplasmic reticulum (ER) leads to ER stress and activation of the unfolded protein response
(UPR). The UPR is mediated, in part, by the eukaryotic initiation factor 2a (elF2a) kinase
protein kinase R-like ER kinase (PERK). Phosphorylation of elF2a reduces protein translation
as an adaptive mechanism but this also opposes synaptic plasticity. PERK, and other elF2a.
kinases, have been widely studied in neurons where they modulate both cognitive function and
response to injury. The impact of astrocytic PERK signaling in cognitive processes was previously
unknown. To examine this, we deleted PERK from astrocytes (AstroPERKXC) and examined the
impact on cognitive functions in middle-aged and old mice of both sexes. Additionally, we tested
the outcome following experimental stroke using the transient middle cerebral artery occlusion
(MCAO) model. Tests of short-term and long-term learning and memory as well as of cognitive
flexibility in middle-aged and old mice revealed that astrocytic PERK does not regulate these
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processes. Following MCAO, AstroPERKKC had increased morbidity and mortality. Collectively,
our data demonstrate that astrocytic PERK has limited impact on cognitive function and has a
more prominent role in the response to neural injury.
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Introduction

Aging is associated with cognitive decline (1) and is the main risk factor for
neurodegeneration and stroke (2,3). With age, cells accumulate damage, mutations, and
gradually decline in the maintenance of protein homeostasis (proteostasis) (4). The loss of
proteostasis is associated with age-related cognitive decline (5,6) and neurodegeneration (6—
8). The mechanisms ensuring proteostasis are numerous and involve molecular chaperones,
transcription factors, and organelle-specific sensors that monitor protein disturbances (7).

The endoplasmic reticulum (ER) is a vital organelle within this proteostasis network (9).
The ER is essential for synthesis, folding, and processing of secretory and transmembrane
proteins (10). Diverse pathological insults lead to the accumulation of misfolded proteins
within the ER, which subsequently results in ER stress (11). To restore homeostasis, cells
initiate the evolutionarily conserved unfolded protein response (UPR) (12). The UPR is
orchestrated by three trans-ER membrane proteins, PKR(protein kinase R)-like ER kinase
(PERK), inositol requiring enzyme (IRE) 1, and activating transcription factor (ATF) 6,
each of which mediate distinct downstream signaling pathways with substantial crosstalk
among them (13). The activation of the UPR ultimately allows cells to cope with increased
protein folding load (12,14). However, chronic UPR activation in response to unresolved ER
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stress can lead to aberrant non-resolving inflammation and results in cell death (12,15). The
UPR is partly orchestrated by the trans-ER membrane Ser/Thr protein kinase PERK which,
after sensing misfolded protein accumulation in the ER lumen, is activated by dimerization
and autophosphorylation (16,17). Activated PERK phosphorylates the eukaryotic initiation
factor 2a (elF2a), which in turn leads to global attenuation of protein translation while
simultaneously increasing expression of selected proteins including ER resident molecular
chaperons in order to restore proteostasis (12,16,18). This ER monitoring network is
perturbed during aging (6). ER resident chaperones and UPR signaling molecules in

CNS have been reported to decrease in old rodents compared to young (19) and the
responsiveness of IRE1 is also diminished (5), suggesting their reduced function may
contribute to age-related disease. PERK has been widely studied in neurodegeneration and
injury. Neural injury, such as ischemic stroke, leads to suppression of protein synthesis
through PERK-dependent phosphorylation of elF2a at serine 51 (20-26). Recently it was
shown that PERK deletion from neurons worsens middle cerebral artery occlusion (MCAO)-
induced infarct volume and behavioral deficits, indicating a functional role in outcome
following injury (27). Collectively, many studies have demonstrated that PERK signaling
has a functional role in neural injury and disease. These same pathways are also important
in learning and memory (28). In neurons, elF2a has emerged as a convergence point of
proteostasis and cognition (29).

Memory formation requires synaptic plasticity, which is the activity dependent changes

of neuronal synaptic transmission (30). In addition, new protein translation at the
preexisting synapses is particularly necessary for memory formation (28,31). As such, the
phosphorylation of elF2a impedes memory formation (28,32). Consistent with this, ER
stress and PERK activation have been causally implicated in memory impairment in rodents
(33-38). Moreover, targeting the PERK pathway by either genetic or pharmacological
approaches has been reported to ameliorate neuronal loss and memory impairment in various
neurodegenerative and neural injury models (33,35,39-43). Importantly, physiological
phosphorylation of elF2a allows cognitive flexibility and disruption of P-elF2a or the
downstream transcription factor ATF4 impairs this process (44,45). Currently, it is unknown
if the PERK-dependent regulation of cognitive function is exclusive to neurons or if glial
cells, such as astrocytes, also influence this process.

Astrocytes are a major glial cell type, which orchestrate diverse critical functions in the
central nervous system such as formation and function of synapses, providing trophic
support to neurons, development of white and gray matter, blood flow regulation, driving
neuroinflammation and promoting CNS repair after neurological insult (46,47). Astrocytes
regulate synaptic transmission by forming the “tripartite synapse” (46). Moreover, astrocytes
by virtue of producing various neuroactive compounds, can modulate synaptic plasticity (48)
which makes them an ideal candidate for the regulation of complex brain functions such as
learning and memory (49). Indeed, previous studies have shown that astrocytes are critical in
learning and memory (49-53).

The functional role of astrocytic PERK in the context of learning and memory has not been
studied previously. Here, we deleted PERK from astrocytes and examined the impact on
cognitive function and cerebral ischemia in aged mice. Our data showed that PERK deletion
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from astrocytes does not worsen age-related cognitive decline but does result in greater
morbidity and mortality following experimental stroke.

Materials and Methods

Animals

PERKf (“Control”: Jackson Laboratories) (RRID:IMSR_JAX:023066) (54) and astrocyte
selective Cre-recombinase expressing (GFAP-Cre, line 77.6) (RRID:IMSR_JAX:024098)
(55) mice were purchased, subsequently housed and bred under the care of the Office of
Lab Animal Resources at West Virginia University. All animal studies were conducted with
approval from the WV U institutional animal care and use committee and in accordance
with the guide for the Care and Use of Laboratory Animals. Female GFAP-Cre mice

were crossed with male PERK /T mice and progeny F1 heterozygous females with GFAP-
Cre were backcrossed with male PERK/fl mice to obtain the astrocytic PERK knockout
(“AstroPERKKXO”: GFAP-Cre, PERK /M) mice. The Cre allele was always maintained as
hemizygous. Mice were on a 12/12 hour light/dark cycle with food and water ad libitum.
Tail biopsies were taken from 17-21 days old animals and genomic DNA was isolated
using Wizard SV genomic DNA purification system (Promega). Genotyping was done by
standard polymerase chain reaction (PCR) using platinum Il hot start green PCR master
mix (Invitrogen). Subsequently, genotype was determined by agarose gel electrophoresis.
The genotyping primers (Integrated DNA Technologies) are used to detect the presence of
Cre-recombinase allele (forward primer: GCT AAC CAT GTT CAT GCC TTC,; reverse
primer: AGG CAA ATT TTG GTG TAC GG) and PERK floxed allele (forward primer:
TTG CAC TCT GGC TTT CAC TC; reverse primer: AGG AGG AAG GTG GAATTT
GG).

Open field test

Y-maze test

All behavioral tests were conducted by an experimenter blinded to the genotypes of the
mice. General locomotor activity was measured using an open field apparatus that was an
acrylic rectangular box without a lid [dimensions: 40.64 cm (length) x 40.64 cm (width) x
38.1 cm (height); San Diego Instruments PAS-Open Field System PAS004634] containing
photocells. Data were collected by photo beam disruption due to animal movement (16
photo beams in both x and y axis directions for locomotor activity and 16 elevated photo
beams in z axis for rearing activity) and analyzed by PAS system software. The center area
was defined as an inner section 7.62 cm away from each of the walls. Ambulation, rearing
activity, center and peripheral activity measured by counting the number of photo beam
interruptions using PAS-Open field software. Each mouse was placed at the center of the
apparatus and were allowed to move freely within. Data were collected for 30 minutes.

Spontaneous alternation Y-maze test was performed to assess short-term spatial working
memory as described previously (56) with minor modifications. The Y shaped maze made
of grey polycarbonate [dimensions: 38 cm (length) x 8 cm (width) x 10 cm (height)] was
surrounded by black colored maze cues on the walls of the room. Each mouse was placed
in one arm of the maze and allowed to roam freely inside the maze for 8.5 minutes. All
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trials were video recorded and analyzed by ANY-maze video tracking software (Stoelting)
(RRID:SCR_014289). Entry to an arm was recorded only when all of the animal’s limbs
were within that particular arm. Percent spontaneous alternation was calculated as follows:
the number of triads containing entries into three arms/maximum possible alternations (total
number of arms entered-2) X 100.

Morris water maze test

Morris water maze test was performed as described previously (57) with minor
modifications in the protocol. A circular pool (1.07 m in diameter) was filled with water
and non-toxic paint was used to make the water opaque. A circular platform (diameter:

10 cm) was submerged below the water surface. The location of the hidden platform was
constant throughout the training phase. The water maze was surrounded by black colored
maze cues on the walls of the room. Briefly, mice were trained for seven consecutive days
[4 trials/day/mouse from each direction (north, south, east, west) in a random order] to find
hidden platform in a circular water pool. Maximum duration for each trial was 60 s and

the trial ended when a mouse found the hidden platform successfully. Once mice found the
platform, they were allowed to sit on the platform for 15 s and then returned to a heated
drying cage. Mice that did not find the platform within the trial period were guided to the
platform, and then were allowed to sit there for 15 s before returning to the cage. The probe
trial was administered at the 7th day right after the last training session. During the probe
trial, the platform was removed from the maze and mice were allowed to swim for 60 s after
which they were returned to the heated cage. To assess cognitive flexibility, mice underwent
reversal test where mice were retrained for two consecutive days as described above to learn
a new platform location. At the end of last training session on day 2, another probe trial
(reversal probe trial) was administered as described before. Each trial was video recorded
and analyzed by ANY-maze video tracking software (Stoelting) (RRID:SCR_014289).

Primary astrocyte culture

Primary astrocytes were prepared from postnatal day 01 control (PERK /) and
AstroPERKKO (GFAP-Cre, PERK /MY mice as previously described (58). In brief, pups
were euthanized by decapitation, and the brains were collected into cold media. Meninges,
cerebellum and olfactory bulbs were removed and cerebra were collected. Tissue was
disrupted by trituration and filtered through a 100 um cell strainer. Cells were centrifuged

at 300 x g for 5 min, resuspended in fresh astrocyte medium (Dulbecco’s Modified

Eagle Medium (DMEM) with 10% fetal bovine serum (FBS) (Corning), 16 mM 2-[4-(2-
hydroxyethyl)piperazin-1-yl] ethanesulfonic acid (HEPES) (Gibco), 1X non-essential amino
acids (Corning), 2 mM L-glutamine (Sigma-Aldrich), 100 units/ml penicillin (Gibco), 100
ug/ ml streptomycin (Gibco), and 50 pug/ml gentamicin (Sigma-Aldrich), and transferred
onto T-75 tissue culture flasks. The cultures were maintained for approximately 12-14 days
at 37 °C in humidified 5% C0O2/95% air atmosphere. One half of the media was changed
every 3—4 days. Astrocytes were separated from microglia by shaking at 200 rpm for 2
hours. Subsequently, media in the flask was removed and astrocytes were incubated with
trypsin (Gibco) for 5 min at 37°C. Cells were collected in media and centrifuged for 5 min
at 300 g. Thereafter, astrocytes were seeded in 6 well plates and 48—72 hours later cells were
collected for protein.
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Western Blotting

Primary astrocytes were washed twice with 1X Dulbecco’s phosphate buffered saline
(DPBS) (Gibco) and lysed with immunoprecipitation (IP) lysis buffer (20 mM Tris [pH
7.5], 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 0.5% NP-40, and 1X phosphatase/protease
inhibitor cocktail (Thermo scientific). Fifteen-month-old (mean age = 462.4 days) control
and AstroPERKXC mice were anesthetized using isoflurane (Vet one). Following cessation
of breathing, mice were transcardially perfused with 30 ml ice cold 1X DPBS (Gibco).
Brains were removed and cortex and hippocampus fractions were isolated. Tissues were
disrupted by trituration and filtered through a 100 um cell strainer. Cells were centrifuged
at 300 x g for 5 min, resuspended in IP lysis buffer. The lysates were subsequently
centrifuged for 15 min at 17000 x g at 4 °C and clear supernatants were taken for further
analysis. Protein concentrations were determined using the bicinchonicic acid assay (BCA)
assay (Thermo scientific). Equal amounts of protein from each sample were solubilized

in Laemmli sample buffer [2% Sodium Dodecyl Sulfate (SDS)] and heated for 5 min at

95 °C. Proteins were separated by 8% or 10% SDS-polyacrylamide gel electrophoresis

and transferred to nitrocellulose membranes (Bio-Rad). The membranes were blocked in
5% milk in wash buffer (20 mM Tris base, 137 mM NaCl and 0.05% Tween-20 (TBST))
followed by an overnight incubation at 4°C with primary antibody diluted in 5% bovine
serum albumin (BSA) (Fisher) or milk, according to the manufacturer’s recommendation.
Primary antibodies were diluted as follows; PERK 1:2000 (Cell signaling, 3192S), P-
elF2a 1:2000 (Cell signaling, 3398S), elF2a 1:3000 (Cell signaling, 5324S), GLAST
1:2000 (Abcam, ab416), GFAP 1:3000 (Cell signaling, 12389S), GAPDH 1:12000 (Sigma-
Aldrich, MAB374). Antibody used are listed in table 1. Membranes were washed for 1

h with frequent changes to TBST. Membranes were incubated with horseradish peroxidase-
conjugated goat anti-rabbit or goat anti-mouse (1:3000 dilution, Jackson Immuno Research)
secondary antibody diluted in 5% milk in TBST for 1 h at room temperature. Membranes
were again washed for 1 h and TBST was changed frequently. Proteins were detected

by enhanced chemiluminescence (Thermo-scientific). Immunoblots were imaged on an
ChemiDoc Touch imaging system (Bio-Rad) and quantified using Image Lab software
(Bio-Rad) (RRID:SCR_014210).

Reverse transcription (RT)-PCR

RNA was isolated using 1 ml of TRIzol (Life technologies) according to the manufacturer’s
protocol. RNA was quantified using a NanoDrop system (Thermo scientific). For cDNA
synthesis, 1 ug of RNA was mixed with oligo dT primer and incubated at 70°C

for 5 min followed immediately by 5 minutes on ice. A mix containing reaction

buffer (Promega), moloney murine leukemia virus reverse transcriptase (Promega),
deoxynucleotide triphosphates (dNTP) (Promega), and ribonuclease inhibitor (Promega) was
added and incubated at 42°C for 1 hour. The reaction was terminated by incubation at 95°C
for 5 minutes. Subsequently, cDNA was used as input DNA for PCR (using platinum |1

hot start green PCR master mix (Invitrogen)) to detect the presence of Cre-recombinase
(forward primer: GCT AAC CAT GTT CAT GCC TTC; reverse primer: AGG CAA ATT
TTG GTG TAC GG). Cre presence was confirmed by running PCR products on agarose gel.
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Retro-orbital injection of adeno-associated virus (AAV)

Microscopy

Pre-made AAV viral stock was purchased from Addgene. pAAV-FLEX-tdTomato was a gift
from Edward Boyden (Addgene viral prep # 28306-PHPeB) (RRID:Addgene_28306). Mice
were anesthetized briefly with isoflurane. Gentle pressure was applied to the skin dorsal and
ventral to the eye so that the eye partially protrudes. The needle (27 gauge) of the syringe
was placed in the medial canthus to access the retro-orbital sinus. An injection volume of
150 pl containing 5 x 1011 viral genomes (vg) was used. Mice were analyzed 3 — 4 weeks
post-injection.

Following euthanasia, mice were transcardially perfused with 30 ml of cold DPBS (Gibco)
followed by 30 ml of cold 4% paraformaldehyde (PFA). Brains were removed and post-fixed
in 4% PFA overnight. Brains were then washed with PBS and immersed in 20% then 30%
sucrose, incubating at 4° until the tissue sinks at each step. Brains were then frozen and
sectioned at 25 pm on a cryostat (Leica). Sections were placed on glass slides and mounted
using ProLong glass antifade mountant with NucBlue (ThermoFisher). Slides were then
imaged on a slide scanner (Olympus) and subsequently imaged on a Nikon A1R confocal
microscope.

For H&E staining, coronal sections of formalin-fixed paraffin embedded brain were

used. Slides were evaluated by a pathologist blinded to the experimental groups.
Microscopic changes were graded as to severity utilizing the International Harmonization
of Nomenclature and Diagnostic (INHAND) standards. Histopathology was conducted by
iHisto inc.

Immunostaining

Following TTC staining, tissue was fixed in 10% formalin overnight then paraffin
embedded. Immunostaining was conducted in a blinded fashion by iHisto inc. Tissues

were sectioned, dewaxed, and stained using anti-CHOP (ThermoFisher, MA1-250) and

anti GFAP (Cell Signaling, #3670). Immunostaining was enhanced using Tyramide

Signal Amplification. Slides were imaged using a slide scanner at 20x magnification.
Quantification was conducted by selecting semi-random fields based on GFAP staining in
the deep cortex and the caudate putamen, using the corpus callosum as a reference landmark.
Cells were quantified from the ipsilateral and contralateral hemispheres from three animals
of each genotype with a minimum of 300 cells per hemisphere were counted. Total cell
number, based on DAPI staining, was determined in an automated fashion using Photoshop.
GFAP and CHOP positive cells were then counted manually from the same field. To assess
astrocyte number, branching degree, and Feret diameter, images were analyzed with Cell
Profiler V4 (www.cellprofiler.org, RRID: nif-0000-00280) (59). The mean measurements
from each animal were used for statistical assessment.

Middle cerebral artery occlusion (MCAO)

MCAO surgeries were conducted as described previously (60), with minor modifications.
Briefly, mice were anesthetized with isoflurane and an incision in the skin made to visualize
the proximal common carotid artery. A small incision was made in the vessel and then
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a sterile monofilament (occluder) threaded into the internal carotid artery to a point that
prevents blood flow into the right middle cerebral artery. The occluder remained in place
for 60 min and then was removed. Surgeries were performed by a researcher blinded to
the genotypes. Neuroscores were assessed based on the following scale: 0 — no deficit, 1
— forelimb weakness and/or turning to one side when suspended by tail, 2 — circling, 3 -
unable to bear weight or falling to the affected side, 4 — lack of spontaneous movement or
barrel rolling (61,62).

Statistical analysis

Results

All statistical analyses were performed using GraphPad Prism (version 9)
(RRID:SCR_002798) software. Unpaired two-tailed t test or Mann-Whitney test was used
to compare between two groups. Ordinary two-way ANOVA test was used to compare
between repeatedly measured datasets. Sidak’s multiple comparison test was used for post-
hoc analysis. Ordinary two-way ANOVA test was performed to determine interactions
between genotype and sex, genotype and age as well as age and sex. Tukey’s multiple
comparison test was used for post-hoc analysis. Three-way ANOVA was performed to
examine interactions between genotype, age and sex. Tukey’s multiple comparison test was
performed for post-hoc analysis. Statistical significance is defined as p < 0.05. Data are
represented as Mean £ SD on all bar charts. For the violin plots, dark spaced line on the top,
middle and bottom of a violin represents 75th Percentile, median and 25th percentile of the
dataset respectively. Statistical tests are listed in table 2.

Deletion of PERK in astrocytes.

To examine the impact of astrocytic PERK in learning and memaory, we generated
conditional knockout mice by crossing PERK/l with GFAP-Cre (AstroPERKKO). To
validate the astrocyte-selective Cre, we retro-orbitally injected both control (PERK/fl) and
AstroPERKKO mice with adeno-associated virus (PHP.eB serotype) carrying a flex-switch
controlled, Cre-inducible tdTomato (63). As shown in Figures 1A and 1B, Cre expressing
mice show widespread tdTomato labeling of astrocytes, as determined by the complex and
bushy cell morphology. No tdTomato expression was observed in Cre negative animals.
To confirm PERK knockout in astrocytes, we isolated and cultured primary astrocytes
from the control and AstroPERKKXO mice. As shown in Figure 1C, PERK is markedly
reduced in Cre expressing astrocytes. The levels of PERK, phospho-elF2a (P- elF2a.), the
astrocytic glutamate transporter GLAST, and GFAP were immunoblotted from the cortex
and hippocampus. As shown in Figure 1D-1G, PERK expression was not reduced in the
cortex and hippocampus fraction of AstroPERKXO animals, suggesting PERK expression
is low in astrocytes, which is consistent with previously reported single cell sequencing
data (64). Furthermore, expression of P-elF2a also remained unchanged between the
genotypes in both brain regions. GFAP and GLAST expression were also similar in both
genotypes. Taken together, these data demonstrate that PERK is effectively deleted from
GFAP-expressing astrocytes without causing obvious alterations in cellular phenotype.
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Astrocytic PERK ablation does not affect general locomotion.

To assess the behavioral effects of astrocytic PERK deletion, we first tested general
locomotor activity using open field test in age and sex matched middle-aged (12 months;
Mean age: 349.9 days) (Figure 2A-C) and old (18 months; Mean age: 527.2 days) (Figure
2D-F) mice (Table 3). We first analyzed the dataset to detect sex specific effects and

found none. Therefore, we combined males and females together for further downstream
analysis. We found no difference in total ambulation (Figure 2A) and total rearing (Figure
2B) between control and AstroPERKKO mice for middle-aged as well as old (Figure

2D, 2E) mice. Rodents typically show distinct aversions to large, brightly lit, open and
unknown environments and typically reside near the periphery of the open field chamber
(65). Consistent with this behavior, both control and AstroPERKKC mice mostly occupied
the periphery and showed no difference between genotypes in the center activity for middle-
aged (Figure 2C) and old (Figure 2F) mice, respectively. Additionally, we did not observe
any age specific effect on total ambulation, total rearing and center activity (Table 3) in our
animals. Overall, these data indicate that PERK deletion from GFAP+ astrocytes does not
affect general locomotor functions.

Astrocytic PERK deletion does not alter spatial working memory.

Genetic ablation of PERK in neurons impairs short-term spatial working memory (36). We
hypothesized that long-term deletion of PERK from astrocytes would diminish support for
neurons and impair memory. To test this, we performed Y-maze spontaneous alternation test
to examine short-term working memory in control and AstroPERKKO mice. As before, there
were no sex specific effects and therefore we combined males and females for subsequent
analysis. Our data demonstrated that there were no differences in total arm entries (Figure
2G, 2I) or spontaneous alternation rate (Figure 2H, 2J) between control and AstroPERKXO
mice of both age groups. Typically, young mice exhibit an alternation rate of approximately
70% and alternation rates decline progressively as animals age (66). In accordance with
previous studies, both middle-aged (12 months) and old (18 months) mice displayed an
average spontaneous alternation rate of below 50% suggesting age-related impairment that
is not worsened by PERK deletion. However, there was no age specific effect in the Y-maze
performance (Table 4). Taken together, these data suggest that astrocytic PERK does not
regulate short-term spatial working memory.

Astrocytic PERK ablation does not alter long-term memory and cognitive flexibility in
middle-aged mice.

PERK inhibition by genetic and pharmacological means improves memory consolidation
(37) and hippocampal-dependent learning and memory (67) in rodents. Moreover, PERK
inhibition has been reported to improve spatial memory following traumatic brain injury
(35) and in an Alzheimer’s disease model (33). Therefore, we examined whether the
AstroPERKKO mice have differences in long-term spatial memory at middle-age (12
months). As before, there were no sex specific effects and therefore we combined males
and females for subsequent analysis. In the training phase, mice learned the location of
the hidden platform, as shown by a decrease in the latency to platform entry (p < 0.0001;
ordinary two-way ANOVA). There were no significant differences in the learning ability
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between control and AstroPERKKC mice (Figure 3A). After the last training session, we
conducted probe trial (Figure 3B—C). Both the control and AstroPERKKC mice spent
significantly more time in the target quadrant (TQ) (two-way ANOVA, Sidak’s multiple
comparison test) that contained the platform during the training phase compared to other
quadrants (Figure 3B). There were no significant differences in time spent in target
quadrant (Figure 3B) and time spent in the platform area (Figure 3C) between control

and AstroPERKXO mice. Both control and AstroPERKKC mice employed a similar strategy
to find the platform during the probe trial, which was quantified by the parameter path
efficiency to first platform entry (Table 5).

Genetic ablation of PERK from forebrain neurons leads to impairment of cognitive
flexibility (36,44). To examine the effect of astrocytic PERK ablation in cognitive

flexibility, we conducted reversal probe trial. During the reversal training phase, control

and AstroPERKXO mice learned the new platform location (p<0.0001; ordinary two-way
ANOVA) equally well (Figure 3D). In the reversal probe trial, control mice spent
significantly more time in new target quadrant than the previous target quadrant (PTQ;
quadrant which contained platform during the probe trial) (p = 0.0087, control TQ vs control
PTQ, two-way ANOVA with Tukey’s multiple comparison test) (Figure 3E). However,
AstroPERKKO mice spent comparable amount of time in both target quadrant and previous
target quadrant (p = 0.9998, AstroPERKXO TQ vs AstroPERKKC PTQ, two-way ANOVA
with Tukey’s multiple comparison test) (Figure 3E) which indicates that AstroPERKXO mice
were less efficient in learning the new platform location compared to control. However,
there was no significant difference between AstroPERKKO and control mice in the time
spent in the target quadrant or the previous target quadrant (Figure 3E). Additionally, control
and AstroPERKXC mice spent comparable amount of time in the platform area (Figure

3F). Overall, our results demonstrate that astrocytic PERK ablation does not alter long-term
spatial memory but may suggest a subtle difference in cognitive flexibility in middle-aged
mice.

Astrocytic PERK ablation does not alter long-term memory and cognitive flexibility in old

mice.

We next examined long-term memory and cognitive flexibility in old (18 months) mice

to determine if astrocytic PERK deletion would alter age-related cognitive impairment. As
before, there were no sex specific effects and therefore we combined males and females

for subsequent analysis. During the training phase, both the control and AstroPERKXO
mice learned the platform location. (Figure 4A) (p = 0.0002, ordinary two-way ANOVA).
Consistent with the middle-aged mice, there were no significant differences in time spent in
target quadrant (Figure 4B) or platform area (Figure 4C) between control and AstroPERKKO
mice during the probe trial. Both control and AstroPERKKO mice employed a similar
strategy to find the platform during the probe trial, which was quantified by the parameter
path efficiency to first platform entry (Table 6). Overall, our data suggest that like the
middle-aged cohort, PERK deletion from astrocytes does not affect long-term spatial
memory in old mice.
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To examine the cognitive flexibility in old mice, reversal probe trial was conducted. During
the reversal training phase, both control and AstroPERKKXC mice learned the platform
location equally well (Figure 4D) (p = 0.0376; ordinary two-way ANOVA). During the
reversal probe trial, both control and AstroPERKXC mice spent a comparable amount

of time in the target quadrant and the previous target quadrant, indicating they did

not effectively extinguish the previously learned location (Figure 4E). Additionally, both
genotypes spent a similar amount of time in the platform area (Figure 4F).

We next analyzed the data using age as the only independent variable. Expectedly,
middle-aged mice performed significantly better in water maze test compared to old mice
(Supplementary Figure 1A—-C). During the probe trial, middle-aged mice spent significantly
more time in target quadrant and platform area as well as performed more platform line
crossings (Supplementary Figure 1A—C) which indicates superior long-term memory. Taken
together, our data demonstrate that middle-aged mice have superior long-term memory
compared to old mice. However, during the reversal probe trial, both middle-aged and old
mice spent comparable amount of time in target quadrant and platform area (Supplementary
Figure 1D-F). Additionally, there was no significant difference in the number of platform
line crossing between the middle-aged and old mice (Supplementary Figure 1F). Our data
are consistent with previous reports that described similar age-related cognitive decline in
rodents (68,69). Collectively, these data suggest that PERK deletion from astrocytes does not
worsen age-related cognitive impairment.

Deletion of PERK from astrocytes worsens experimental stroke outcome in aged mice.

Our initial hypothesis that long-term PERK deletion from astrocytes would impair cognitive
function was not supported by the data. Therefore, we next tested if PERK deletion would
affect outcome following an ER stress-inducing injury. For this, we used the experimental
ischemic stroke model of middle cerebral artery occlusion (MCAQ). This model has been
reliably shown to induce ER stress and PERK activation (24,25,27,70-72). Additionally,
PERK deletion from neurons resulted in greater functional impairment following MCAQO
(27). Using the same cohort of mice as in Figure 4 (plus 3 — 4 test-naive mice per genotype
to ensure prior behavioral testing would not affect outcome) these mice underwent 60

min transient MCAO. Mice were assessed at 24 h post-MCAO and impairment scored.
The AstroPERKXO mice were significantly more impaired 24 h after MCAO (Figure

5A). The mice were further assessed at 72 h post-MCAQO by general locomotor activity.
Again, the AstroPERKXO showed more impairment with less activity in the open field and
less rearing activity (Figures 5B and 5C). Consistent with worse outcome, AstroPERKKXO
had significantly higher mortality following MCAO (Figure 5D). To confirm ER stress

and PERK activation in astrocytes following MCAO, tissue sections were stained for
CHOP and GFAP. As shown in Figure 6A, control animals had robust CHOP staining

in the ipsilateral side in both GFAP positive astrocytes and GFAP negative cells. The
AstroPERKKO mice also had CHOP expression in the ipsilateral side but was largely
restricted to GFAP negative cells. The percentage of CHOP positive astrocytes following
MCAO was selectively and significantly reduced in the AstroPERKKC animals (Figure 6B).
These data confirm PERK activation in astrocytes following MCAO. The infarct caused

by the MCAQ was variable and did not correlate with functional outcome (Supplemental
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Figure 2). The apparent lack of difference in infarction between the genotypes is likely

due to significantly more of the AstroPERKXO dying before collection for TTC staining
preventing detection of potentially larger infarcts in the knockout animals. Histopathological
evaluation from animals that survived to 72 h showed neuronal necrosis, edema, and
neuropil vacuolation, as expected. No pathology was noted in the contralateral hemispheres
of the control or AstroPERKKO mice, indicating that PERK deletion does not affect normal
CNS development or architecture (Supplemental Figure 3). Collectively, these data show
that life-long deletion of PERK from astrocytes leads to worse outcome and increased risk of
death from experimental stroke.

We next examined if PERK deletion impacts astrocyte numbers or morphology in the
uninjured or injured tissue. The number of astrocytes was similar between control and
AstroPERKKO (Figure 7A). Morphology was examined based on GFAP staining. The
branching degree (number of terminal branches / branches originating from the soma) was
quantified and showed that PERK deletion did not impact the complexity of the cytoskeleton
(Figure 7B & 7C). Additionally, we assessed astrocyte size based on Feret’s diameter of
GFAP staining and found that PERK deletion did not significantly impact size (Figure 7D

& TE). These data show that PERK does not regulate astrocyte number or morphology
following ischemic injury. The data from the uninjured contralateral tissue also suggests that
PERK deletion does not impact astrocyte development nor lead to astrocyte loss or overt
morphological defects in the healthy CNS.

Discussion

The relationship between protein synthesis and long-term memory has been known for more
than 50 years as protein synthesis inhibitors were found to impair long-term memory in
mammals (73). Phosphorylation of the a subunit of eukaryotic initiation factor 2 (elF2a)
has been described as a focal point for the control of translation initiation (74,75). This
phosphorylation occurs at serine 51 and is mediated in a stimulus-dependent fashion by
four kinases: PERK, protein kinase R (PKR), general control nonderepressible (GCN)

2, and heme-regulated inhibitor (HRI) (76). Further studies have established a role of

elF2a phosphorylation in regulation of learning and long-term spatial memory in rodents
(32,77,78). As a result, elF2a kinases, including PERK, are central regulators of cognitive
function (29). Physiologically, the phosphorylation of elF2a serves as a rheostat that
properly limits memory formation, allowing for behavioral flexibility (45). However,

in various neurodegenerative diseases, chronic PERK activation and subsequent elF2a
phosphorylation in CNS is observed (79). As a result, translation of key synaptic proteins

is suppressed and may contribute to cognitive decline (42,80-82). These previous studies
have clearly defined PERK signaling in control of protein translation as a regulator of
cognitive function. However, previous studies have focused on examining the contribution of
neuronal PERK signaling in cognitive function. Therefore, an important question remains:
does PERK signaling in glia also contribute to learning and memory?

To begin to answer this question, we deleted PERK in astrocytes. From our
immunofluorescent and histological analyses, we can infer that PERK deletion from
astrocytes did not impact the gross morphology and structure of the CNS or the normal
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development and survival of astrocytes. We hypothesized that loss of PERK, which is

a central regulator of proteostasis, would in the long-term diminish astrocyte support

of neurons and manifest as cognitive impairment. Aging is associated with progressive
proteostasis impairment in various model organisms as well as in humans (83-85).
Therefore, we subjected middle-aged (12 months) and old (18 months) cohorts of control
and AstroPERKXO mice to a battery of behavioral tests to assess cognitive function. We
found that PERK deletion from astrocytes did not impair general locomotor function, which
is consistent with findings from global pharmacological inhibition of PERK (86). Moreover,
astrocytic PERK ablation did not affect learning and memory in either age cohort. This
may suggest that the effects of PERK signaling are cell-intrinsic to neurons. However, other
glial cells in the CNS such as microglia and oligodendrocytes are also known to modulate
learning and memory (87,88). Whether PERK signaling in microglia and oligodendrocytes
can affect memory function still remains an open question. Consistent with previous reports
(89,90), we observed age related decline in long-term memory. However, astrocytic PERK
deletion did not exacerbate this cognitive decline.

Protein translation is also impacted by disease and neural injury. It has been known for
several decades that transient cerebral ischemia, in both rodents and non-human primates,
leads to suppression of protein synthesis in the affected region (20,21). These findings have
been consistently reproduced by others that have shown that transient cerebral ischemia
increases P-elF2a in a PERK-dependent fashion leading to suppression of protein synthesis
(22-26). Targeting PERK by small molecule inhibition was shown to attenuate MCAO-
induced infarct volume (70). In contrast, recent work has shown that deletion of PERK in
neurons is detrimental following MCAQ (27). Our data demonstrate that deletion of PERK
from astrocytes also leads to worse outcome from experimental stroke. Together, these
studies show that PERK signaling in both neurons and astrocytes is beneficial following
experimental stroke. In this study, MCAQO was conducted on mice that were over 18 months
old. This is highly relevant as stroke primarily effects elderly individuals (91). Importantly,
PERK was deleted for the life of the animal. Considering that, like neurons, astrocytes are
long-lived cells (46) it is possible that disruption of PERK signaling sensitizes astrocytes to
ischemic damage, but that short-term inhibition or deletion could be protective. Inducible
deletion studies to allow temporal control of PERK deletion from astrocytes are underway to
test this.

Another potential mechanism by which PERK deletion from astrocytes could be detrimental
is through an impaired antioxidant response. The nuclear factor erythroid-2-related factor
2 (Nrf2) is a central regulator of the antioxidant response through driving expression

of detoxifying enzymes and by promoting glutathione production (92). Nrf2 is activated
following cerebral ischemia and has a protective role (93). Additionally, Nrf2 is activated
in a PERK-dependent fashion during ER stress and the Nrf2 pathway has been shown to
be protective in astrocytes (94-96). As such, deletion of PERK may impair Nrf2 activation
in astrocytes following MCAO. Astrocytes have been shown to protect neurons through

a variety of mechanisms including providing antioxidant defense (97). This raises the
possibility that PERK deletion may impair the astrocyte-mediated protection of neurons
thus contributing to a worse outcome following MCAO.
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UPR mediators, particularly PERK, have garnered attention recently as their activation has
been reported in various rodent models of neurodegenerative disorders as well as in human
patients suffering from these ailments (79). Moreover, studies have also demonstrated that
targeting elF2a phosphorylation can be a potential therapeutic approach in prion disease
and frontotemporal dementia (41,42,80,81,98). While there is great potential for modulation
of PERK signaling as a therapeutic, there may be differential outcomes depending on the
pathological condition. Our study, as well as others, have shown that targeting PERK can
have detrimental consequences on CNS injury or disease (27,99-102). However, targeting
PERK in memory dysfunction remains promising. CNS activation of the UPR has been
reported to significantly impair long-term spatial memory in multiple studies (34,103,104).
In line with this, Sidrauski et al. demonstrated that reversing translational inhibition by
administration of the small molecule ISRIB (Integrated Stress Response Inhibitor) enhanced
long-term spatial memory (38). Additionally, inhibition or knockdown of PERK boosted
long-term memaory and behavioral plasticity (37,67). Forebrain specific deletion of PERK
using Camk?2a-cre ameliorates memory decline in a model of Alzheimer’s disease (33).

In line with this finding, /n vivo administration of soluble PERK inhibitor (GSK2656157)
reverses traumatic brain injury (TBI) induced memory decline and anxiety-like behavior
(35,86). Post stroke cognitive impairment is common (105) and is potentially another
condition that could benefit from pharmacological enhancement of translation initiation.

Genetic or pharmacological manipulation of proteostasis signaling pathways, particularly
the unfolded protein response (UPR), can affect learning and memory deficits due to
aging and neurological disorders (5,33,35). However, previous studies have focused on
translational regulation in neurons and the contributions of these signaling events in non-
neuronal cells in the context of cognitive function have not been well studied. Here, we
have provided initial evidence that PERK signaling in astrocytes is more likely playing

a role in the response to neural injury and has limited effects on cognitive function

in normal unstressed condition. This is consistent with previous work showing that
astrocytic PERK promotes neuroinflammation and neurodegeneration (106-108). However,
much remains unknown. Based on previous single cell sequencing data, PERK is lowly
expressed in astrocytes compared to other cells in the CNS (64). Therefore, modulation

of other elF2a kinases in astrocytes may reveal a role in cognition. Similarly, other UPR
mediators in astrocytes may have a role in cognition. IRE1a signaling in neurons has been
implicated in long-term memory where genetic deletion of IRE1 and/or the downstream
effector transcription factor XBP1 resulted in memory impairment (5,109). Additionally,
we deleted PERK in GFAP-expressing astrocytes, thus the role of PERK in non-GFAP
astrocytes cannot be excluded. Astrocytic PERK is likely to influence cognitive function
in the context of neurological diseases through non-cell-autonomous effects on neurons,
as previous work has shown that PERK signaling in astrocytes drives neurodegeneration
in a mouse model of prion disease (108). If astrocytic PERK has a similar role in other
neurological diseases remains to be determined. Future studies will likely show that,
under pathological conditions, PERK signal in glial cells is multifaceted and can influence
cognitive, inflammatory, and reparative processes.
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Significance Statement

Neuronal PERK signaling is a vital regulator of cognitive function. In this study, we have
examined the contribution of astrocytic PERK signaling in learning and memory. Our
results indicate that astrocytic PERK does not influence short-term or long-term memory
in aged mice. The results support the notion that PERK-dependent regulation of learning
and memory is likely cell intrinsic to neurons. Additionally, we have also demonstrated
that astrocytic PERK signaling is critical to limiting detrimental outcome and death from
experimental stroke.
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Figure 1: Deletion of PERK from GFAP expressing astrocytes.
(A) AstroPERKKO (GFAP-Cre, PERK /Ty mice (left) and Cre negative PERK/f! (right)

mice were retro-orbitally injected with 5 x 101 viral genomes of the Cre-inducible pAAV-
FLEX-tdTomato (PHP.eB serotype). Three weeks post injection, tdTomato expression was
evaluated as an indicator of Cre activity. Scale bar = 1 mm. (B) Higher magnification
showing tdTomato expressing cells display astrocyte morphology. Scale bar = 50 pum.

(C) Primary astrocytes were isolated from PERK /Tl mice without or with GFAP-Cre
followed by immunoblotting for PERK and GAPDH. Cortex (D-E) and hippocampus (F-G)
were isolated from 15-month-old control (PERK/f) and AstroPERKKXC mice. Levels of
PERK, P-elF2a, elF2a, GLAST, GFAP and GAPDH are measured by immunoblotting and
quantified from the cortex (D-E) and hippocampus (F-G). Cre expression is confirmed by
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RT-PCR. Data are represented as means = SD. Each point represents an individual animal
(blue dot = male, orange dot = female). Numerical p values are shown.
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Figure 2: PERK deletion in astrocytes does not alter general locomotion and short-term working

memory.

(A-C) Middle-aged (12 months) control, AstroPERKKO (n=17 for each genotype) and (D-E)
old (18 months) control (n=8), AstroPERKK® (n=9) mice underwent open field test. Total
ambulation, total rearing and percent center activity between two genotypes for middle-aged
(A, B, C)andold (D, E, F) mice are plotted respectively. (G-H) Middle-aged and (I-J)

old control and AstroPERKKO mice underwent Y-maze spontaneous alternation test. Total
number of arm entries and spontaneous alternation rate are plotted for (G-H) middle-aged
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and (1-J) old mice respectively. Each point represents an individual animal (blue dot = male,
orange dot = female). Numerical p values are shown.
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Figure 3: Astrocytic PERK ablation does not alter long-term memory and cognitive flexibility in
middle-aged mice.

(A-C) Middle-aged (12 months) control and AstroPERKXC (n=17 for each genotype) mice
were tested in the Morris water maze. Mice were trained to learn the hidden platform
location for seven consecutive days. (A) Average latency (time) to find platform during the
training phase is plotted for each genotype. Probe trials were administered right after the last
training session. During probe trials, (B) percent time spent in individual quadrants and (C)
time spent in platform area are plotted for each genotype. (D-F) The next day, the platform
location was changed, and mice were retrained to learn the new platform position for two
consecutive days (reversal training phase). (D) Average latency to find the platform during
reversal training phase are plotted for each genotype. Reversal probe trials were conducted
immediately after the last training session. (E) Percent time spent in individual quadrants
and (F) time spent in platform are plotted for each genotype. Each point represents an
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individual animal (blue dot = male, orange dot = female). Numerical p values are shown.
Abbreviations: TQ= target quadrant, PTQ= Target quadrant in previous probe trial, SE=
southeast quadrant, NW= northwest quadrant, SW= southwest quadrant).
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Figure 4: Astrocytic PERK deletion does not alter long-term memory and cognitive flexibility in
old mice.

(A-C) Old (18 months) control (n=8), and AstroPERKKO (n=9), mice were tested in the
Morris water maze. Mice were trained to learn the hidden platform location for seven
consecutive days. (A) Average latency to find platform during training phase is plotted for
each genotype. Probe trials were administered right after the last training session. During the
probe trials, (B) percent time spent in individual quadrants and (C) time spent in platform
are plotted for each genotype. (D-F) The next day, the platform location was changed, and
mice were retrained to learn the new platform position for two consecutive days (reversal
training phase). (D) Average latency to find the platform during reversal training phase

are plotted for each genotype. Reversal probe trials were conducted immediately after the
completion of training. (E) Percent time spent in individual quadrants and (F) time spent in
the platform area are plotted for each genotype. Each point represents an individual animal
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(blue dot = male, orange dot = female). Numerical p values are shown. (Abbreviations:
TQ= target quadrant, PTQ= Target quadrant in previous probe trial, SE= southeast quadrant,
NW= northwest quadrant, SW= southwest quadrant).
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Figure 5: Astrocytic PERK ablation wor sens experimental stroke outcomein old mice.
Old (18 months; mean age= 550.1 days) control (n = 11) and AstroPERKXO (n = 13)

mice underwent MCAO. (A) Neuroscore was determined 24 hours after the surgery and are
plotted for each genotype. (B-C) Seventy-two hours after the surgery, mice underwent open
field test. (B) Total ambulation and (C) total rearing activity are plotted for each genotype.
(D) Percent survival until 72 hours after the surgery are plotted for each genotype. Each
point represents an individual animal (blue dot = male, orange dot = female). Numerical p
values are shown.
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Figure 6: Cerebral ischemia drives PERK-dependent CHOP expression in astrocytes.
Tissue from a subset of animals shown in figure 5 were used for immunostaining. (A)

Representative images from contralateral and ipsilateral hemispheres stained from GFAP
(white) and CHOP (orange). Scale bar = 50 um (B) Quantification of CHOP positive
astrocytes (GFAP positive) and GFAP negative cells. Data are represented as means + SD.
Each point represents an individual animal. Numerical p values are shown.
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Figure 7: PERK does not regulate astrocyte number or morphology.
Tissue from a subset of animals shown in figure 5 were used for immunostaining. (A)

GFAP+ astrocytes were quantified from 2 — 3 fields per animal from 3 mice of each
genotype. Each point represents a microscopy field. (B) Branching degree (number of
terminal branches / branches originating from the soma) was quantified and each data point
represents an individual astrocyte. Dashed line and error bars represent geometric mean
and SD. (C) Relative distribution of cells based on branching degree (graph is truncated
when frequency reached < 0.2%). (D) Feret diameter was quantified, and each data point
represents an individual astrocyte. Dashed line and error bars represent geometric mean and
SD. (E) Relative distribution of cells based on Feret diameter (graph is truncated when
frequency reached < 0.2%).
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Antibody Structure of theimmunogen against which the The manufacturer, Catalog or lot number, Concentration
name animal was immunized RRID, Speciesit wasraised in, Monaoclonal used
or polyclonal
PERK A synthetic peptide corresponding to residues (Cell Signaling Technology Cat# 3192, 1:2000
surrounding Val248 of human PERK protein RRID:AB_2095847)
Rabbit Monoclonal
P-elF2a A synthetic phosphopeptide corresponding to Cell signaling 3398S RRID:AB_2096481 1:2000
residues surrounding Ser51 of human elF2a Rabbit Monoclonal
Total elF2a A purified recombinant protein fragment (Cell Signaling Technology Cat# 5324, 1:3000
representing sequence in the central region of human | RRID:AB_10692650)
elF2a Rabbit Monoclonal
GFAP A synthetic peptide corresponding to residues (Cell Signaling Technology Cat# 12389, 1:3000
surrounding Asp395 of human GFAP protein. RRID:AB_2631098)
Rabbit Monoclonal
GLAST Synthetic peptide corresponding to Rat EAAT1 (C Abcam ab416 RRID:AB_304334 1:2000
terminal). Corresponding to 20 residues from the C- Rabbit Polyclonal
terminal
GAPDH Glyceraldehyde-3-phosphate dehydrogenase from (Millipore Cat# MAB374, 1:12000

rabbit muscle

RRID:AB_2107445)
Mouse Monoclonal
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TABLE 2.
Summary of statistics for each figure.

Figure Test parameter WhovsWho | N Isdata Test Pvalue | F(DFn, Post-Hoc
distribution | name DFd) analysis
normal?

(Shapiro-
Wilk test)
1E Cortex PERK/ Control vs Control=5 No Mann- 0.9524 N/A N/A
GAPDH AstroPERKKO | (M=4;F=1) Whitney
Western blot AstroPERKKO= test
densitometry 5(M=3; F=2)
1E Cortex P-elF2a/ Control vs Control=5 Yes Unpaired | 0.3917 N/A N/A
Total elF2a AstroPERKX® | (M=4; F=1) two-
Western blot AstroPERKKO= tailed t
densitometry 5(M=3; F=2) test
1E Cortex GFAP/ Control vs Control=5 Yes Unpaired | 0.1446 N/A N/A
GAPDH AstroPERKKO | (M=4; F=1) two-
Western blot AstroPERKKO= tailed t
densitometry 5 (M= 3; F=2) test
1E Cortex GLAST/ Control vs Control=5 Yes Unpaired | 0.9723 N/A N/A
GAPDH AstroPERKX® | (M=4; F=1) two-
Western blot AstroPERKKO= tailed t
densitometry 5 (M= 3; F=2) test
1G Hippocampus Control vs Control=5 Yes Unpaired | 0.8589 N/A N/A
PERK/GAPDH AstroPERKXC | (M=4; F=1) two-
Western blot AstroPERKKO= tailed t
densitometry 5 (M= 3; F=2) test
1G Hippocampus P- Control vs Control=5 Yes Unpaired | 0.6128 N/A N/A
elF2a/ Total elF2a | AstroPERKKC | (M=4;F=1) two-
Western blot AstroPERKKO= tailed t
densitometry 5 (M= 3; F=2) test
1G Hippocampus Control vs Control=5 Yes Unpaired | 0.8941 N/A N/A
GFAP/GAPDH AstroPERKXC | (M=4; F=1) two-
Western blot AstroPERKKO= tailed t
densitometry 5(M=3; F=2) test
1G Hippocampus Control vs Control=5 Yes Unpaired | 0.4582 N/A N/A
GLAST/GAPDH AstroPERKXC | (M=4; F=1) two-
Western blot AstroPERKKO= tailed t
densitometry 5(M=3; F=2) test
2A Total Ambulation Middle-aged Control=17 No Mann- 0.1309 N/A N/A
(open field test) (12 months) (M=7; F=10) Whitney
Control vs AstroPERKKXO= test
AstroPERKXC | 17 (M= 8; F=9)
2B Total Rearing (open Middle-aged Control= 17 No Mann- 0.3986 N/A N/A
field test) (12 months) (M=7; F=10) Whitney
Control vs AstroPERKKO= test
AstroPERKXO | 17 (M= 8; F=9)
2C % Center Tendency Middle-aged Control= 17 Yes Unpaired | 0.0944 N/A N/A
(open field test) (12 months) (M=7; F=10) two-
Control vs AstroPERKKO= tailed t
AstroPERKKO | 17 (M= 8; F=9) test
2D Total Ambulation Old (18 Control=8 No Mann- 0.4234 N/A N/A
(open field test) months) (M=3; F=5) Whitney
Control vs AstroPERKKO= test
AstroPERKKO | 9 (M= 5; F=4)
2E Total Rearing (open Old (18 Control=8 Yes Unpaired | 0.6264 N/A N/A
field test) months) (M=3; F=5) two-
Control vs AstroPERKKO= tailed t
AstroPERKKO | 9 (M=5; F=4) test
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Figure Test parameter WhovsWho | N Isdata Test Pvalue | F(DFn, Post-Hoc
distribution | name DFd) analysis
normal?
(Shapiro-
Wilk test)
2F % Center Tendency Old (18 Control=8 Yes Unpaired | 0.5894 N/A N/A
(open field test) months) (M=3; F=5) two-
Control vs AstroPERKKO= tailed t
AstroPERKKC | 9 (M= 5; F=4) test
2G No Of Arm Entries Middle-aged Control= 17 Yes Unpaired | 0.9079 N/A N/A
(Y Maze test) (12 months) (M=7; F=10) two-
Control vs AstroPERKKO= tailed t
AstroPERKKO | 17 (M= 8; F=9) test
2H % Spontaneous Middle-aged Control= 17 Yes Unpaired | 0.0999 N/A N/A
Alternation (Y maze | (12 months) (M=7; F=10) two-
test) Control vs AstroPERKKO= tailed t
AstroPERKKO | 17 (M= 8; F=9) test
21 No Of Arm Entries Old (18 Control=8 Yes Unpaired | 0.8176 N/A N/A
(Y Maze test) months) (M=3; F=5) two-
Control vs AstroPERKKO= tailed t
AstroPERKKO | 9 (M=5; F=4) test
2] % Spontaneous Old (18 Control=8 Yes Unpaired | 0.2216 N/A N/A
Alternation (Y maze | months) (M=3; F=5) two-
test) Control vs AstroPERKKO= tailed t
AstroPERKKO | 9 (M= 5; F=4) test
3A Latency To Platform | Middle-aged Control= 15 N/A Ordinary | 0.3633 F (1, 167) Sidak’s
Entry (Morris water (12 months) (M=6; F=9) two-way =0.8310 multiple
maze, Training Control vs AstroPERKKO= ANOVA comparisons
phase) AstroPERKKO | 14 (M=5; F=9) test
3B % Time In Middle-aged Control=15 N/A Ordinary | 0.9943 F (1,108) Sidak’s
Quadrants (Morris (12 months) (M=6; F=9) two-way = multiple
water maze, Probe Control vs AstroPERKKO= ANOVA 5.129e-005 | comparisons
Trial) AstroPERKKO | 14 (M=5; F=9) test
3C Time Spent In Middle-aged Control=15 No Mann- 0.1546 N/A N/A
Platform Area (12 months) (M=6; F=9) Whitney
(Morris water maze, Control vs AstroPERKKO= test
Probe Trial) AstroPERKXO | 14 (M=5; F=9)
3D Latency To Platform | Middle-aged Control= 15 N/A Ordinary | 0.1940 F (1,54) = | Sidak’s
Entry (Morris water (12 months) (M=6; F=9) two-way 1.729 multiple
maze, Reversal Control vs AstroPERKKO= ANOVA comparisons
training phase) AstroPERKXO | 14 (M= 5; F=9) test
3E % Time In Middle-aged Control= 15 N/A Ordinary | 0.9965 F (1,108) Sidak’s
Quadrants (Morris (12 months) (M=6; F=9) two-way = multiple
water maze, Control vs AstroPERKKO= ANOVA 1.976e-005 | comparisons
Reversal Probe AstroPERKXO | 14 (M= 5; F=9) test
Trial)
3F Time Spent In Middle-aged Control=15 No Mann- 0.1088 N/A N/A
Platform Area (12 months) (M=6; F=9) Whitney
(Morris water maze, Control vs AstroPERKKO= test
Reversal Probe AstroPERKXC | 14 (M=5; F=9)
Trial)
4A Latency To Platform | Old (18 Control=8 N/A Ordinary | 0.0685 F (1,105) Sidak’s
Entry (Morris water months) (M=3; F=5) two-way =3.388 multiple
maze, Training Control vs AstroPERKKO= ANOVA comparisons
phase) AstroPERKKO | 9 (M=5; F=4) test
4B % Time In Old (18 Control=8 N/A Ordinary | 0.9884 F(1,60)= | Sidak’s
Quadrants (Morris months) (M=3; F=5) two-way 0.0002127 multiple
water maze, Probe Control vs AstroPERKKO= ANOVA comparisons
Trial) AstroPERKKC | 9 (M=5; F=4) test
4C Time Spent In Old (18 Control=8 Yes Unpaired | 0.0845 N/A N/A
Platform Area months) (M=3; F=5) two-
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Figure Test parameter WhovsWho | N Isdata Test Pvalue | F(DFn, Post-Hoc
distribution | name DFd) analysis
normal?
(Shapiro-
Wilk test)
(Morris water maze, Control vs AstroPERKKO= tailed t
Probe Trial) AstroPERKKO | 9 (M=5; F=4) test
4D Latency To Platform | Old (18 Control=8 N/A Ordinary | 0.7721 F (1,30)= | Sidak’s
Entry (Morris water months) (M=3; F=5) two-way 0.08542 multiple
maze, Reversal Control vs AstroPERKKO= ANOVA comparisons
training phase) AstroPERKKO | 9 (M=5; F=4) test
4E % Time In Old (18 Control=8 N/A Ordinary | 0.6896 F (1,60) = | Sidak’s
Quadrants (Morris months) (M=3; F=5) two-way 0.1610 multiple
water maze, Control vs AstroPERKKO= ANOVA comparisons
Reversal Probe AstroPERKKO | 9 (M=5; F=4) test
Trial)
4F Time Spent In Old (18 Control=8 Yes Unpaired | 0.5011 N/A N/A
Platform Area months) (M=3; F=5) two-
(Morris water maze, Control vs AstroPERKKO= tailed t
Reversal Probe AstroPERKKO | 9 (M=5; F=4) test
Trial)
5A Neuroscore (24 h Old (18 Control= 11 Yes Unpaired | 0.0007 N/A N/A
post MCAO) months) (M=6; F=5) two-
Control vs AstroPERKKO= tailed t
AstroPERKKO | 13 (M= 9; F=4) test
5B Total Ambulation Old (18 Control= 10 Yes Unpaired | 0.0476 N/A N/A
(open field test post months) (M=5; F=5) two-
MCAO) Control vs AstroPERKKO= tailed t
AstroPERKKO | 7 (M=5; F=2) test
5C Total Rearing (open Old (18 Control= 10 Yes Unpaired | 0.0397 N/A N/A
field test post months) (M=5; F=5) two-
MCAO) Control vs AstroPERKKO= tailed t
AstroPERKKO | 7 (M=5; F=2) test
5D % Survival (post Old (18 N/A N/A Log-rank | 0.0475 N/A N/A
MCAO months) (Mantel-
Control vs Cox) test
AstroPERKKO
6B % of CHOP + cells Old (18 Control=3 N/A Ordinary | 0.0033 F(1,8)= Tukey’s
in GFAP + cells months) AstroPERKKO= two-way 17.01 multiple
Immunofluorescence | Control vs 3 ANOVA comparisons
AstroPERKKO test
Contralateral <0.0001 | F(1,8) =
hemisphere vs 61.87
Ipsilateral
hemisphere
6B % of CHOP positive | Old (18 Control=3 N/A Ordinary | 0.7250 F(1,8)= Tukey’s
cells in GFAP- months) AstroPERKKO= two-way 0.1328 multiple
cells (post MCAO) Control vs 3 ANOVA comparisons
Immunofluorescence | AstroPERKKXO test
Contralateral <0.0001 | F(1,8)=
hemisphere vs 68.89
Ipsilateral
hemisphere
7A Astrocytes per Old (18 Control=3 N/A Ordinary | 0.7133 F(1,8)= Tukey’s
field (post MCAO) months) AstroPERKKO= two-way 0.1450 multiple
Immunofluorescence | Control vs 3 ANOVA comparisons
AstroPERKKO test
Contralateral 0.6106 F(1,8)=
hemisphere vs 0.2807

Ipsilateral
hemisphere
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Figure Test parameter WhovsWho | N Isdata Test Pvalue | F(DFn, Post-Hoc
distribution | name DFd) analysis
normal?
(Shapiro-
Wilk test)
7B Branching Degree Old (18 Control=3 N/A Ordinary | 0.8165 F(1,8)= Tukey’s
(post MCAO) months) AstroPERKKO= two-way 0.05753 multiple
Immunofluorescence | Control vs 3 ANOVA comparisons
AstroPERKKO test
Contralateral 0.6920 F(1,8)=
hemisphere vs 0.1688
Ipsilateral
hemisphere
7D Feret Diameter Old (18 Control=3 N/A Ordinary | 0.9889 F(1,8)= Tukey’s
(post MCAO) months) AstroPERKKO= two-way 0.0002043 | multiple
Immunofluorescence | Control vs 3 ANOVA comparisons
AstroPERKKO test
Contralateral 0.8592 F(1,8)=
hemisphere vs 0.03354
Ipsilateral
hemisphere
Supplementary | % Time In Target Middle-aged Middle aged No Mann- 0.0099 N/A N/A
1A Quadrant (Probe (12 months) =29 (Control: Whitney
Trial Morris Water Control vs M=6, F=9; test
Maze) Old (18 AstroPERKKO:
months) M= 5, F=9)
Old =17
(Control: M= 3,
F=5;
AstroPERKKO:
M= 5; F=4)
Supplementary | Time Spent In Middle-aged Middle aged Yes Unpaired | 0.0065 N/A N/A
1B Platform Area (12 months) =29 (Control: two-
(Morris water maze, Control vs M=6, F=9; tailed t
Probe Trial) Old (18 AstroPERKKO: test
months M=5, F=9)
Old =17
(Control: M= 3,
F=5;
AstroPERKKO:
M= 5; F=4)
Supplementary | No Of Platform Line | Middle-aged Middle aged Yes Unpaired | 0.0453 N/A N/A
1C Crossing (Morris (12 months) =29 (Control: two-
water maze, Probe Control vs M=6, F=9; tailed t
Trial) Old (18 AstroPERKXO: test
months M= 5, F=9)
Old =17
(Control: M=3,
F=5;
AstroPERKKO:
M= 5; F=4)
Supplementary | % Time In Target Middle-aged Middle aged Yes Unpaired | 0.2123 N/A N/A
1D Quadrant (Reversal (12 months) =29 (Control: two-
Probe Trial Morris Control vs M=6, F=9; tailed t
Water Maze) Old (18 AstroPERKKO: test
months M= 5, F=9)
Old =17
(Control: M=3,
F=5;
AstroPERKKO:
M= 5; F=4)
Supplementary | Time Spent In Middle-aged Middle aged No Mann- 0.7478 N/A N/A
1E Platform Area (12 months) =29 (Control: Whitney
(Morris water maze, Control vs M=6, F=9; test
Reversal Probe old (18 AstroPERKKO:
Trial) months M= 5, F=9)
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Figure

Test parameter

Who vs Who

Isdata
distribution
normal?
(Shapiro-
Wilk test)

Test
name

P value

F (DFn,
DFd)

Post-Hoc
analysis

Old =17
(Control: M= 3,
F=5;
AstroPERKKO:
M= 5; F=4)

Supplementary
1F

No Of Platform
Line Crossing
(Morris water maze,
Reversal Probe
Trial)

Middle-aged
(12 months)
Control vs
Old (18
months

Middle aged
=29 (Control:
M=6, F=9;
AstroPERKKO:
M= 5, F=9)
Old =17
(Control: M=3,
F=5;
AstroPERKKO:
M= 5; F=4)

No

Mann-
Whitney
test

0.8508

N/A

N/A
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Table 3:
Open field test.
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Middle-aged (12 months) and old (18 months) control and AstroPERKXO mice underwent open field test.
Composite data from the tests are depicted in the table. Data are represented as Mean = SEM. Abbreviations:

M= Male, F= Female, AstroPERKKO= Astrocyte specific PERK knockout mice

Age 12 months 18 months
Genotype Control AstroPERK KO Control AstroPERK KO
Sex M F M F M F M F
N 7 10 8 9 3 5 5 4
Total beam 3510 + 3794.8 + 37185+ 4818.22 + 4161.33 £ 3173.4 3811+ 3468.25 +
break 229.2 206.31 187.94 718.7 400.03 221.29 365.62 87.03
Total 2821.43 + 3168.7 £ 3172.25 4207.67 £ 3392.67 £ 2550.4 + 3056.8 + 2785.75
ambulation 223.9 204.32 171.59 770.41 409.09 209.87 358.39 86.64
Total rearing 330.14 286.7 + 205 + 64.27 257 +48.61 430.33 = 260.8 + 384+355 300.75 =
20.23 38.31 16.98 19.13 34.56
% Center 25.99 +3.13 2831+ 28.12+2.29 35.64 £2.12 25.14 + 455 3143+ 3159 + 30.6 £3.97
activity 2.49 2.63 3.08
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Table 4:
Y-mazetest.

Middle-aged (12 months) and old (18 months) control and AstroPERKXC mice underwent Y-maze
spontaneous alternation test. Composite data from the tests are depicted in the table. Data are represented as

Mean + SEM. Abbreviations: M= Male, F= Female, AstroPERKKO= Astrocyte specific PERK knockout mice

Age 12 months 18 months
Genotype Control AstroPERK KO Control AstroPERK KO
Sex M F M F M F M F
N 7 10 8 9 3 5 5 4
Number of arm 50.71 + 52.7+3.32 43.88 + 59.89 + 50.67 + 47.20 £ 48.20 + 46.25 +
entries 3.12 3.21 3.67 4.28 3.23 5.02 1.95
% Spontaneous 27.23 = 37.93 = 3712 40.88 + 43.47 = 37.79 4110 50.48 +
alternation 2.57 2.01 4.07 2.79 4.03 4.15 2.67 2.62
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Morriswater mazetest (Probetrial).

Table 5:

Page 43

Middle-aged (12 months) and old (18 months) control and AstroPERKXO mice underwent morris water maze
test. Composite data from the probe trials are depicted in the table. Data are represented as Mean + SEM.
Abbreviations: M= Male, F= Female, AstroPERKXC= Astrocyte specific PERK knockout mice, TQ= Target
quadrant, NE= Northeast quadrant, NW= Northwest quadrant, SE= Southeast quadrant, SW= Southwest

quadrant
Age 12 months 18 months
Genotype Control AstroPERK KO Control AstroPERK KO
Sex M F M F M F M F
N 6 9 5 9 3 5 5 4
Total distance 10.66 £ 1172+ 1119+ 11.90 £ 11.26 + 10.99 + 12.63 £ 11.62 £
travelled (decimeter) 0.68 0.34 0.38 0.45 0.73 0.74 0.56 0.95
Latency to first 14.98 = 12.50 = 11.76 = 10.34 = 24.67 = 21.98 = 8.78 £2.94 13.6 £3.92
platform entry 7.98 1.80 1.62 1.45 12.10 5.39
(seconds)
Path efficiency to 0.53+0.10 | 0.43+0.06 | 0.41+0.07 | 051+0.09 | 0.31+0.11 | 0.28+0.06 | 0.55+0.09 | 0.48+0.11
first platform entry
Number of platform 3.67+0.81 | 411+0.55 | 520+0.59 5.11+0.94 3+0.94 1.8+0.33 5+08 2.75+0.65
line crossing
Time spent in 2.85+1.00 | 256+0.42 | 3.04+0.56 | 3.57+0.59 | 1.77+0.48 | 0.82+0.21 | 2.60+0.48 | 1.38+0.19
platform area
(seconds)
Percent time spent in 45.98 + 39.76 £ 42.00 £ 4598 40.78 £ 28.57 = 37.97 3271+
target (NE) quadrant 6.21 2.19 2.80 4.24 4.72 2.66 4.02 371
Percent time spent in 2217 23.63 28.43 + 29.69 + 28.50 + 2270 + 26.57 + 2463+
NW quadrant 5.51 2.16 4.16 2.40 1.65 2.95 2.66 3.67
Percent time spent in 2161+ 2174 + 19.07 9.26 +£1.79 14.83 + 26.80+1.8 18.13 + 21.58 +
SE quadrant 4.34 2.66 2.30 3.12 2.28 1.73
Percent time spent in 10.56 £ 14.83 1053 £ 15.07 £ 15.94 + 2193+ 17.30 £ 20.96 +
SW quadrant 1.70 1.47 0.87 2.90 3.04 0.87 2.54 1.03
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Table 6:
Morriswater mazetest (Reversal probetrial).

Middle-aged (12 months) and old (18 months) control and AstroPERKXO mice underwent morris water maze
test. Composite data from the reversal probe trials are depicted in the table. Data are represented as Mean +
SEM. Abbreviations: M= Male, F= Female, AstroPERKXO= Astrocyte specific PERK knockout mice, TQ=
Target quadrant, PTQ= Previous target quadrant, NE= Northeast quadrant, NW= Northwest quadrant, SE=
Southeast quadrant, SW= Southwest quadrant.

Age 12 months 18 months
Genotype Control AstroPERK KO Control AstroPERK KO
Sex M F M F M F M F
N 6 9 5 9 3 5 5 4
Total distance 12.28 £ 12.26 £ 14.00 £ 11.87 % 13.23 % 1129+ 12.74 + 11.03 £
travelled (decimeter) 0.71 0.53 1.09 0.50 0.79 0.92 0.89 0.67
Latency to first 1155+ 15.30 = 8.70 £ 2.80 22.26 14.37 28.27 + 1290 £3.7 18.43 =
platform entry 251 2.22 4.57 1.38 7.76 3.72
(seconds)

Path efficiency to 0.44+0.11 | 0.33+0.06 | 0.55+0.10 | 0.28+0.06 | 0.33+0.07 | 0.28+0.11 | 0.41+0.09 | 0.31+0.05
first platform entry

Number of platform 3.67+0.38 | 3.33+0.99 | 240+0.61 | 2.00+0.54 4+0.47 1.2+0.52 3.2 +0.66 2.25+041

line crossing
Time spent in 240+050 | 1.79+057 | 1.12+0.39 | 1.20£0.38 | 210+0.34 | 0.58+0.28 | 1.82+0.33 | 1.00+0.23
platform area

(seconds)

Percent time spent in 2344 + 18.72 = 22.67 29.33 3139+ 26.33 23.20 = 2217
NE (PT) quadrant 2.42 3.06 2.97 2.73 1.46 1.38 3.25 4.69
Percent time spent in 2536 + 34.96 + 2483+ 29.56 + 2339+ 3547+ 2493 + 35.17+

NW quadrant 3.53 3.53 2.14 1.96 291 493 3.39 6.08
Percent time spent in 18.39+ 13.83+ 21.00 + 14.20 + 19.50 £ 1840+1.3 20.70 £ 12.83 +

SE quadrant 2.96 1.80 1.68 1.90 1.38 3.15 4.23
Percent time spent in 3272+ 32.50 £ 31.47 26.87 + 25.83 + 19.83 + 3117+ 29.75+
target (Sw) quadrant 431 4.50 3.13 2.57 1.73 4.48 4.15 3.92
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