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SUMMARY

Dysfunction of the glymphatic system, a brain-wide waste clearance network, is strongly linked to Alz-
heimer’s disease (AD) and the accumulation of -amyloid (Ap) and tau proteins. Here, we identify an astro-
cytic signaling pathway that can be targeted to preserve glymphatic function and mitigate neurotoxic protein
buildup. Analysis of astrocytes from both human AD brains and two transgenic mouse models (5XFAD and
PS19) reveals robust activation of the protein kinase RNA-like endoplasmic reticulum (ER) kinase (PERK)-o
subunit of eukaryotic initiation factor 2 (elF2a) branch of the unfolded protein response. Chronic PERK acti-
vation suppresses astrocytic protein synthesis and, through casein kinase 2 (CK2)-dependent mechanisms,
disrupts the perivascular localization of aquaporin-4 (AQP4), a water channel essential for glymphatic flow.
Importantly, astrocyte-specific PERK deletion or pharmacological inhibition restores AQP4 localization, en-
hances glymphatic clearance, reduces Ap and tau pathology, and improves cognitive performance in mice.
These findings highlight the critical role of the astrocytic PERK-CK2-AQP4 axis in glymphatic dysfunction and

AD pathogenesis, positioning this pathway as a promising therapeutic target.

INTRODUCTION

Alzheimer’s disease (AD), a leading cause of dementia world-
wide, is characterized by the progressive accumulation of
aggregated p-amyloid (Ap) and hyperphosphorylated tau pro-
teins in the brain."*® This pathological protein buildup, along
with metabolic disturbances and oxidative stress, disrupts
cellular homeostasis and contributes to neurodegeneration
and cognitive impairment. The unfolded protein response
(UPR) is a critical mechanism for maintaining cellular homeo-
stasis during endoplasmic reticulum (ER) stress.® Among the
three major branches of the UPR, the protein kinase RNA-like
ER kinase (PERK) pathway plays a central role in regulating
protein synthesis as part of the adaptive response.* Under
normal conditions, PERK remains inactive through its associa-
tion with the ER chaperone binding immunoglobulin protein
(BiP). Upon ER stress, triggered by the accumulation of mis-
folded or unfolded proteins, BiP dissociates from PERK, allow-
ing its activation. Activated PERK phosphorylates the a subunit

of eukaryotic initiation factor 2 (elF2a), leading to a temporary
reduction in global protein translation. While transient ER stress
can be resolved through adaptive UPR signaling, chronic or
excessive ER stress leads to sustained UPR activation. In
several neurodegenerative mouse models, chronic activation
of the PERK-elF2a pathway results in persistent suppression
of protein synthesis, ultimately causing synaptic dysfunction
and neuronal loss.””’

Although neuronal UPR activation has been extensively docu-
mented in neurodegenerative diseases,®® including AD, the
contribution of astrocytic UPR signaling to disease progression
remains less well understood.'® Astrocytes play essential roles
in regulating the brain’s glymphatic system, a perivascular fluid
transport network formed by astroglial endfeet that envelop the
cerebral vasculature.''? This system facilitates the exchange
of cerebrospinal fluid (CSF) and interstitial fluid (ISF), supporting
the clearance of metabolic waste and neurotoxic proteins such
as Ap and tau.'?"'® These solutes are eventually drained through
cervical lymphatic pathways, including meningeal lymphatic
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Figure 1. Astrocytic PERK-elF2« signaling is strongly activated in human AD brains and mouse models

(A) snRNA-seq analysis of the cerebral cortex from 7-month-old WT and 5XFAD mice (n = 3 mice per group). The UMAP plot (left) shows 17 distinct cell clusters
(0-16) with cell-type identities determined using established marker genes (right). Cluster 9 corresponds to astrocytes.

(B) Expression levels of key UPR genes across clusters identified in (A).

(C) Left, RNAscope in situ hybridization of Eif2ak3 in the cortex of 6-month-old WT and 5XFAD mice (n = 5 mice per group). Right, quantification of Eif2ak3 puncta
in S100B* astrocytes (p = 0.0083).

(D) Left, western blot analysis of cortical astrocytes isolated from 6-month-old WT and 5XFAD mice (n = 5 mice per group), probed with the indicated antibodies.
Right, densitometric quantification (o = 0.0418, p = 0.0049, and p = 0.0130).

(legend continued on next page)
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vessels.'®'? Rodent studies have shown that glymphatic ex-
change depends on aquaporin-4 (AQP4),"%'%2° g water channel
highly enriched at perivascular astrocytic endfeet.?’ Disruption
of AQP4 expression or its polarized perivascular localization ex-
acerbates A plaque deposition and tau aggregation in AD
mouse models,'®?>?% as well as in models involving AD-related
risk factors.?**> Consistently, in human AD brain tissue, reduced
perivascular AQP4 localization correlates with greater Ap and tau
pathology and worse cognitive performance.”®®” Given the crit-
ical roles of astrocytes in glymphatic clearance and the involve-
ment of UPR signaling in AD pathogenesis, we investigated
whether astrocytic UPR contributes to glymphatic dysfunction
and the progression of AD pathology.

RESULTS

Astrocytic PERK-elF2« signaling is strongly activated in
AD transgenic mice and human AD brains

To examine astrocytic UPR signaling in AD, we analyzed a sin-
gle-nucleus RNA sequencing (snRNA-seq) dataset (GEO:
GSE140511) derived from the cerebral cortex of 7-month-old
5XFAD transgenic AD mice and wild-type (WT) controls.”®
The UPR comprises three major branches: the PERK-elF2aq,
inositol-requiring enzyme 1a (IRE1a)-X-box binding protein 1
(XBP1), and activating transcription factor 6 (ATF6) path-
ways.>* Within the astrocyte cluster, we observed significant
upregulation of genes associated with the PERK-elF2a
pathway, including Hspa5 (encoding BiP), Eif2ak3 (PERK),
Eif2a, and Atf4, in 5XFAD mice relative to WT controls
(Figures 1A, 1B, and S1). By contrast, expression of genes
involved in the IRE1a-XBP1 and ATF6 pathways (e.g., Ernt,
Xbp1, and Atf6) did not differ significantly between genotypes
(Figure 1B). Fluorescence in situ hybridization further confirmed
increased Eif2ak3 mRNA expression in cortical astrocytes of
6-month-old 5XFAD mice (p = 0.0083; Figure 1C).

To validate PERK-elF2a pathway activation at the protein
level, we performed western blot analysis on astrocytes iso-
lated from the cortex of 6-month-old 5XFAD and WT mice.
Consistent with transcriptomic findings, 5XFAD astrocytes ex-
hibited elevated BiP expression and increased phosphorylation
of both PERK and elF2a compared with WT controls
(Figure 1D). Immunofluorescence staining revealed a 2.2-fold
increase in phosphorylated PERK levels in astrocytes of
5XFAD mice (p = 0.02; Figure 1E). Similarly, post-mortem brain
tissue from individuals with AD showed significantly elevated
phosphorylated PERK in astrocytes compared with non-AD
controls (p = 0.01; Figure 1F; Table S1). Together, these results
from both mouse models and human samples demonstrate
robust activation of the astrocytic PERK-elF2ua signaling
pathway in AD.
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Astrocytic PERK deletion enhances perivascular AQP4
localization and glymphatic function

To investigate the role of astrocytic PERK signaling in AD pathol-
ogy, we generated 5XFAD mice with astrocyte-specific PERK
deletion by crossing 5XFAD mice with PERK™";Aldh111CreER/*
mice (Figures 2A and S2A). This inducible model expresses
tamoxifen-activated CreER recombinase under the astrocyte-
specific Aldh1/1 promoter®® and harbors a floxed Perk allele.*°
At 2 months of age, mice received 4-hydroxytamoxifen
(4-OHT; 50 mg/kg) for 3 consecutive days to induce CreER-
mediated PERK deletion. Astrocyte-specific PERK deletion
was confirmed by immunoblotting (Figure S2B) and immunoflu-
orescence staining (Figure S2C).

Given PERK’s role in elF2a-dependent translational con-
trol,**" we assessed de novo protein synthesis in cortical astro-
cytes at 6 months of age using surface sensing of translation
(SUNSET) labeling with puromycin in awake mice (see STAR
Methods).®? Compared with WT controls, 5XFAD mice exhibited
amarked reduction in astrocytic protein synthesis, with puromy-
cin staining inversely correlated with phosphorylated PERK
levels (Figures S2D-S2F). Western blot analysis of isolated astro-
cytes confirmed reduced protein synthesis in 5XFAD mice
(5XFAD;PERK™) relative to WT controls (PERK™"), and astro-
cytic PERK deletion partially restored protein synthesis in
5XFAD mice (Figure 2B).

The astrocytic water channel AQP4, essential for glymphatic
exchange, exhibits impaired perivascular localization in
AD.?%?” To assess whether PERK signaling contributes to
AQP4 mislocalization, we examined AQP4 expression and local-
ization in the cortex of 5XFAD mice with or without astrocytic
PERK deletion. Although total AQP4 protein levels were un-
changed (Figures S3A and S3B), immunofluorescence analysis
revealed significantly reduced perivascular AQP4 localization in
5XFAD mice compared with WT controls (Figures 2C and S3C;
see STAR Methods), which was partially restored by astrocytic
PERK deletion. These findings were corroborated by western
blot analysis of AQP4 levels in isolated cortical vessels
(Figure 2D; see STAR Methods). PERK deletion in WT mice
had no effect on AQP4 expression or localization (Figures 2C,
2D, and S3A-S3C).

To evaluate glymphatic function, we performed in vivo two-
photon imaging to monitor the influx of a fluorescent CSF tracer,
fluorescein isothiocyanate-dextran (FITC-dextran; 3 kDa), deliv-
ered into the cisterna magna (Figure 2E). Cerebral vasculature
was visualized via retro-orbital injection of Texas red. In WT
mice, tracer penetrated the brain parenchyma along periarterio-
lar spaces within 10 min, reaching peak distribution by 50 min
(Figure 2F). By contrast, 5XFAD mice showed delayed tracer
influx, requiring ~50 min to reach comparable depths, consistent
with impaired glymphatic function. Astrocytic PERK deletion

(E) Left, representative images of cortical sections stained for GFAP (astrocytes), phosphorylated PERK (p-PERK), and amyloid plaques (methoxy-X04) in
6-month-old WT and 5XFAD mice (n = 5 mice per group). Right, quantification of p-PERK fluorescence intensity in GFAP™* astrocytes (p = 0.0201).

(F) Left, representative images of post-mortem human anterior cingulate cortex stained for GFAP, p-PERK, and DAPI from control and AD individuals (n = 5
samples per group). Right, quantification of p-PERK fluorescence intensity in GFAP* astrocytes (p = 0.0112).

Data are presented as mean + SEM. ns, not significant; “p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001; by Wilcoxon rank-sum test (B) or two-tailed unpaired t

test (C-F). FC, fold change.
See also Figure S1 and Table S1.
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Figure 2. Astrocytic PERK deletion enhances perivascular AQP4 localization and improves glymphatic function in 5XFAD mice

(A) Experimental timeline for astrocyte-specific PER

K conditional knockout (cKO) and subsequent analyses.

(B) Western blot analysis of puromycin-labeled proteins in isolated cortical astrocytes (n = 6, 4, 6, 6 mice; p > 0.9999, p < 0.0001, p = 0.0022).

(C) Left, representative images of cortical sections immunostained for AQP4 and the vascular marker CD31 (n = 8, 7, 8, 8 mice). Right, quantification of peri-
vascular AQP4 expression (p > 0.9999, p < 0.0001, p < 0.0001) and AQP4 polarization (p > 0.9999, p < 0.0001, p = 0.0015).
(D) Western blot analysis of AQP4 protein levels in isolated cerebral vessels (n = 5, 4, 5, 5 mice; p > 0.9999, p < 0.0001, p = 0.0093). lllustration created with

Biorender.com.
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partially rescued CSF tracer influx in 5XFAD mice. These findings
were validated using ex vivo imaging following intracisternal in-
jection of Alexa Fluor 647-conjugated bovine serum albumin
(BSA-647; 66 kDa) (Figure 2G).

To assess CSF efflux to the deep cervical lymph nodes
(dCLNs), BSA-647 was injected into the cisterna magna,
and tracer accumulation in dCLNs was measured 1 h later
(Figure 2H). WT mice showed robust tracer accumulation, while
5XFAD mice exhibited reduced levels, indicative of impaired CSF
drainage. Astrocytic PERK deletion significantly improved tracer
clearance to the dCLNs in 5XFAD mice without altering
the morphology or coverage of meningeal lymphatic vessels
(Figure S3D).

Collectively, these results demonstrate that astrocytic PERK
deletion restores protein synthesis, improves perivascular
AQP4 localization, and enhances glymphatic function in
5XFAD mice.

Astrocytic PERK deletion alleviates Ap deposition,
neuroinflammation, and cognitive decline

AQP4 deficiency and impaired glymphatic function have been
implicated in promoting AB plague accumulation in AD
models.”>?® Given that astrocytic PERK deletion enhances
perivascular AQP4 localization and glymphatic function
(Figure 2), we next examined its impact on A pathology. In
5XFAD mice, amyloid deposition begins around 2 months of
age, with substantial Ap accumulation, glial activation, and
cognitive deficits evident by 6 months®® (Figure 3A). As ex-
pected, extensive AP deposition was observed in the cortex
and hippocampus of 6-month-old 5XFAD mice. By contrast,
5XFAD mice with astrocytic PERK deletion exhibited signifi-
cantly lower levels of both soluble and insoluble A4, in cortical
(Figure 3B) and hippocampal (Figure 3C) lysates, as measured
by ELISA. Immunohistochemical analysis further confirmed
reduced total AB (D54D2 staining; Figure 3D) and plaque
burden (BE10 staining; Figure 3E) in PERK-deleted 5XFAD
mice. Notably, administration of the selective AQP4 inhibitor
TGN-020 abolished the Ap-lowering effect of astrocytic PERK
deletion (Figures S4A-S4E), indicating that this effect is
AQP4-dependent.

At 6 months of age, 5XFAD mice also exhibited pronounced
glial activation in the cortical parenchyma. Astrocytic PERK dele-
tion significantly reduced GFAP and Iba-1 immunoreactivity
(Figures S4F and S4G), suggesting attenuation of both astrocytic
and microglial activation. Correspondingly, levels of proinflam-
matory cytokines interleukin-14 (IL-1p) and tumor necrosis factor

¢? CellPress

alpha (TNF-a) were significantly decreased in PERK-deleted
5XFAD mice compared with PERK-intact controls (Figure S4H).

In brain border regions, 5XFAD mice showed altered paren-
chymal border macrophage (PBM) subtypes, with an increase
in MHCII*CD206" PBMs (associated with immune response)
and a decrease in LYVE1"CD206" PBMs (which regulate CSF
flow dynamics®*®°) relative to WT controls. These PBM alter-
ations were partially reversed by astrocytic PERK deletion
(Figure S4l).

To assess cognitive performance, we evaluated 5XFAD mice
following astrocytic PERK deletion using the Barnes maze
(Figure 3F), a test of spatial learning and memory.*® During
the training phase (days 1-4), 5XFAD mice exhibited signifi-
cantly longer escape latencies compared with WT controls
(Figure 3G). In the probe trial (day 5), PERK-deleted 5XFAD
mice spent significantly more time in the target quadrant than
PERK-intact 5XFAD mice, indicating improved spatial memory.
Astrocytic PERK deletion also enhanced associative fear mem-
ory, as evidenced by increased freezing responses in the audi-
tory-cued fear conditioning test both 1 and 7 days after training,
compared with PERK-intact 5XFAD controls (Figures 3H
and 3l).

Together, these results demonstrate that astrocytic PERK
deletion reduces amyloid pathology, attenuates neuroinflamma-
tion, and rescues cognitive deficits in 5XFAD mice.

Inhibiting PERK phosphorylation improves glymphatic
function and mitigates AD pathology
Having established a key role for astrocytic PERK signaling in
glymphatic dysfunction and amyloid pathology, we next investi-
gated whether pharmacological inhibition of PERK could provide
therapeutic benefits in 5XFAD mice. 4-month-old 5XFAD mice
were chronically treated with the selective PERK inhibitor
GSK2606414 (GSK; 1 mM, 0.15 ulL/h, intracisterna magna [i.c.
m.]) or vehicle via osmotic minipumps (Figure 4A; see STAR
Methods). After 6 weeks of treatment, GSK-treated 5XFAD
mice showed a significant increase in de novo protein synthesis
in cortical astrocytes (Figure 4B), confirming effective suppres-
sion of PERK-elF2« signaling. This restoration of protein synthe-
sis was accompanied by improved perivascular AQP4 localiza-
tion (Figure 4C) and enhanced glymphatic function, as
indicated by increased CSF tracer penetration into the brain pa-
renchyma relative to vehicle-treated controls (Figure 4D).
Consistent with improved glymphatic function, GSK-treated
mice exhibited significantly reduced Ap deposition in both the
cortex and hippocampus (Figure 4E). Behavioral assessment

(E) In vivo two-photon imaging of the mouse cortex showing Texas red-labeled vasculature and FITC-dextran tracer distribution along periarteriolar spaces.

Dashed lines indicate periarteriolar spaces.

(F) Left, representative time-lapse images showing FITC-dextran tracer distribution in the cortex following intracisternal injection (n = 6, 4, 6, 7 mice). Right,
quantification of average fluorescence intensity in periarteriolar spaces (p > 0.9999, p < 0.0001, p < 0.0001).

(G) Left, representative coronal brain sections (0.5 mm from bregma) showing BSA-647 tracer distribution 30 min after intracisternal injection (n = 5 mice per
group). Right, quantification of fluorescence intensity in the somatosensory cortex across three coronal sections spanning —1.0 to +1.0 mm from bregma

(p > 0.9999, p < 0.0001, p = 0.0138).

(H) Assessment of CSF tracer efflux to the deep cervical lymph nodes (dCLNSs). Left, dCLNs collected 1 h after intracisternal injection of BSA-647 (n = 5 mice per
group). Right, quantification of tracer fluorescence intensity in dCLNs (p > 0.9999, p < 0.0001, p = 0.0234).
Data are presented as mean + SEM. ns, not significant; “o < 0.05, **p < 0.01, ***p < 0.0001; by one-way ANOVA (B-D, G, and H) or two-way ANOVA (F) followed by

Bonferroni’s test. FC, fold change; a.u., arbitrary units.
See also Figures S2 and S3.
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Figure 3. Deletion of astrocytic PERK reduces Af deposition and improves memory in 5XFAD mice

(A) Experimental timeline.

(B) ELISA quantification of AB4o and Af4z levels in cortical lysates (n = 6 mice per group), sequentially extracted with tris-buffered saline (TBS; soluble fraction: p =
0.2197, p = 0.0333), TBS + 1% Triton X-100 (TBSX; detergent-soluble fraction: p = 0.3228, p = 0.0005), and guanidine hydrochloride (GDN; detergent-insoluble
fraction: p = 0.0943, p = 0.0005).

(C) ELISA quantification of AB4o and A4z in hippocampal lysates (n = 6 mice per group), measured in TBS (p = 0.0777, p = 0.0003), TBSX (p = 0.3804, p = 0.0026),
and GDN (p = 0.3539, p < 0.0001) fractions.

(D) Left, representative brain sections stained with anti-Ap antibody (D5452) (n = 6 mice per group). Right, quantification of Ap burden in the cortex (p = 0.0065) and
hippocampus (p = 0.0083).

(legend continued on next page)
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further revealed enhanced cognitive performance, as indicated
by increased freezing responses in the auditory-cued fear condi-
tioning test relative to vehicle-treated controls (Figure 4F). These
findings are consistent with previous reports demonstrating the
neuroprotective and cognitive benefits of PERK inhibition in
models of neurodegeneration®'%3” and collectively support the
therapeutic potential of targeting PERK signaling to enhance
glymphatic function, reduce amyloid pathology, and improve
cognitive outcomes in AD.

Astrocytic PERK deletion reduces tau pathology

In addition to amyloid accumulation, tauopathy is a central hall-
mark of AD." To investigate the role of astrocytic PERK signaling
in tau pathology, we utilized PS19 transgenic mice, which
express the P301S mutant form of human tau (Figure 5). This
model recapitulates key features of tauopathies,*® including fila-
mentous tau lesions by 6 months, progressive neurofibrillary
tangle formation, neuronal loss, and cognitive decline by
8-12 months.* At 8 months, PS19 mice exhibited robust activa-
tion of the PERK-elF2a pathway in astrocytes (Figure 5A),
accompanied by reduced astrocytic protein synthesis (Figure
5C) and impaired perivascular AQP4 localization (Figures 5D,
5E, and S5). Glymphatic dysfunction in PS19 mice was
confirmed using both in vivo two-photon imaging and ex vivo
brain section analysis, which demonstrated reduced CSF tracer
influx compared with WT controls (Figures 5F and 5G), consis-
tent with previous reports.'%4°

To determine whether astrocytic PERK deletion could restore
glymphatic function in this model, we crossed PS19 mice
with PERK"™:Aldh111°"*5"* mice and administered 4-OHT at
2 months of age (Figure 5B). At 8 months, PERK-deleted PS19
mice (PS19;PERK"™:Aldh111°°E**) showed enhanced astro-
cytic protein synthesis (Figure 5C) and improved perivascular
AQP4 localization (Figures 5D, 5E, and S5). Glymphatic function
was significantly restored, as evidenced by increased CSF tracer
penetration into the brain parenchyma in both in vivo and ex vivo
assays (Figures 5F and 5G).

To assess tau pathology, we first examined total phosphory-
lated tau using the AT8 antibody and found no significant
differences between groups in the cortex and hippocampus
(Figures 6A, S6A, and S6B). By contrast, levels of pathological
tau species detected by MC1 immunostaining were significantly
reduced in these regions following astrocytic PERK deletion
(Figure 6B), and tau aggregates in the piriform cortex were mark-
edly diminished (Figure 6C). Biochemical analysis further revealed
a reduction in the insoluble fraction of total human tau (Figure 6D),

¢? CellPress

accompanied by decreased glial activation in the cortex and hip-
pocampus (Figures S6C and S6D). Behaviorally, PS19 mice with
astrocytic PERK deletion exhibited improved spatial memory in
the Barnes maze (Figure 6E) and enhanced associative memory
in the auditory-cued fear conditioning test (Figure 6F).

Together, these results demonstrate that astrocytic
PERK deletion improves glymphatic function, reduces patholog-
ical tau accumulation, and alleviates cognitive deficits in PS19
mice, highlighting its therapeutic potential in tauopathies.

PERK activation impairs perivascular AQP4 localization
via CK2
Our findings demonstrate that astrocytic PERK deletion en-
hances perivascular AQP4 localization in both 5XFAD and PS19
mouse models. The phosphorylation and subcellular localization
of astrocytic AQP4 are regulated by several intracellular kinases,
including protein kinase A (PKA), protein kinase C (PKC), protein
kinase G (PKG), and casein kinase 2 (CK2).*'** Analysis of
snRNA-seq data revealed significant upregulation of Csnk2a,
which encodes the catalytic o« subunit of CK2, in astrocytes
from 5XFAD mice compared with WT controls (Figure S7A).
Immunofluorescence staining confirmed a ~3-fold increase in
CK2a expression in cortical astrocytes of both 5XFAD and
PS19 mice relative to WT controls (Figures 7A and 7B). Similarly,
elevated CK2u levels were observed in astrocytes from post-
mortem human AD brain tissue (p = 0.03; Figure 7C; Table S1).
Notably, astrocytic PERK deletion significantly reduced CK2a
expression in both mouse models (Figures 7A and 7B), support-
ing the hypothesis that PERK activation drives CK2« upregulation
in astrocytes, thereby impairing perivascular AQP4 localization.
To directly test this mechanism, we increased CK2 activity in
6-month-old 5XFAD mice lacking astrocytic PERK by adminis-
tering single or repeated intracisternal injections of exogenous
CK2 (10 pM, 10 pL) (Figures 7D and S7B). Compared with
vehicle-treated controls, CK2-injected mice exhibited signifi-
cantly reduced perivascular AQP4 localization 1 to 2 weeks
post-injection (Figures 7E and S7B), supporting a causal role
for CK2 in AQP4 mislocalization. Conversely, pharmacological
inhibition of CK2 with CX-4945 (75 mg/kg intraperitoneally
[i.p.], once daily for 1 month) in 5-month-old 5XFAD mice
restored perivascular AQP4 localization by 6 months of age
(Figures 7F and 7G). CK2 inhibition also enhanced CSF tracer
penetration into the brain parenchyma (Figure 7H), reduced Ap
deposition in the cortex and hippocampus (Figure 71), and
improved associative memory performance in the auditory-
cued fear conditioning test (Figure 7J). Together, these results

(E) Left, representative brain sections stained with anti-Ap antibody (6E10) (n = 6 mice per group). Right, quantification of Ag plaque load in the cortex (o = 0.0147)

and hippocampus (p = 0.0194).

(F) Representative navigation paths from the Barnes maze test in 6-month-old WT and 5XFAD mice, with or without astrocytic PERK deletion.
(G) Left, escape latency across 4 training days (days 1-4) in the Barnes maze (n =9, 5, 9, 9 mice). Right, percentage of time spent in the target quadrant during the

probe test (day 5) (p > 0.9999, p < 0.0001, p = 0.0047).
(H) Schematic of the auditory-cued fear conditioning paradigm.

(I) Fear response on days 1 and 7 in WT and 5XFAD mice with or without astrocytic PERK deletion (n =9, 5, 9, 9 mice). Day 1, p > 0.9999, p = 0.0002, p = 0.0390;

day 7, p =0.8512, p < 0.0001, p = 0.0325.

Data are presented as mean + SEM. ns, not significant; *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001; by one-way ANOVA (G and |) or two-way ANOVA (B-E

and G) followed by Bonferroni’s test. FC, fold change.
See also Figure S4.
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Figure 4. Pharmacological inhibition of PERK improves glymphatic function and mitigates AD pathology in 5XFAD mice

(A) Experimental timeline: 5XFAD mice were treated with vehicle or the PERK inhibitor GSK2606414 (GSK; 1 mM, 0.15 uL/h, i.c.m.) via osmotic minipumps for
6 weeks, followed by various analyses.

(B) Western blot analysis of puromycin-labeled proteins in isolated cortical astrocytes from GSK- or vehicle-treated 5XFAD mice (n = 6 mice per group;
p = 0.0002).

(C) Quantification of perivascular AQP4 expression (p = 0.0140) and AQP4 polarization (p = 0.0211) in GSK- versus vehicle-treated 5XFAD mice (n = 6 mice
per group).

(D) Left, representative two-photon time-lapse images showing distribution of FITC-dextran tracer in the cortex following intracisternal injection (n = 4, 7 mice).
Right, quantification of fluorescence intensity in periarteriolar spaces reveals enhanced CSF tracer influx in GSK-treated 5XFAD mice (p < 0.0001).

(E) Left, representative brain sections stained with anti-Ap antibody (D54D2) (n = 6 mice per group). Right, quantification of Ag burden in the cortex and hip-
pocampus (p = 0.0183, p = 0.0426).

(F) Auditory-cued fear conditioning test. Freezing behavior on days 1 and 7 post-conditioning in GSK- or vehicle-treated 5XFAD mice (n = 6 mice per group; day 1,
p = 0.0026; day 7, p = 0.0092).

Data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; by two-tailed unpaired t test (B, C, and F), or two-way ANOVA followed by
Bonferroni’s test (D and E). FC, fold change; a.u., arbitrary units.

indicate that astrocytic PERK activation impairs glymphatic
function and perivascular AQP4 localization through CK2-
dependent mechanisms and suggest CK2 as a potential thera-
peutic target in AD.

DISCUSSION

Impaired glymphatic function has been increasingly implicated in
AD,*® yet the molecular mechanisms driving this dysfunction
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remain poorly understood. In this study, we demonstrate that as-
trocytes from both human AD brain tissue and two transgenic
mouse models (5XFAD and PS19) exhibit robust activation of
the PERK-elF2a signaling pathway, a key branch of the UPR.
In the mouse models, chronic activation of PERK in astrocytes
suppresses protein synthesis and disrupts the perivascular
localization of AQP4 through CK2-dependent mechanisms
(Figure S7C). Genetic deletion or pharmacological inhibition
of astrocytic PERK restored glymphatic function, reduced
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Figure 5. Deletion of astrocytic PERK improves glymphatic function in PS19 mice

(A) Left, western blot analysis of cortical astrocytes isolated from 8-month-old WT and PS19 mice (n = 5 mice per group) using the indicated antibodies. Right,
densitometric quantification (p = 0.0585, p = 0.0059, p = 0.0144).

(B) Experimental timeline.

(C) Western blot analysis of puromycin-labeled proteins in cortical astrocytes isolated from WT, PS19, and PERK-deleted PS19 mice (n = 5 mice per group;
p < 0.0001, p = 0.0203).

(D) Left, representative images of cortical sections immunostained for AQP4 and the vascular marker CD31 (n = 6 mice per group). Right, quantification of
perivascular AQP4 expression (p < 0.0001, p = 0.0052) and AQP4 polarization (p < 0.0001, p = 0.0193).

(E) Western blot analysis of AQP4 protein levels in cerebral vessels isolated from WT, PS19, and PERK-deleted PS19 mice (n = 5 mice per group; p < 0.0001,
p = 0.0022).

(legend continued on next page)
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AD-related pathology, and improved cognitive performance,
highlighting astrocytic PERK-elF2a and CK2 signaling as prom-
ising therapeutic targets.

The glymphatic system is a brain-wide perivascular network
that facilitates the clearance of metabolic waste and neurotoxic
proteins. Using in vivo two-photon imaging in mice, lliff et al. first
demonstrated that tracers and solutes can be transported via
CSF-ISF exchange in perivascular spaces.'??® Subsequent
studies have confirmed the presence of this fluid transport
pathway in non-human primates and humans using magnetic
resonance imaging.“®*” Current evidence indicates that glym-
phatic exchange is driven by arterial pulsations,*®=" facilitated
by AQP4 localized to astrocytic endfeet,'*'**° and modulated
by sleep and circadian rhythms.>?~>* Notably, glymphatic func-
tion declines with aging®®°® and is compromised in several
neurodegenerative diseases, including AD,*®°” Parkinson’s dis-
ease,”®*® amyotrophic lateral sclerosis,®® and multiple scle-
rosis.®! Although glymphatic dysfunction may represent an early
and common pathological feature across these conditions,®*
its therapeutic potential is only beginning to be explored.

Our findings identify astrocytic PERK as a promising target
for preserving glymphatic function. Astrocytes, the most
abundant glial cells in the brain, play essential roles in main-
taining glutamate, ion, and water homeostasis; regulating syn-
aptic transmission; supporting neuronal energy metabolism;
and modulating regional blood flow.°*®° In AD, astrocytes
experience ER stress due to the accumulation of misfolded
Ap and tau proteins,®® leading to activation of UPR signaling
and disrupted protein synthesis. Reduced astrocytic protein
synthesis has been observed in 3xTg-AD mice,®” and our
data from both 5XFAD and PS19 models indicate that sus-
tained PERK-elF2a signaling contributes to this suppression.
We also detected PERK activation in astrocytes from human
AD brain tissue. Importantly, genetic deletion of astrocytic
PERK in both 5XFAD and PS19 mice improved perivascular
AQP4 localization, restored glymphatic function, reduced
toxic protein deposition, and ameliorated cognitive deficits.
These beneficial effects were abolished by pharmacological
blockade of AQP4, indicating that the therapeutic efficacy of
PERK inhibition is mediated, at least in part, by restoring
AQP4 localization and function. This is consistent with previ-
ous studies demonstrating that glymphatic clearance de-
pends on perivascular AQP4'>'%29 and that AQP4 loss or
mislocalization exacerbates A and tau pathology in AD
models. ®?%2% Nevertheless, the mechanistic link between
impaired extracellular tau clearance and intracellular tau ag-
gregation remains incompletely understood. Moreover, as
AQP4 mislocalization has also been observed in other amyloid
models, such as tg-ArcSwe mice,®® future studies are war-
ranted to determine whether astrocytic PERK signaling simi-
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larly contributes to glymphatic dysfunction across diverse
AD pathologies.

We also identified CK2, a constitutively active serine/threonine
kinase, as a key mediator of PERK-induced AQP4 mislocaliza-
tion. Three lines of evidence support this conclusion: (1) CK2a
is upregulated in PERK-activated astrocytes in both human AD
brain tissue (as shown here and in prior studies®) and in trans-
genic AD mouse models; (2) astrocyte-specific deletion of
PERK reduces CK2a expression; and (3) inhibition of either
PERK or CK2 restores perivascular AQP4 localization, enhances
glymphatic function, and improves cognitive performance.
These findings are further supported by a recent report that
CK2 inhibition reduces tau pathology in cultured hippocampal
neurons derived from AD patients.’® Although the precise molec-
ular link between PERK and CK2 remains to be fully elucidated,
CK2 has been shown to interact with activating transcription fac-
tor 4 (ATF4),”" whose translation is selectively upregulated
downstream of the PERK-elF2a signaling.”®”® Our snRNA-seq
analysis of 5XFAD mouse brains revealed significant upregula-
tion of Atf4 in astrocytes (Figure 1B). Future studies targeting
these downstream effectors will be essential to further clarify
the role of PERK-elF2a-CK2 axis in AQP4 mislocalization and
glymphatic dysfunction.

Beyond AQP4 localization, additional mechanisms likely
contribute to improved glymphatic function and reduced AD
pathology observed following astrocytic PERK deletion. In
both 5XFAD and PS19 mice, PERK deletion reduced glial
activation in the brain parenchyma. Recent studies have
highlighted the role of perivascular macrophages, particularly
LYVE1-expressing subsets, in regulating CSF flow dy-
namics.>**® In 5XFAD mice, we observed an increase in
MHCII*CD206" parenchyma border macrophages (PBMs)
and a reduction in LYVE1*CD206* PBMs compared with WT
controls. These alterations were partially reversed by astrocytic
PERK deletion, potentially contributing to improved CSF perfu-
sion. Additionally, although astrocytic PERK deletion had no
apparent effect on meningeal lymphatic vessel density, it signif-
icantly enhanced meningeal lymphatic drainage in 5XFAD
mice, as indicated by increased clearance of tracers from the
CSF to the dCLNs. These findings support a close interplay be-
tween the glymphatic and meningeal lymphatic systems.
Consistent with this relationship, previous studies have shown
that AQP4 knockout reduces tau clearance to the dCLNs'® and
that disruption of meningeal lymphatics impairs glymphatic
flow and AQP4 localization, thereby exacerbating Ap pathology
in AD models.”*"®

Astrocytes influence AD progression through multiple mecha-
nisms beyond glymphatic regulation.”® For example, conditional
knockout of astrocytic low-density lipoprotein receptor-related
protein 1 (LRP1), an endocytic receptor for AB, impairs Ap

(F) Left, representative two-photon time-lapse images showing distribution of FITC-dextran tracer in the cortex following intracisternal injection. Right, quanti-
fication of tracer fluorescence intensity in periarteriolar spaces (n = 5, 5, 6 mice; p < 0.0001).

(G) Left, representative coronal brain sections showing distribution of BSA-647 tracer 30 min after intracisternal injection (n = 5 mice per group). Right, quan-
tification of tracer fluorescence intensity in the somatosensory cortex (p < 0.0001, p = 0.0042).

Data are presented as mean + SEM. *p < 0.05, *p < 0.01, ***p < 0.0001; by two-tailed unpaired t test (A), one-way ANOVA (C-E, and G), or two-way ANOVA

(F) followed by Bonferroni’s test. FC, fold change; a.u., arbitrary units.
See also Figure S5.
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Figure 6. Astrocytic PERK deletion reduces tau pathology and improves memory in PS19 mice

(A) Left, representative brain sections immunostained for phosphorylated tau using AT8 antibody (n = 9 mice per group). Right, quantification of AT8-positive area
in the piriform cortex (p = 0.2317) and hippocampus (p = 0.1850).

(B) Left, representative brain sections immunostained for pathological tau using MC1 antibody (n = 9 mice per group). Right, quantification of MC1-positive area in
the piriform cortex (p = 0.0221) and hippocampus (p = 0.0366).

(C) Left, representative images of tau aggregates in the piriform cortex stained with thioflavin S (ThioS) (n = 9 mice per group). Right, quantification of ThioS-
positive area (p = 0.0203).

(D) ELISA analysis of human tau in cortical lysates from PS19 mice with or without astrocytic PERK deletion (n = 6 mice per group), measured in RAB (soluble,
p = 0.8452), RIPA (soluble and mildly insoluble, p = 0.5518), and formic acid (insoluble, p = 0.0034) fractions.

(E) Barnes maze test (n = 6 mice per group). Astrocytic PERK deletion improves spatial learning over training days 1-4 (p = 0.0024) and enhances performance in
the day 5 probe trial (p = 0.0325).

(F) Auditory-cued fear conditioning test (n = 6 mice per group). Astrocytic PERK deletion improves associative fear memory in PS19 mice onday 1 (p = 0.0017) and
day 7 (p = 0.0290).

Data are presented as mean + SEM. ns, not significant; *p < 0.05, **p < 0.01, ****p < 0.0001; by two-tailed unpaired t test (A-D), one-way ANOVA (E and F), or two-
way ANOVA (E) followed by Bonferroni’s test. FC, fold change.

See also Figure S6.

clearance and promotes plaque deposition in APP/PS1 mice,”’
while astrocytic overexpression of clusterin has been shown to
reduce Ap accumulation.”® Additionally, selective removal of as-
trocytic apoE4, a major genetic risk factor for late-onset AD, at-
tenuates Ap pathology in APP/PS1 mice’® and mitigates tau-
mediated neurodegeneration in PS19 mice.?° Deletion of the
circadian clock protein BMAL1 specifically in astrocytes also
prevents tau pathology in PS19 mice.®' Whether these interven-
tions influence glymphatic function remains to be determined.
Future single-cell RNA sequencing studies comparing models

with and without astrocytic PERK deletion may offer deeper in-
sights into how astrocytic UPR signaling modulates these mo-
lecular pathways and intercellular interactions during AD
progression.

In summary, our study demonstrates the critical role of astro-
cytic PERK-elF2a and CK2 signaling in driving AQP4 mislocali-
zation, glymphatic dysfunction, toxic protein aggregation, and
cognitive impairment in both 5XFAD and PS19 mouse models.
Although astrocytic PERK inhibition enhances glymphatic ex-
change, CSF transport also relies on arterial pulsations.*®™"
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Future studies combining PERK inhibitors with vascular modula-
tors, such as angiotensin receptor blockers,®* may reveal syner-
gistic therapeutic strategies to improve glymphatic clearance
and mitigate cognitive decline in AD.
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Antibodies

Rabbit monoclonal anti-phospho-PERK (Thr980) (16F8)
Rabbit monoclonal anti-PERK (D11A8)

Mouse monoclonal anti-elF2a (L57A5)

Rabbit monoclonal anti-phospho-elF2a (Ser51) (D9G8)
Rabbit monoclonal anti-B-Amyloid (D54D2)

Mouse monoclonal anti-GFAP (GA5)

Rabbit monoclonal anti-p-Actin (13E5)

Rabbit monoclonal anti-p-Tubulin (9F3)

Mouse monoclonal anti-GAPDH (D4C6R)

Anti-rabbit 1I9G, HRP-linked

Anti-mouse IgG, HRP-linked

Mouse monoclonal anti-phospho-Tau
(Ser202, Thr205) (AT8)

Mouse monoclonal anti-phospho-Tau
(Ser202, Thr205) (AT8), Biotin

Rabbit polyclonal anti-GRP78

Rat monoclonal anti-CD68 (FA-11)

Rat monoclonal anti-LYVE1 (ALY7), Alexa Fluor™ 488
Donkey polyclonal anti-rabbit IgG, Alexa Fluor™ 488
Donkey polyclonal anti-rabbit IgG, Alexa Fluor™ 647
Donkey polyclonal anti-rat IgG, Alexa Fluor™ Plus 647
Donkey polyclonal anti-mouse IgG, Alexa Fluor™ 568
Goat polyclonal anti-mouse IgG, Alexa Fluor™ Plus 488
Chicken polyclonal anti-GFAP

Mouse monoclonal anti-CD31 (P2B1)

Mouse monoclonal anti-p-Amyloid 1-16 (6E10)

Rat monoclonal anti-mouse I-A/I-E, Alexa Fluor® 594
Rat monoclonal anti-mouse CD206, Alexa Fluor® 647
Rabbit polyclonal anti-phospho-PERK(Thr980)
Guinea pig polyclonal anti-S100p

Rabbit polyclonal anti-aquaporin 4

Rabbit polyclonal anti-phospho-elF2a (Ser51)

Mouse monoclonal anti-puromycin (12D10)

Rabbit polyclonal anti-lba1

Mouse monoclonal anti-Tau (MC1)

Mouse monoclonal anti-casein
kinase lla (1AD9)

Mouse monoclonal anti-human
Casein Kinase 2 alpha (844720)

Goat polyclonal anti-chicken IgG,
Alexa Fluor™ 488

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Abcam

Abcam

BioLegend

BioLegend

BioLegend

Bioss

Synaptic Systems
Sigma-Aldrich
ImmunoWay
Sigma-Aldrich

Wako

Peter Davies, Albert Einstein

College of Medicine
Santa Cruz Biotechnology

R&D

Molecular Probes

Cat#3179; RRID: AB_2095853
Cat#5683; RRID: AB_10841299
Cat#2103; RRID: AB_836874
Cat#3398; RRID: AB_2096481
Cat#8243; RRID: AB_2797642
Cat#3670; RRID: AB_561049
Cat#4970; RRID: AB_2223172
Cat#2128; RRID: AB_823664
Cat#97166; RRID: AB_2756824
Cat#7074; RRID: AB_2099233
Cat#7076; RRID: AB_330924
Cat#MN1020; RRID: AB_223647

Cat#MN1020B; RRID: AB_223648

Cat#PA1-014A; RRID: AB_559362
Cat#14-0681-82; RRID: AB_2572857
Cat#53-0443-82; RRID: AB_1633415
Cat#A-21206; RRID: AB_2535792
Cat#A-31573; RRID: AB_2536183
Cat#A48272; RRID: AB_2893138
Cat#A10037; RRID: AB_11180865
Cat#A32723; RRID: AB_2633275
Cat#ab4674; RRID: AB_304558
Cat#ab24590; RRID: AB_448167
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Cat#107650; RRID: AB_2566438
Cat#141712; RRID: AB_10900420
Cat#bs-3330R; RRID: AB_10855345
Cat#287 004; RRID: AB_2620025
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Cat#YP0093; RRID: AB_3065164
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Cat#MAB7957; RRID: AB_3073948

Cat#A-11039; RRID: AB_142924

Bacterial and virus strains

AAV5-gfaABC1D-tdTomato

Shigetomi et al.®*

Addgene 44332-AAV5
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Biological samples

Human brain tissue

The New York Brain Bank

http://cumc.columbia.edu/dept/taub

Chemicals, peptides, and recombinant proteins

Puromycin

GSK2606414

Methoxy-X04

Thioflavin S

Casein Kinase Il

Dextran, Fluorescein, 3000 MW, Anionic

Albumin from Bovine Serum (BSA),
Alexa Fluor™ 647 conjugate

CX-4945
TGN-020

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Thermo Fisher Scientific
Thermo Fisher Scientific

MedChemExpress
Tocris

Cat#P8833
Cat#516535
Cat#SML3861
Cat#T1892
Cat#218701
Cat#D3305
Cat#A34785

Cat#HY-50855
Cat#5425

Critical commercial assays

Mouse TNF-a ELISA kit

Mouse IL-1p ELISA kit

Mouse A 40 ELISA kit

Mouse Ap 42 ELISA kit

Human Tau (Total) ELISA kit

Pierce™ BCA Protein Assay Kit

Mouse Anti-ACSA-2 MicroBead Kit

Mouse Adult Brain Dissociation Kit

RNAscope™ Multiplex Fluorescent Reagent Kit v2

VECTASTAIN® Elite® ABC-HRP Kit,
Peroxidase (Standard)

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Miltenyi Biotec

Miltenyi Biotec

Advanced Cell Diagnostics

Vector Laboratories

Cat#BMS607-3
Cat#BMS6002
Cat#KMB3481
Cat#KMB3441
Cat#KHB0041
Cat#23225
Cat#130-097-678
Cat#130-107-677
Cat#323100
Cat#PK-6100

Deposited data

Mouse snRNA-seq

Zhou et al.”®

GEO: GSE140511

Experimental models: Organisms/strains

Mouse: C57BL/6J

Mouse: PERK'>*?

Mouse: Aldh1l1-Cre/ERT2
Mouse: PS19

Mouse: 5XFAD

The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory

RRID: IMSR_JAX:000664
RRID: IMSR_JAX:023066
RRID: IMSR_JAX:029655
RRID: IMSR_JAX:008169
RRID: MMRRC_034840-JAX

Oligonucleotides

RNAscope™ Probe-Mm-Eif2ak3-C1

Advanced Cell Diagnostics

Cat#1041101-C1

Software and algorithms

Seurat v5

Hao et al.®*

https://satijalab.org/seurat/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

The transgenic mouse strains used in this study included 5XFAD (JAX #034840),%° PS19 (JAX #008169),%° PERKX (JAX #023066),°°
and Aldh111®/ERT2 (JAX #029655),%° all obtained from The Jackson Laboratory. Mice were group-housed in temperature- and hu-
midity-controlled rooms under a 12-h light/dark cycle and were randomly assigned to treatment groups. Both male and female mice
were used in experiments. All animals were housed at the Columbia University animal facility and cared for in accordance with the
National Institutes of Health (NIH) guidelines for the care and use of laboratory animals. All experimental procedures were approved

by the Institutional Animal Care and Use Committee (IACUC) at Columbia University.
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Human post-mortem brain tissue

Human brain specimens were obtained from the New York Brain Bank, with all diagnoses made by specialized neuropathologists.
Study protocols were approved by the Institutional Review Board at Columbia University Medical Center. All clinical samples were
de-identified prior to analysis, and all procedures were conducted in accordance with the ethical principles outlined in the World
Medical Association Declaration of Helsinki and the Belmont Report issued by the U.S. Department of Health and Human services.
Detailed subject information is provided in Table S1.

METHOD DETAILS

Analysis of snRNA-seq data

Single-nucleus RNA sequencing (snRNA-seq) data (GSE140511)?® were analyzed using the Seurat package in R® (Figures 1A, 1B,
S1, and S7A). Quality control procedures included the removal of nuclei with mitochondrial transcript content greater than 5% and
the exclusion of potential doublets or multiplets based on unique molecular identifier (UMI) counts and gene numbers.?® Principal
component analysis (PCA) was performed, and the top 20 principal components were used for uniform manifold approximation
and projection (UMAP). Clustering was conducted with a resolution of 0.1, and differential expression between clusters was as-
sessed using the Wilcoxon rank-sum test.

RNA in situ hybridization

RNAscope in situ hybridization was used to detect Eif2ak3 mRNA expression in astrocytes. Fresh-frozen brain slices (20 pm) were
prepared, and a multiplex fluorescent assay was performed according to the manufacturer’s instructions (Advanced Cell Diagnos-
tics, ACD). Sections were incubated with a probe targeting Eif2ak3 (1041101-C1, ACD) and labeled with a fluorescent dye (323100,
ACD), followed by immunofluorescent staining for the astrocytic marker S100p (287 004, Synaptic Systems).

Immunofluorescence and immunohistochemistry

For immunofluorescent staining, coronal brain sections were washed twice with phosphate-buffered saline (PBS; AM9624, Thermo
Fisher Scientific), permeabilized, and blocked for 2 h at room temperature in PBS containing 1% Triton X-100 (T9284, Sigma-Aldrich)
and 1% serum (donkey, 017-000-121, or goat, 005-000-121; Jackson ImmunoResearch). Sections were then incubated overnight at
4°C with primary antibodies targeting: GFAP, phospho-PERK (Thr980), puromycin, AQP4, CD31, LYVE1, CD206, MHCII, Iba1, CD68,
B-amyloid (D54D2 and 6E10), phospho-tau (AT8), pathological tau (MC1), or CK2a (mouse or human). Following primary antibody
incubation, sections were washed and incubated with Alexa Fluor-conjugated secondary antibodies for 2 h at room temperature.
After final PBS washes, sections were mounted using DAPI Fluoromount-G® (0100-20, SouthernBiotech) and imaged using confocal
microscopy.

For core plaque assessment in 5XFAD mice, sections were dried overnight afterimmunostaining, rehydrated in Tris-buffered saline
(TBS; J60764.K2, Thermo Fisher Scientific) for 30 s, and transferred to 40% ethanol in TBS for 30 s. Sections were incubated with
1 pM methoxy-X04 (SML3861, Sigma-Aldrich) in 40% ethanol for 3 min, followed by sequential rinses in 40% ethanol (30 s) and 95%
ethanol (30 s), air-dried, and mounted for microscopy.

For diaminobenzidine (DAB) staining with a biotin-conjugated AT8 antibody, brain sections were washed with TBS and incubated
for 20 min in a quenching solution (500 pL MeOH, 500 pL 30% H202, and 4 mL TBS). After two washes, sections were blocked and
incubated overnight at 4°C with the biotin-conjugated AT8 antibody. Sections were then incubated with ABC-HRP reagent (PK-6100,
Vector Laboratories) for 30 min, washed, and developed using DAB substrate (ab64238, Abcam) for 5-10 min before mounting in
Fluoromount-G® (0100-01, Southern Biotech).

To visualize tau aggregates in PS19 mice, sections were stained with 1% thioflavin S (T1892, Sigma-Aldrich) in TBS for 8 min, fol-
lowed by two rinses in 40% ethanol in TBS (2 min each), two PBS washes, and mounting on glass slides.

Confocal and widefield microscopy
To quantify Eif2ak3 puncta and p-PERK expression in astrocytes, images of brain sections were acquired using a Zeiss 710 confocal
microscope equipped with a 20x objective and 2.0x digital zoom. Z-stack images were collected with a 4 pm step size over a total
depth of 40 pm. For Eif2ak3 puncta analysis, 7-8 astrocytes per mouse were analyzed, totaling 36 cell somas across 5 mice. For
p-PERK immunofluorescence analysis, 12 astrocytes per mouse were analyzed, totaling 72 cells across 6 mice. In human AD brain
samples, 16 astrocytes per sample were analyzed, totaling 80 cells across 5 individuals.

To quantify D54D2, 6E10, AT8, and MC1 staining, fluorescent images were acquired using a Leica DMi8 widefield microscope with
a 5x objective and 1.0x zoom, using a single focal plane. Identical laser intensities and exposure times were applied within each
experimental cohort to ensure consistency. Fluorescent signal intensity and area coverage were quantified using uniform threshold-
ing across all samples.

Isolation of astrocytes

Astrocytes were isolated using Magnetic-Activated Cell Sorting (MACS) following the manufacturer’s protocol (130-097-678, Miltenyi
Biotec). Briefly, mice were deeply anesthetized and transcardially perfused with PBS. After removal of the meninges, the cerebral
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cortex was dissected and enzymatically dissociated using the Adult Brain Dissociation Kit (130-107-677, Miltenyi Biotec) in combi-
nation with the gentleMACS Dissociator (130-096-427, Miltenyi Biotec). The resulting cell suspension was collected by centrifugation
(300 x g, 3 min) and filtered through a 70-um strainer (130-098-462, Miltenyi Biotec). Cell pellets were washed, centrifuged, and re-
suspended in PBS.

The single-cell suspension was incubated at 4°C for 10 min with 15 pL of anti-myelin microbeads, gently mixed every 5 min. Myelin
debris and mature oligodendrocytes were depleted using an LS column and MACS separator. The flow-through was centrifuged,
resuspended in PBS, and incubated for 10 min at 4°C with 15 pL of Fc receptor blocking reagent (from the anti-ACSA-2
MicroBeads kit,130-097-678, Miltenyi Biotec), followed by a 10-min incubation with 15 pL of anti-ACSA-2 MicroBeads. After
removing excess beads, astrocytes were enriched using an LC column and MACS separator. The astrocyte fraction was collected
by removing the magnetic separator, centrifuging the pellets, and recovering the purified astrocytes. Isolated astrocyte pellets were
shap-frozen in liquid nitrogen and stored at —-80°C for subsequent immunoblotting.

Isolation of brain vessels

Brain vessels were isolated using previously described protocols.®>#® Mice were deeply anesthetized and perfused with PBS. The
brain was immediately collected on ice, and the cortex from one hemisphere was dissected. Cortical tissue was homogenized by
repeated aspiration and expulsion through 21-gauge cannulas. The homogenate was centrifuged at 2000 x g for 10 min at 4°C,
and the supernatant was discarded. The pellet was resuspended in 3 mL of ice-cold dextran solution in HBSS (14170112, Thermo
Fisher Scientific), vigorously mixed for 1 min, and centrifuged at 4400 x g for 15 min at 4°C. After centrifugation, the top layer was
carefully removed, and the vessel-enriched pellet was resuspended in HBSS containing 1% bovine serum albumin (BSA; A7030,
Sigma-Aldrich). The resuspended vessels were filtered through a 20-pm mesh by centrifugation at 200 x g for 1 min and washed
with HBSS. The final vessel fraction was collected and stored at -80°C for subsequent Western blot analysis.

Western blot

Proteins extracted from isolated astrocytes or brain vessels were thawed in 100 pL of radioimmunoprecipitation assay (RIPA) buffer
(R0278, Sigma-Aldrich) supplemented with 10 mM Tris and protease and phosphatase inhibitors (78440, Thermo Fisher Scientific).
Samples were homogenized using a glass micro-homogenizer (20-30 strokes) and incubated on ice for 30 min. Insoluble material
was removed by centrifugation at 20,000 x g for 10 min at 4°C. Protein concentrations were determined using the BCA Protein Assay
Kit (23225, Thermo Fisher Scientific).

Western blotting was performed as previously described.®” Protein samples were mixed with 4x sample loading buffer, heated at
95°C for 10 min, separated on 10% or 12% SDS-PAGE gels, and transferred to PVDF membranes. Membranes were washed twice
with TBS-Tween buffer and blocked with 1% BSA for 1 h at room temperature. Membranes were then incubated overnight at 4°C with
primary antibodies targeting: BiP/GRP78, phospho-PERK (Thr980), PERK, phospho-elF2a (Ser51), elF2a, AQP4, p-actin, GAPDH, or
B-tubulin. Following primary antibody incubation, membranes were washed four times with TBS-Tween (28360, Thermo Fisher Sci-
entific) and incubated with the appropriate HRP-linked secondary antibody (anti-rabbit IgG or anti-mouse IgG).

Protein bands were visualized using the ImageQuant™ LAS 4000 biomolecular imager (GE Healthcare), and densitometric analysis
was performed using NIH ImageJ software.

Measurement of de novo protein synthesis

De novo protein synthesis was assessed using the Surface Sensing of Translation (SUnSET) method,®® which detects puromycin
incorporation into nascent polypeptides as a marker of translation activity. The in vivo procedure was adapted from a previously pub-
lished protocol.>? To label astrocytes, 0.25 uL of AAV5-gfaABC1D-tdTomato (7 x10'2 genome copies/mL; 44332, Addgene)®® was
injected into the somatosensory cortex of 5-month-old WT and 5XFAD mice (coordinates: anterior-posterior (AP) +0.5 mm; midline
(ML) +2 mm; depth 500 pm) using a picospritzer (5 p.s.i., 12 ms pulse width, 0.3-0.4 Hz) at a rate of 0.1 uL per 10-15 min. After in-
jection, the micropipette was left in place for an additional 10—15 min to allow for viral diffusion before withdrawal. At 6 months of age,
mice were implanted with an intracranial cannula targeting the same cortical region. Puromycin (5 pg; P8833, Sigma-Aldrich) was
infused using an infusion pump connected to a Hamilton syringe. Following infusion, mice were returned to their home cage for
1 h to allow incorporation of puromycin into newly synthesized proteins. Brains were then collected and processed for immunoflu-
orescent staining. For in vitro analysis, isolated astrocytes were incubated with 2 pM puromycin for 30 min at 37°C. After incubation,
cells were lysed, and protein concentrations were normalized prior to Western blot analysis to assess puromycin incorporation.

AQP4 expression and polarization analysis

Perivascular AQP4 expression and polarization were quantified by analyzing AQP4 immunoreactivity in 10-15 CD31* vessel segments
per mouse. The average value across segments was used to calculate expression and polarization levels for each animal. This approach
was adapted from previously established protocols.”>?%>° Perivascular AQP4 expression was quantified by measuring AQP4 fluores-
cence intensity specifically within the CD31" vascular regions. To assess AQP4 polarization, the median AQP4 fluorescence intensity
within the perivascular regions was determined. Threshold analysis was then applied to calculate the percentage of the surrounding
astrocytic area exhibiting AQP4 signal equal to or greater than the perivascular intensity. Polarization was defined as the percentage
of the area with AQP4 immunoreactivity lower than that of the astrocytic endfeet in direct contact with the vasculature.
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Thinned-skull cranial window

To preserve meningeal lymphatic drainage and cerebral arterial pulsation during in vivo imaging of fluorescent CSF tracers, a thinned-
skull cranial window was prepared as previously described.?*° Mice were anesthetized with 100 mg/kg ketamine and 15 mg/kg xy-
lazine. A custom head holder was secured to the skull using cyanoacrylate glue (Loctite 495) and dental cement (Metabond, Parkell), and
the head was fixed onto a custom-built imaging plate. A circular region of the skull (2-3 mm in diameter) was marked at coordinates AP —
0.5 mm and ML +1.5 mm. The skull surface was immersed in artificial cerebrospinal fluid (ACSF), and a high-speed micro drill was used
to thin the marked area under a dissecting microscope. Drilling was performed intermittently to prevent overheating, with frequent
replacement of ACSF to soften the bone and dissipate heat. Bone debris was continuously flushed away during the process. Once
most of the spongy bone was removed, a microsurgical blade was used to carefully thin the remaining bone layer, creating a clear im-
aging window. The entire procedure was completed within 20 min. Throughout the surgery, the mouse’s body temperature was contin-
uously monitored and maintained at 37°C using a feedback-controlled heating system (World Precision Instruments).

Cisterna magna cannulation

Cisterna magna cannulation was performed to deliver CSF tracers immediately prior to in vivo imaging, as previously describe
Mice were anesthetized, and the posterior atlanto-occipital membrane overlying the cisterna magna was carefully exposed with pre-
cision. A 30-gauge needle attached to polyethylene tubing was gently inserted through the membrane. The cannula was secured in
place using surgical glue and reinforced with dental cement. Throughout the procedure and during recovery, the animal’s body tem-
perature was continuously maintained at 37°C using a feedback-controlled heating system.

d.12’91

CSF tracers and drugs

Fluorescein isothiocyanate-dextran (FITC-dextran; D3305, Thermo Fisher Scientific) and Alexa Fluor 647-conjugated bovine serum
albumin (BSA-647; A34785, Thermo Fisher Scientific) were prepared at a concentration of 0.5% in ACSF. These tracers were deliv-
ered into the subarachnoid CSF via cisterna magna cannulation for both in vivo and ex vivo analyses.'?

To pharmacologically inhibit PERK (Figure 4A), the small-molecule PERK inhibitor GSK2606414 (516535, Sigma-Aldrich) was
infused into the CSF through cisterna magna cannulation using an Alzet Osmotic Pump (model AP-2006, Braintree Scientific). A total
volume of 150 pL GSK2606414 (30 mM in ACSF containing 0.5% hydroxypropylmethyl cellulose and 0.1% Tween-80) was loaded
into the pump and delivered at a rate of 0.15 pL/h for 6 weeks. Control mice received an ACSF vehicle infusion.

To inhibit AQP4 function (Figure S4A), the selective AQP4 inhibitor TGN-020° (5425, Tocris) was dissolved in 20% sulfobutylether-
B-cyclodextrin (SBE-p-CD) in saline and administered intraperitoneally at a dose of 100 mg/kg once every three days for 30 days.
Control animals received equivalent volumes of the vehicle solution (20% SBE-p-CD in saline).

To increase CK2 activity (Figure 7D), 5XFAD mice with astrocytic PERK deletion received a single intracisternal injection of exog-
enous CK2 (10 pM in ACSF, 10 pL; 218701, Sigma-Aldrich) 7 days prior to immunohistochemical (IHC) analysis of AQP4 expression
and polarization at 6 months of age. In a separate experiment (Figure S7B), astrocytic PERK-deleted 5XFAD mice received daily intra-
cisternal injections of CK2 (10 uM, 10 pL) for 14 consecutive days prior to AQP4 analysis.

To inhibit CK2 activity (Figure 7F), 5XFAD mice were treated with the CK2 inhibitor CX-4945 (75 mg/kg in saline, i.p.) once daily
starting at 5 months of age. IHC and other measurements were performed at 6 months.

Two-photon imaging of CSF tracer and analysis

In vivo imaging of CSF tracer influx was performed using a Scientifica two-photon microscope equipped with a Ti:Sapphire laser
(Vision S, Coherent). Mice with previously prepared thinned-skull windows and cisterna magna cannulation were anesthetized
with ketamine and xylazine, and their heads were stabilized under the microscope.

Immediately before imaging, 10 pL of FITC-dextran was infused into the cisterna magna at a rate of 2 pL/min using a syringe pump.
To visualize the vasculature, 0.1 mL of Texas Red-dextran 70 kDa was injected retro-orbitally. The laser was tuned to 920 nm to
enable simultaneous excitation of FITC and Texas Red fluorophores. Images were captured using a 20x water-immersion objective
(1.0 N.A.) with a digital zoom of 1.0 at a resolution of 512512 pixels. Time-lapse z-stack images were acquired every 5 min, spanning
from the cortical surface to a depth of 250 pm with a 4 um step size. Image acquisition was controlled using Scanimage software
(v5.4; Vidrio Technologies).

Imaging data were analyzed using NIH ImagedJ software."?°?°° Optical sections at a depth of 100 pm below the cortical surface
were selected for quantification of CSF tracer penetration kinetics. Penetrating arterioles were distinguished from venules based on
morphological characteristics, including fewer branches and superficial cortical positioning. To measure CSF-ISF exchange, donut-
shaped regions of interest (ROIs) were defined around penetrating arterioles with an external diameter of 150 pixels and an internal
diameter of 50 pixels. The mean fluorescence intensity within each ROl was calculated at each time point. Perivascular ROI values
were averaged per animal per time point to generate a single biological replicate. Tracer dynamics were analyzed using two-way
ANOVA followed by Bonferroni’s post hoc test for multiple comparisons.

Ex vivo imaging of CSF tracer and analysis

For ex vivo assessment of CSF tracer influx, 10 pL of BSA-647 was injected into the cisterna magna, and brain tissue was collected
30 min later to evaluate tracer penetration into the parenchyma. Mean fluorescence intensity of BSA-647 in the somatosensory cortex
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was quantified as previously described.’® For each mouse, 3-5 coronal sections spanning -1.0 to +1.0 mm from bregma were
selected, and tracer penetration was measured and averaged to generate a single biological replicate.

To assess CSF tracer drainage, 10 pL of BSA-647 was similarly injected into the cisterna magna, and the presence of tracer in the
deep cervical lymph nodes (dCLNs) was evaluated 1 h post-injection. Quantification of BSA-647 signal in the dCLNs was performed
as previously described.®®°® For each animal, five 30-um-thick dCLN sections were analyzed, and tracer fluorescence was
measured and averaged for statistical analysis.

ELISA

Enzyme-linked immunosorbent assay (ELISA) was used to quantify concentrations of mouse Ap4o (KMB3481, Thermo Fisher Scien-
tific), mouse APs> (KMB3441, Thermo Fisher Scientific), total human tau (KHB0041, Thermo Fisher Scientific), mouse IL-1p
(BMS6002, Thermo Fisher Scientific), and mouse TNF-a (BMS6073, Thermo Fisher Scientific) in brain tissue samples.

For AB measurements in 5XFAD mice, the cortex and hippocampus were dissected following PBS perfusion, snap-frozen on dry
ice, and stored at -80°C until processing. Soluble and insoluble fractions were extracted separately. Tissues were first sonicated in
TBS and centrifuged at 15,000 x g for 15 min at 4°C. The resulting supernatant was collected as the soluble fraction. The pellet was
resuspended in TBS containing 1% Triton X-100 (TBSX), incubated on ice for 1 h, and centrifuged again at 15,000 x g for 15 min at
4°C to obtain the detergent-soluble (TBSX) fraction. For extraction of the insoluble fraction, the remaining pellet was incubated in 5 M
guanidine hydrochloride (GDN; G3272, Sigma-Aldrich), then centrifuged, and the supernatant was collected. Af4o and Ap4o levels in
all fractions were measured using the respective ELISA kits, according to the manufacturer’s instructions.

For total human tau measurements in PS19 mice, cortical tissue was sonicated in reassembly (RAB) buffer (100 mM MES, 1 mM
EGTA, 0.5 mM MgSO,, 0.75 M NaCl, 20 mM NaF, supplemented with protease and phosphatase inhibitors), and centrifuged at
15,000 x g for 20 min at 4°C. The supernatant was collected as the RAB-soluble fraction. The pellet was resuspended in an equal
volume of RIPA buffer and centrifuged to obtain the detergent-soluble (RIPA) fraction. The remaining pellet was then extracted with
formic acid, and the supernatant collected as the insoluble fraction. Tau levels in all fractions were quantified using ELISA kits ac-
cording to the manufacturer’s protocols.

Behavior

Barnes maze

The Barnes maze test was used to assess spatial memory in mice.*® The apparatus consisted of a circular platform (90 cm in diam-
eter) with 19 evenly spaced holes along the perimeter, one of which served as the escape hole. An escape box (24 x 5 x 5 cm) was
placed beneath this target hole to provide a refuge. Visual cues were positioned around the platform to facilitate navigation, and an
auditory cue (buzzer) was used to motivate exploration. During the training phase, mice underwent one session per day for four
consecutive days. At the start of each session, mice were placed in the center of the platform for a 5-10 s acclimation period, after
which they were given 5 min to locate the escape cage. If a mouse failed to find the escape within the allotted time, it was gently
guided to the target location. To minimize olfactory cues, the platform and escape box were cleaned with 75% alcohol between trials.
A probe trial was conducted on the day following the final training session to assess spatial memory retention. During the probe trial,
the escape box was removed, and mice were allowed to explore the platform for 3 min. Spatial memory was quantified as the per-
centage of time spent in the target quadrant where the escape hole had previously been located. Behavioral data were recorded and
analyzed using ANY-maze software (Stoelting).

Auditory-cued fear conditioning

Auditory-cued fear conditioning was conducted in a dedicated conditioning chamber (Maze Engineers), with behavior data recorded
and analyzed using ANY-maze software. The procedure began with a 2-min habituation period to allow mice to acclimate to the envi-
ronment. The conditioning phase consisted of three cycles. Each cycle included a 30-s auditory cue (400 Hz, 80 dB) that co-termi-
nated with a 2-s foot shock (0.5 mA), followed by a 30-s intertrial interval. Two minutes after the final conditioning cycle, mice were
returned to their home cages. Memory recall tests were performed either 1 day or 7 days after conditioning. During recall, mice were
placed in a novel chamber for a 2-min baseline period, followed by re-exposure to the same auditory cue. Freezing behavior, defined
as the absence of all movement except respiration, was measured and analyzed using ANY-maze software.

QUANTIFICATION AND STATISTIAL ANALYSIS

Statistical analyses were performed using Prism 10 (GraphPad). Data are presented as mean + SEM. Sample sizes for in vivo imaging,
biochemical, and behavioral experiments were consistent with those reported in previous studies®® and were not predetermined by
power analysis. No successfully imaged or measured samples or animals were excluded from the analysis. The normality of data
distribution was assessed using the Shapiro-Wilk test. Depending on the distribution, comparisons between two groups were
made using either an unpaired two-tailed t-test (parametric) or the Wilcoxon rank-sum test (nonparametric). For comparisons
involving more than two groups, one-way or two-way ANOVA was used, followed by Bonferroni’s post hoc test for multiple compar-
isons. All statistical tests were two-sided, and significance was defined as P < 0.05.
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