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Article

Unfolded protein response IRE1/XBP1 signaling is
required for healthy mammalian brain aging
Felipe Cabral-Miranda1,2,3,4, Giovanni Tamburini1,2,3, Gabriela Martinez1,2,3, Alvaro O Ardiles5,6 ,

Danilo B Medinas1,2,3 , Yannis Gerakis1,2,3, Mei-Li Diaz Hung1,2,3, Ren�e Vidal1,2,7,

Matias Fuentealba1,2,3, Tim Miedema1,2,3 , Claudia Duran-Aniotz1,2,3, Javier Diaz1,2,3,

Cristobal Ibaceta-Gonzalez5, Carleen M Sabusap8, Francisca Bermedo-Garcia9, Paula Mujica6,

Stuart Adamson10 , Kaitlyn Vitangcol10, Hernan Huerta7 , Xu Zhang11, Tomohiro Nakamura11,

Sergio Pablo Sardi12 , Stuart A Lipton11,13 , Brian K Kennedy10,14, Juan Pablo Henriquez9,

J Cesar C�ardenas1,7,10, Lars Plate8 , Adrian G Palacios5 & Claudio Hetz1,2,3,10,*

Abstract

Aging is a major risk factor to develop neurodegenerative diseases
and is associated with decreased buffering capacity of the proteos-
tasis network. We investigated the significance of the unfolded
protein response (UPR), a major signaling pathway activated to
cope with endoplasmic reticulum (ER) stress, in the functional
deterioration of the mammalian brain during aging. We report
that genetic disruption of the ER stress sensor IRE1 accelerated
age-related cognitive decline. In mouse models, overexpressing an
active form of the UPR transcription factor XBP1 restored synaptic
and cognitive function, in addition to reducing cell senescence.
Proteomic profiling of hippocampal tissue showed that XBP1
expression significantly restore changes associated with aging,
including factors involved in synaptic function and pathways
linked to neurodegenerative diseases. The genes modified by XBP1
in the aged hippocampus where also altered. Collectively, our
results demonstrate that strategies to manipulate the UPR in
mammals may help sustain healthy brain aging.
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Introduction

Normal aging is associated with a progressive cognitive impairment

and also represents the major risk factor for developing dementia

and neurodegenerative disorders (Morrison & Baxter, 2012). World-

wide, around 50 million people have dementia, and nearly

10 million new cases are reported every year, constituting a major

cause of disability and dependency among older people worldwide

(WHO, 2020). Dementia represents a progressive syndrome with

substantial impairment in cognitive function beyond what might be

expected from normal aging and is associated with various neurode-

generative disorders such as Alzheimer’s disease (AD), Parkinson’s

disease (PD)/Lewy body dementia (LBD), and Frontotemporal

dementia (FTD).

Decades of research have defined the hallmarks of aging, under-

scoring the biological processes that determine when and how

organisms age, ultimately regulating health span and life span

across species (L�opez-Ot�ın et al, 2013; Kennedy et al, 2014). Brain
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aging itself, like the major neurodegenerative diseases, can be asso-

ciated with abnormal deposition of protein aggregates in the brain

(Soto & Pritzkow, 2018). Consistent with this idea, the pathways

that sustain proteome homeostasis (proteostasis) are substantially

altered in aged organisms, a phenomenon considered a pillar of the

aging process4. Proteostasis is maintained by the dynamic integra-

tion of pathways that mediate the synthesis, folding, degradation,

quality control, trafficking, and targeting of proteins (Morimoto &

Cuervo, 2014). A central site of proteostatic processes is the endo-

plasmic reticulum (ER), the main subcellular compartment involved

in protein folding and secretion. Several factors regulate and ensure

folding and quality control of newly synthetized proteins at the ER,

including protein chaperones and other cofactors that also mediate

degradation of unfolded proteins and prevent formation of protein

aggregates with cytotoxic potential (Walter & Ron, 2011). Abnormal

levels of misfolded proteins in the ER lumen result in a cellular state

known as “ER stress,” which, in turn, engages an adaptive reaction

to restore proteostasis and sustain cell function—this process is

known as the unfolded protein response (UPR) (Walter &

Ron, 2011). Studies in simple model organisms have demonstrated

that the activity of the UPR is compromised during aging (Taylor &

Hetz, 2020), ultimately impacting health span and life span.

Three main pathways that sense cell stress encompass the UPR—

these are comprised of inositol-requiring enzyme-1 (IRE1) alpha and

beta, PKR-like ER kinase (PERK), and activating transcription factor

6 (ATF6) alpha and beta (Hetz et al, 2020). IRE1 is an ER-located

kinase and RNase that upon activation catalyzes unconventional

splicing of mRNA encoding X-box binding protein-1 (XBP1), elimi-

nating a 26-nucleotide intron (Walter & Ron, 2011). This processing

event results in the expression of an active transcription factor

called XBP1s that controls expression of chaperones and other medi-

ators of protein quality control mechanisms (Hetz et al, 2020). In

response to ER stress, PERK phosphorylates eukaryotic translation

initiation factor 2A (eIF2a), inhibiting global protein translation but

paradoxically upregulating the translation of specific mRNAs such

as activated transcription factor-4 (Atf4) (Costa-Mattioli &

Walter, 2020). ATF4 regulates the expression of ER chaperones and

genes related to apoptosis, protein synthesis, and redox control,

including C/EBP-homologous protein (CHOP/GADD153) (Costa-

Mattioli & Walter, 2020). Finally, following ER stress, ATF6 reaches

the Golgi apparatus, where it is processed to release a cytosolic frag-

ment (ATF6f) that acts as a transcription factor to regulate expres-

sion of genes involved in ER-associated degradation (ERAD) and

folding (Hetz et al, 2020).

Besides its well-characterized function as a stress mitigation

pathway, various UPR mediators have been shown to exert other

important physiological roles in the brain. For example, in mam-

mals, UPR components display important functions that affect brain

development, synaptic plasticity, and metabolic control (Godin

et al, 2016; Mart�ınez et al, 2018). Expression of XBP1 in the hippo-

campus regulates synaptic plasticity and memory-related processes,

partially mediated by transcriptional control of brain-derived neuro-

trophic factor (BDNF) (Mart�ınez et al, 2016). The complexity of syn-

aptic architecture and its dynamic regulation highlight the

requirement for maintenance of proteostasis at the level of the secre-

tory pathway during the organismal life span to sustain normal

brain function (Hanus & Ehlers, 2016). Subtle structural and func-

tional alterations in synapses are the main drivers of age-related

cognitive decline (Morrison & Baxter, 2012), but the molecular

mechanisms dictating these perturbations remain elusive although

they have been postulated to be related to proteostasis.

In those lines, it is reasonable to hypothesize that UPR, and par-

ticularly, the IRE-XBP1s pathway may impact the aging process in

the mammalian brain (Taylor, 2016). Accordantly, correlative stud-

ies in mammals have demonstrated impaired UPR signaling in brain

tissue (Gavil�an et al, 2006; Hussain & Ramaiah, 2007; Naidoo

et al, 2008; Naidoo et al, 2011; Brown et al, 2014; Taylor, 2016;

Mart�ınez et al, 2017, for review), but the significance of such dis-

ruption has only recently been evaluated by manipulating the

PERK/eIF2a signaling branch eIf2a (Sharma et al, 2018; Krukowski

et al, 2020; Hafycz et al, 2022). Notably, studies in invertebrates

indicated that overexpression of XBP1s in neurons extends life span

and is associated with activation of the UPR in peripheral organs

through a cell-nonautonomous mechanism (Taylor & Dillin, 2013).

Importantly, UPR alterations have also been described in human tis-

sue (Hetz, 2021).

Here, we investigated the functional contribution of the UPR to

age-associated cognitive impairment in the mammalian brain.

Accordingly, we combined a series of genetic strategies to manipu-

late the IRE1/XBP1 pathway in the brain coupled with assessments

of cognitive function, electrophysiological properties, structural

attributes, and protein expression. Our results indicate that ablation

of IRE1 function accelerates age-dependent cognitive decline,

whereas artificial bolstering of XBP1s levels is sufficient to prevent

or even revert cognitive deterioration, while maintaining the integ-

rity of synaptic transmission and diminishing the natural accumula-

tion of senescent cells.

Results

The ER proteostasis network is altered in elderly mammals
during normal brain aging or dementia

Initially, to study possible contributions of the UPR to age-associated

cognitive decline in humans, we analyzed RNA sequencing data

from the hippocampus of normal subjects as well as those diagnosed

with dementia in a unique aged population-based cohort from the

Adult Changes in Thought (ACT) study (http://aging.brain-map.

org). Remarkably, an unbiased functional enrichment analysis of dif-

ferentially expressed genes (DEGs) in demented patients revealed

that “unfolded protein binding and processing” are the most altered

biological functions (Fig 1A). Moreover, XBP1 was predicted as one

of the possible transcription factors driving such alterations in the

proteostasis network (Fig 1A; Dataset EV1 for a complete analysis).

In addition, chaperones accounted for the most altered genes in

patients with dementia in the dataset analyzed (Fig 1B, Table 1),

while some classical UPR mediators were not altered (Fig EV1A).

To determine the age-related capacity of the mammalian brain to

engage the UPR, we treated young, middle-aged, and aged mice with

intraperitoneal injection of tunicamycin, a well-established pharma-

cological inducer of ER stress (Medinas et al, 2018; Fig 1C). This

regimen was used to test whether activation of the UPR is altered by

stress at various time points during aging. Tunicamycin is known to

induce a high level of ER stress, thus facilitating measurement of

UPR signaling. We monitored mRNA levels of Xbp1s, Hspa5 (Bip/
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Grp78), and Ddit3 (Chop) in the hippocampus, in addition to cere-

bral cortex and cerebellum. Remarkably, the capacity to induce

Xbp1s was significantly attenuated in the hippocampus of middle-

aged and aged animals compared with young animals following

experimental ER stress (Fig 1D, left). The UPR mediators Ddit3 and

Hspa5 manifested similar findings (Fig 1D, middle and right),

whereas other markers such as Atf3 and Pdia3 did not show signifi-

cant alterations (Fig EV1D,E). A similar tendency was observed in

the cerebrocortex of these animals (Fig EV1B), whereas no differ-

ences were detected in the cerebellum (Fig EV1C). These results

suggest that tunicamycin can exert effects on UPR signaling in the

brain differentially with age, particularly impacting the aged hippo-

campus. Finally, to exclude possible systemic effects of tunicamycin

treatment, we injected the ER stressor directly into the hippocampus

of young, middle-aged, or aged animals (Fig 1C). We successfully

recapitulated the results obtained following intraperitoneal

A B

C D

E F G

Figure 1. Impaired UPR activation in the mammalian aged brain.

A Functional enrichment analysis of altered genes in an elderly cohort of patients diagnosed with dementia versus non-demented. GO, gene ontology; FDR, false dis-
covery rate; Key TF, key transcription factor in TRRUST database.

B Violin plots displaying RNA-seq readings by FPKM (normalized Fragments Per Kilobase Million) of chaperones HSPA1A and HSPA1B of human hippocampus samples
of demented patients and controls (n = 49, 42; unpaired Kolmogorov–Smirnov test; continuous lines: median; dashed lines: quartiles).

C Pharmacological models of ER stress induction. Animals of indicated ages were injected with ER stress inducer tunicamycin through intraperitoneal (i.p.) injection.
After 24 h, the brain was dissected to measure UPR signaling using RT-PCR. Alternatively, animals received tunicamycin intracerebrally (i.c.) directly into the hippo-
campus using stereotaxic injection.

D Mean and SEM of mRNA levels of Xbp1s, Bip/Hspa5 and Chop/Ddit3 were determined in dissected hippocampus of i.p. treated mice by quantitative RT-PCR. (n = 3–
4 animals/group. One-way ANOVA followed by Tukey’s post-test compared tunicamycin treated groups).

E Animals received bilateral intrahippocampal injections of 2 ll tunicamcyin (5 mg/ml) or vehicle for 24 h. Graphs indicate mean and s.e.m. of Xbp1s mRNA levels in
the hippocampus (n = 3–4 animals/group. One-way ANOVA followed by Tukey’s post-test compared tunicamycin treated groups.

F, G Mean and SEM of relative levels of S-nitrosylated IRE1 (F) and total IRE1 (G) in brains from young and aged mice. Histograms show relative levels of SNO-IRE1/
input IRE1 measured by biotin-switch assay and total IRE1/GAPDH quantified by densitometry on standard immunoblots for young (3-month-old) versus aged (24-
month-old) mouse brains (n = 3, unpaired Student’s t-test). Data information: All graphs indicate P-values with the following legend: *P < 0.05; **P < 0.01.

Source data are available online for this figure.
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injections, observing decreased levels of Xbp1s in the hippocampus

of middle-aged and aged animals 24 h after exposure when

compared with young mice (Fig 1E). As a control, this ER stress-

triggering paradigm did not result in differential neurotoxicity

during aging as measured by FluoroJade-C staining in the site of

injection (Fig EV1F,G).

Increased generation of reactive oxygen and nitrogen species,

such as nitric oxide (NO), has been observed during aging (Go &

Jones, 2017). Previous reports indicated that S-nitrosylation of IRE1

inhibits its ribonuclease activity (Yang et al, 2015), resulting from

posttranslational modification of cysteine thiol (or more properly

thiolate anion) groups at Cys931 and Cys951 by NO-related species

(Nakato et al, 2015). Accordingly, we evaluated the levels of S-

nitrosylation of IRE1 (abbreviated SNO-IRE1) during normal brain

aging. We measured the ratio of SNO-IRE1 to input IRE1 by biotin-

switch assay in the brains of young and old animals and found a sig-

nificant increase in this ratio in aged samples (Fig 1F, Figure Source

Data 1–2). This result may potentially account, at least in part, for

the decrease in IRE1 activity and thus compromised ability to adapt

to ER stress with age. Notably, when we also performed standard

immunoblots of IRE1 to quantify levels by densitometry in young

and aged animals, we found that total IRE1 decreased with aging

(Fig 1G, Figure Source Data 3), as suggested previously based on

mRNA levels (Gavil�an et al, 2006). Thus, while the absolute level of

S-nitrosylated IRE1 may not be very different in young versus aged

brain, the proportion of SNO-IRE1 significantly increases with age

(Fig 1F,G, Figure Source Data 1–3), suggesting overall inhibition of

its enzyme activity. These results suggest that the occurrence of spe-

cific molecular alterations in the aging hippocampus interfere with

the capacity to adapt to ER stress.

Genetic disruption of IRE1-XBP1s accelerates or exacerbates
aging-associated cognitive decline

To evaluate and quantify cognitive decline associated with normal

aging in rodents, we assessed young (3–6 months old), middle-aged

(12–14 months old), and aged (18–20 months old) mice using the

novel object recognition (NOR), novel object location (NOL), con-

textual fear conditioning (CFC), and Barnes maze tests; all of which

have been previously reported to be sensitive to age-dependent

alterations (Shoji et al, 2016). Importantly, aged mice interacted

with objects in the same amount of time as young animals

(Figs EV1H and 1J), thus excluding age-related motor or sensory

alterations that could impact the evaluation of the tests. Moreover,

animals at all ages did not exhibit intrinsic preferences for the ran-

domized objects (Fig EV1I) used in the tests nor the quadrants of

the arena (Fig EV1K), and their performance was not impacted

when evaluated at middle age and again at advanced age

(Fig EV1L).

To begin to assess the role of the UPR in brain health span, we

conditionally ablated the RNase domain of IRE1 in the nervous sys-

tem using a CRE transgenic mouse line driven by the Nestin pro-

moter (IRE1cKO) for general deletion in nervous tissue (Fig EV2A) at

the stage of neural progenitor cells (Duran-Aniotz et al, 2017;

Appendix Figs S1A and S2 for detailed workflow). Remarkably,

middle-aged IRE1cKO animals lost their capacity to discriminate

between novel objects in the NOR test when compared with Cre-

negative/wild-type (WT) littermates (IRE1WT). Note that control ani-

mals only displayed poor performance at advanced age (Fig 2A).

The NOL test highlighted the impaired capacity of middle-aged or

older WT animals to discriminate newly located objects (Fig EV2B).

Importantly, aged IRE1cKO animals also showed this deficit, while

younger IRE1cKO mice exhibited normal behavior (Fig EV2B). The

apparent absence of phenotypes in IRE1cKO during youth on these

two tests suggests the occurrence of age-dependent deficits after

IRE1 ablation. To further examine this hypothesis, we evaluated an

additional cohort of mutant mice with a deletion of IRE1 mediated

by Cre driven by the Camk2a promoter (IRE1cKO/CaK;

Appendix Fig S1B). Notably, we could recapitulate the same find-

ings observed in IRE1cKO mice in the NOR test, with young animals

exhibiting no alterations upon IRE1 ablation but middle-aged

IRE1cKO/Cak displaying impaired capacity to discriminate novel

objects when compared with age-matched controls (Fig EV2C).

IRE1 signaling has various outputs in addition to controlling

XBP1 mRNA splicing, including degradation of mRNAs and regula-

tion of cell signaling (Hetz et al, 2020). Accordingly, to further vali-

date our results, we generated a small cohort of XBP1 conditional

knockout animals (XBP1cKO; Appendix Fig S1C). This model mani-

fests normal IRE1 expression but lacks XBP1 in the hippocampus.

Using this additional mouse model, we recapitulated the deficits

observed in middle-aged IRE1cKO and IRE1cKO/Cak mice on the NOR

test (Fig EV2D). Since XBP1 ablation has been reported in some

cases to trigger aberrant phenotypes because of compensatory IRE1

overactivation (Lee et al, 2008, 2011; Hur et al, 2012), we focused

Table 1. Significantly altered genes in RNA-seq comparing the hippocampus of demented patients with controls (fold change > 1.2) in the Aging,
Dementia and Traumatic injury Study database. Most altered genes compose a functional network of interactions related to unfolded protein bind-
ing and processing. Table indicates gene symbols, fold changes, and enriched terms in gene ontology and Kyoto Encyclopedia of Genes and Genomes
databases.

Gene Fold change Gene ontology KEGG

HSPA1A 2.02 Response to unfolded protein Protein processing in ER

DNAJB1 1.98 Response to unfolded protein Protein processing in ER

HSPA6 1.76 Response to unfolded protein Protein processing in ER

HSPA1B 1.74 Response to unfolded protein

SERPINH1 1.54 Response to unfolded protein

BAG3 1.3 Protein folding

HSPB1 1.3 Protein folding, refolding
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our analysis on IRE1-deficient animals. In addition, we have previ-

ously reported that young XBP1cKO animals displayed diminished

performance on fear conditioning and maze-based tests (Mart�ınez

et al, 2016), thus obfuscating interpretation of results when age-

dependent cognitive decline is being assessed. Hence, we evaluated

a cohort of IRE1cKO animals and their control littermates at different

ages using the CFC test that evaluates freezing responses before and

after presentation of a tone. On the day of testing, our analysis

showed that young IRE1cKO mice displayed increased freezing

before presentation of the tone, indicative of altered contextual fear

memory acquisition. With aging, however, freezing on this test sig-

nificantly decreased (Fig 2B). Importantly, these results were not

observed in WT littermates, which presented similar responses

throughout aging (Fig 2B). Collectively, assessment of NOR and

CFC data throughout aging suggested that genetic ablation of IRE1

in the nervous system may accelerate the emergence of age-

associated alterations in cognitive function.

IRE1cKO displays early appearance of senescent cells in
the hippocampus

Previous findings suggested that an increased number of senescent

cells in brain tissue correlates with age-dependent cognitive

decline (Baker & Petersen, 2018). To determine whether disruption

in the IRE1 pathway in the brain resulted in altered senescence,

we evaluated the number of senescent cells using b-galactosidase
and p-c-H2AX staining in hippocampal tissue. Histological analysis

indicated progressive accumulation of senescent cells in the hippo-

campus as animals aged (Figs 2C,D and EV2E–G). Notably, an

increase in the number of senescent cells comparable with that

A B C

D E F G

Figure 2. Genetic ablation of the IRE1 pathway in the brain accelerates and exacerbates age-associated cognitive decline in mammals.

A–D Young (3–6 months), middle-aged (12–14 months) and aged (18–20 months) conditional knockout for IRE1 (IRE1cKO) and their littermates flox/flox control animals
(IRE1WT) were evaluated in new object recognition test (A), and contextual fear conditioning test (B); (please refer to Appendix Figures for complete workflow). (A)
Mean and s.e.m. of the difference in exploration time between novel and familiar objects divided by the total amount of exploration time of both objects (%).
n = 15, 18; 10, 16; 10, 10. Two-way ANOVA followed by Holm–Sidak’s multiple comparison test; P-values: Age = 0.0001; Genotype = 0.02; Interaction = 0.40. (B)
Mean and s.e.m. of percentage of time of freezing in the first minute before sound presentation in test day (day 2). N = 7, 11; 9, 15; 10, 8. Two-way ANOVA followed
by Holm–Sidak’s multiple comparison test; P-values: Age = 0.0341; Genotype = 0.87; Interaction = 0.0018. (C) Representative photomicrographs of b-galactosidase
staining of hippocampal slices derived from young (3 months), middle-aged (12 months) and aged (22–24 months) of IRE1WT or IRE1cKO animals. Magnification:
20×; scale bar: 200 lm. Arrows indicate b-galactosidase staining. (D) Mean and SEM of percentage of b-galactosidase staining in CA3 region (n = 3–5 animals/
group). P computed by unpaired Student’s t-test within each age-matched group.

E Young (3 months) and middle-aged (12 months) IRE1 flox/flox (IRE1WT) mice were evaluated in the new object recognition test before and after intrahippocampal
injections with AAV2-Cre. Controls were injected with AAV2-Mock. Graph indicates mean and SEM of the difference in exploration time between novel and familiar
objects divided by the total amount of exploration time of both objects (%) before and after treatment. n = 12, 12, 8, Two-way ANOVA with repeated measurements
followed by Holm–Sidak’s multiple comparison test; P-values: AAV-Cre treatment: 0.0001; Age = 0.08; Interaction = 0.0053.

F Representative confocal images of dendritic spines (arrows) in the CA1 region of middle-aged IRE1WT animals injected with AAV-Mock or AAV-Cre. 60× magnifica-
tion, scale bar: 5 lm.

G Mean and SEM of spine density per lm (n = 3, 3; 4, 4 animals). P computed by unpaired Student’s t-test within each age-matched group.

Data information: All graphs indicate P-values with the following legend: *P < 0.05; **P < 0.01; ***P < 0.005.
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found in aged controls was observed in the brains of middle-aged

IRE1cKO animals (Figs 2C,D and EV2E–G). These results suggest

that genetic disruption of the IRE1 pathway in the hippocampus

accelerates the appearance of senescent cells in the hippocampus,

and this finding correlates with the development of cognitive

impairment.

IRE1 deletion in the adult hippocampus accelerates age-
dependent cognitive decline

Genetic manipulations during development could result in com-

pensatory mechanisms that do not necessarily reflect the direct

contribution of a gene to the observed phenotype in the adult ani-

mal. To determine whether ablation of IRE1 expression in the

adult could alter the cognitive capacity of mice in an age-

dependent manner, we locally delivered adeno-associated viral

vectors (AAV) to express CRE recombinase or control vector

expressing GFP (AAV-Mock) into the hippocampus of IRE1 floxed

animals (Appendix Fig S1D). This strategy significantly reduced

the levels of IRE1 mRNA in the hippocampus (Fig EV2H,I) and

allowed us to test animals before and after AAV injections for

comparison. Middle-aged or young mice were tested on the NOR

assay before AAV-CRE injection and then monitored again

4 weeks after brain surgery. Remarkably, targeting IRE1 in the hip-

pocampus of middle-aged mice impaired the capacity to discrimi-

nate novel objects when compared with the group that received

empty vector (Fig 2E). Importantly, this experimental setup did

not impact the performance of young animals (Fig 2E), and thus

recapitulated our previous findings in IRE1cKO animals regarding

the occurrence of an age-dependent effect of IRE1 ablation that

accelerated cognitive decline.

Previous reports indicated that normal aging results in a decrease

in the number of dendritic spines, correlating with impaired cogni-

tion (Dickstein et al, 2013). To determine possible morphological

alterations triggered by IRE1 deficiency during aging, we evaluated

dendritic spine density on pyramidal neurons in the CA1 region fol-

lowing AAV-GFP delivery to label neuronal morphology and den-

dritic arbors. Morphological assessment using confocal microscopy

indicated that middle-aged IRE1flox/flox mice displayed a decrease in

the density of dendritic spines in the CA1 region following AAV-

Cre/GFP injection when compared with age-matched littermates

injected with control vector expressing only GFP (Fig 2F,G).

Importantly, as a control, expression of Cre in the brain of young

IRE1flox/flox animals did not alter the distribution of dendritic spines

(Fig 2F,G), confirming the occurrence of age-related alterations.

Taken together, our results indicate that targeting IRE1 expression

in the adult brain results in age-dependent cognitive decline and

morphological alterations, supporting our previous observations on

IRE1cKO, IRE1cKO/Cak, and XBP1cKO mice.

Aged TgXBP1s animals are less susceptible to age-dependent
cognitive decline and display reduced senescent cells in
the hippocampus

To test the consequences of artificially bolstering an adaptive UPR

during aging, we developed strategies to increase the levels of the

spliced and active form of XBP1 in the brain (Fig EV3A). For this

purpose, we initially evaluated cognitive performance during aging

of transgenic mice that overexpressed XBP1s under the control of

the PrP promoter (Mart�ınez et al, 2016; referred to here as TgXBP1s,

Appendix Figs S1E and S3, for detailed workflow).

Notably, XBP1s overexpression prevented the appearance of

age-related deterioration in brain function with middle-aged or

advanced-age mice retaining their ability to discriminate between

newly located objects and novel objects compared with WT litter-

mates (Fig 3A,B). We have previously shown that young TgXBP1s

perform better than young controls in a memory flexibility para-

digm based on spatial testing (Mart�ınez et al, 2016), indicating

that TgXBP1s mice exhibit increased learning capacity in both spa-

tial memory acquisition and flexibility. Here, we aimed to evaluate

whether this transgenic line can maintain such capacity through-

out aging using the Barnes Maze test, focusing mainly on spatial

memory acquisition. Importantly, young TgXBP1s performed simi-

larly to young Non-Tg littermates, as indicated by the latency to

find the target during 4 days of training (Fig EV3B). Remarkably,

middle-aged and aged TgXBP1s mice performed better than age-

matched control littermates, displaying decreased latency to find

the target hole during both the skill acquisition days and on the

test day (Fig 3C,D). Finally, using the CFC test, we were not able

to detect spontaneous age-related phenotypes in WT animals, and

we also could not detect significant alterations in freezing

responses between TgXBP1s and age-matched littermates before

tone presentation (Fig EV3C).

Next, we measured the content of senescent cells in the hippo-

campus of TgXBP1s animals during aging. Remarkably, histological

analysis of aged animals indicated a significant decrease in the num-

ber of senescent cells in aged TgXBP1s compared with age-matched

WT littermates (Fig 3E,F). Collectively, our behavioral and morpho-

logical assessments indicate that forced expression of XBP1s in the

brain over the life span of an animal prevents age-associated cogni-

tive decline.

XBP1s overexpression in TgXBP1s animals impacts age-related
changes in the hippocampal proteome, affecting proteins
involved in neuronal function and neurodegenerative diseases

To further evaluate the effects of XBP1s overexpression on aging

at the protein level, we performed an unbiased proteomic analysis

of hippocampal tissue derived from animals at different ages dur-

ing XBP1s overexpression (Fig 4A). We observed a strong positive

correlation between the proteomic changes in middle-aged and

aged mice compared with young mice (r = 0.53) (Fig 4B). Notably,

these age-related alterations were largely restored by XBP1s over-

expression in middle-aged (r = �0.49) and aged mice (r = �0.46),

with nearly 70% of the proteins reversing their pattern of change

(Fig 4B). By contrast, changes induced in the proteome by XBP1s

overexpression in early life were unrelated to the changes

observed during aging (Fig 4B). Next, we identified the proteins

downregulated during mouse aging and upregulated upon XBP1s

overexpression, or vice versa, in middle-aged and aged mice

(Fig EV4A). The overlap between proteins regulated in opposite

directions was statistically significant in all these analyses

(Fig EV4A).

To investigate possible molecular pathways that may explain the

protective effects of XBP1s overexpression during normal brain

aging in mice, we performed a gene set enrichment analysis (GSEA),

6 of 21 The EMBO Journal 41: e111952 | 2022 � 2022 The Authors

The EMBO Journal Felipe Cabral-Miranda et al



comparing significant proteomic alterations between young and

aged WT animals (Fig 4A). This analysis revealed clusters of pro-

teins involved in long-term potentiation, calcium signaling, and met-

abolic control (Fig EV4B; Table 2; please refer to Dataset EV2 for

detailed analysis). The comparison between middle-aged with aged

WT animals revealed additional clusters of proteins related to syn-

aptic vesicle recycling, endocytosis, and cytoskeletal dynamics,

among other processes (Fig EV4B; Table 2).

Next, we compared TgXBP1s animals with age-matched littermates

(Fig 4A) and found similar enriched pathways related to aging in

WT animals (Figs 4C and EV4C,D; Table 3; Dataset EV2 for detailed

analysis). This analysis highlighted proteins involved in neurotrans-

mission (long-term potentiation, neurofilaments, glutamatergic syn-

apses, exocytosis, and myelin sheath), potentially underlying the

functional improvements observed in these animals at the cognitive

level. Interestingly, enriched terms were also associated with several

age-related neurodegenerative diseases (amyotrophic lateral sclero-

sis [ALS], prion diseases, and AD; Figs 4C and EV4C,D, Table 3).

To evaluate the potential relevance of the effect of XBP1s overex-

pression in humans, we identified the top-ranking proteins that

were downregulated during mouse aging and upregulated upon

XBP1s overexpression, or vice versa, in middle-aged and aged mice

(Fig 4D, left), and then determined whether the expression of these

proteins changed with age in the human hippocampus (Fig 4D,

right). In aged mice, proteins downregulated during aging and upre-

gulated by XBP1s overexpression (Fig 4D, dark green/blue dots)

tended to be negatively correlated with human aging (manifesting

decreased expression with age). Additionally, proteins upregulated
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Figure 3. Enforced expression of XBP1s in the brain prevents age-associated cognitive decline in mammals.

A–D Young (3–6 months), middle-aged (12–14 months) and aged (18–20 months) TgXBP1s and their littermate control animals Non-Tg were evaluated in new object
location (A), new object recognition (B), Barnes maze (C, D). Please refer to Appendix Figs S1E and S3 for complete workflow. (A) Mean and s.e.m. of the difference in
exploration time between displaced and familiar objects divided by the total amount of exploration time of both objects (%). n = 10, 9; 17, 16; 12, 11; Two-way
ANOVA followed by Holm–Sidak’s multiple comparison test; P (Interaction between Age and Genotype) = 0.0048. (B) Mean and SEM of the difference in exploration
time between novel and familiar objects divided by the total amount of exploration time of both objects (%). n = 16, 12; 14, 10; 16, 14; Two-way ANOVA followed
by Holm–Sidak’s multiple comparison test; P (Interaction between Age and Genotype) = 0.0186. (C) Mean and SEM of latencies to find the target hole in the Barnes
maze test during 4 days of training comparing middle-aged (12 months) and aged (20–22 months) TgXBP1s with littermate controls. n = 10, 5; 7, 7; 8, 10; Two-way
ANOVA with repeated measurements followed by Holm–Sidak’s multiple comparison test; P (Genotype) = 0.0004. (D) Mean and SEM of latencies to find the target
hole in test day. n = 10, 5; 7, 7; 8, 10; Two-way ANOVA followed by Holm–Sidak’s multiple comparison test; P-values: Age = 0.0013; Genotype < 0.0001;
Interaction = 0.0042.

E Representative images of b-galactosidase staining of hippocampal slices derived from aged (22–24 months) TgXBP1s and WT animals. Magnification: 20×; scale bar:
200 lm.

F Mean and SEM of percentage of area stained by b-galactosidase in the hippocampus of aged (20–24 months) TgXBP1s compared to littermate controls. n = 8, 5;
unpaired Student’s t-test.

Data information: All graphs indicate P-values with the following legend: *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001.
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during aging and downregulated by XBP1s (Fig 4D, light green/blue

dots) showed a trend of positive correlation in the aged human

brain. Those findings did not reach statistical significance in two

other human datasets analyzed (Fig EV4E). Overall, our analysis

indicated that overexpression of XBP1s in the aging brain reversed

changes in expression of a cluster of proteins that partially superim-

posed with previously observed protein alterations in the human

brain with aging.

XBP1s gene delivery by AAV into the hippocampus of aged
animals reverses age-associated cognitive decline

To assess whether aberrant proteostasis and its impact on brain

function during aging can be restored, we used a gene transfer

approach to deliver XBP1s into the hippocampus. For this purpose,

we performed bilateral injections of AAV expressing XBP1s into the

hippocampus of aged mice that already manifested cognitive decline

(Figs 5A and EV5A). Remarkably, the administration of AAV-XBP1s

to middle-aged and aged animal brains improved performance in

various cognitive tests compared with age-matched animals injected

with control virus (please refer to Appendix Figs S1F and S4 for

detailed workflow). Middle-aged and aged animals injected with

AAV-XBP1s manifested the ability to discriminate novel objects or

newly located objects (Fig 5B,C). Additionally, evaluation in the

Barnes maze indicated that aged mice receiving AAV-XBP1s

displayed a significant decrease in latency to find the target on the

second day of memory acquisition (Fig 5D), although no significant

differences were found on the test day (Fig EV5B). Moreover, analy-

sis of the CFC indicated that aged mice injected with AAV-XBP1s

into the hippocampus showed an increased freezing response fol-

lowing tone presentation compared to age-matched controls,

although no significant alterations were found before tone presenta-

tion (Fig 5E). This result suggests that aged animals treated with

AAV-XBP1s have improved fear conditioning memory, although

contextual memory was not impacted. Taken together, our behav-

ioral analyses indicated that XBP1s overexpression in the hippocam-

pus was sufficient to reverse several aging-associated cognitive

alterations.

Next, to confirm that the age-associated phenotypes observed in

IRE1-deficient animals were dependent on XBP1 expression, we

treated middle-aged IRE1cKO mice with AAV-XBP1s. We performed

the NOR test before and after bilateral intrahippocampal injections

of AAV-XBP1s or control viral constructs (Appendix Figs S1G and

S5). As expected from our results reported in Fig 2A, the middle-

aged IRE1cKO were unable to differentiate novel objects (Fig 5F).

Notably, however, treatment with AAV-XBP1s, but not control

AAV, restored their ability to discriminate between novel objects

within 4 weeks of the injection (Fig 5F). These results strongly sup-

port the notion that XBP1s is a major effector of IRE1-dependent

preservation of cognitive function during aging.

A D 

B C 

Figure 4. XBP1s overexpression in the nervous system prevents proteomic alterations observed during brain aging.

A Scheme depicting the rational in proteomic analysis for TgXBP1s animals. Proteomic alterations in the hippocampus of TgXBP1s mice were compared to age-matched
Non-Tg littermates followed by gene set enrichment analysis using KEGG libraries trough EnrichR platform. Enriched terms were compared to the ones found during
aging in Non-Tg mice.

B Correlation matrix comparing the proteomic changes observed during normal aging and those induced by XBP1s overexpression. Colors indicate Spearman’s rank
correlation coefficient.

C Graphs depict most enriched terms based on combined scored computed by EnrichR comparing middle-aged and aged TgXBP1s with age-matched controls. Terms
were divided in two graphs related to synaptic function or neurodegeneration. LTP: long-term potentiation; ALS: amyotrophic lateral sclerosis.

D In middle-aged and aged mice, top 50 proteins leading the reversal of the aging-related changes by XBP1s (colored dots in scatter plots) were selected based on the
effect sizes in both comparisons (left). We analyzed the correlation of these proteins with age in a temporal transcriptomic study of the human hippocampus75 (jitter
plots, right). Cross bar in the jitter plot indicates the mean � 1SD of each sample (n = 3–4 samples/group). P-values at the right side of the plot were calculated using
a t-test to evaluate if the average was less or greater than zero (n = 3–4 samples/group).
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XBP1s gene delivery by AAV into the hippocampus of aged mice
improves electrophysiological and morphological parameters

Age-associated cognitive impairment involves alterations in the cir-

cuitry of the hippocampus, affecting its electrical activity (Dickstein

et al, 2013). Therefore, we evaluated electrophysiological

parameters of hippocampal slices derived from aged animals

injected with AAV-XBP1s. Firing rates of CA1 neurons of aged ani-

mals (22–24 months old) injected with AAV-Mock or AAV-XBP1s

were recorded during spontaneous activity or following picrotoxin

(PTX) treatment to antagonize GABAergic inhibitory interneurons in

order to foster excitatory activity in the hippocampal circuit. We

observed a decrease in basal firing rates (Fig 6A) and bursting

Table 2. Most enriched terms in KEGG database comparing mice in
different ages. Table indicates terms, associated genes and combined
score computed in EnrichR platform.

Enriched term Genes Score

Young vs Aged

Long-term potentiation PPP3R1;ADCY1;CALM2 321.4

Glycolysis/ Gluconeogenesis ENO1;ENO2 130.4

RNA degradation ENO1;ENO2 97.5

Insulin secretion ADCY1;STX1A 92.9

Calcium signaling pathway PPP3R1;ADCY1;CALM2 76.8

Glucagon signaling pathway PPP3R1;CALM2 73.3

HIF-1 signaling pathway ENO1;ENO2 71.3

Prion diseases C1QA 71

Glutamatergic synapse PPP3R1;ADCY1 62.73

Amyotrophic lateral sclerosis PPP3R1 40.3

Alzheimer disease PPP3R1;CALM2 33.7

Cellular senescence PPP3R1;CALM2 31

cAMP signaling pathway ADCY1;CALM2 25.4

Synaptic vesicle cycle STX1A 23.4

GABAergic synapse ADCY1 18.8

Longevity regulating pathway ADCY1 15.7

Neurotrophin signaling CALM2 12.2

Dopaminergic synapse CALM2 10.3

Middle-aged vs Aged

ECM-receptor interaction COL1A1;COL1A2;HSPG2 48.8

Necroptosis H2AFY;H2AFY2;H2AFX;H2AFV 29.61

Glycolysis ENO1;ENO2 26.2

Endocytosis DNM3;ARPC3;WIPF3;
NEDD4L;ARPC5

25.1

Synaptic vesicle cycle DNM3;STX1A 21.21

SNARE interactions STX1A 15.82

Prion diseases NCAM2 15.14

Alzheimer disease COX5A;CALM2;UQCRH 14.6

HIF-1 signaling pathway ENO1;ENO2 13.13

Oxidative phosphorylation COX5A;UQCRH 8.57

Insulin signaling pathway PRKAR2B;CALM2 8.04

Parkinson disease COX5A;UQCRH 7.56

Ribosome RPL23;RPLP2 5.62

Long-term potentiation CALM2 5.39

Calcium signaling pathway ATP2B4;CALM2 4.61

Huntington disease COX5A;UQCRH 4.48

cAMP signaling pathway ATP2B4;CALM2 3.74

Table 3. Most enriched terms in KEGG database comparing TgXBP1s

with age-matched WT mice. Table indicates enriched terms and their
associated genes. Symbols highlight when those terms are enriched in
TgXBP1s animals within each age-comparison.

Enriched terms Genes

Synaptic function

Synaptic vesicle cyclea CLTB;CLTA;SLC6A11;SLC17A7; SLC1A3

Long-term potentiationa GRIA1;PPP3CA;GRIN2A;RAP1B;CAMK2D;
PPP3R1;ADCY1

Glutamatergic synapsea GRIA1;PPP3CA;GRIN2A;SLC17A7;PPP3R1;
SLC1A3;ADCY1

Calcium signaling pathwayb PPP3CA;GRIN2A;PTK2B;SLC8A1;CAMK2D;
PPP3R1;ADCY1; ATP2B4

Dopaminergic synapsea GRIA1;PPP3CA;GRIN2A; CAMK2D

Endocytosisb ARPC1A;CLTB;CLTA;ARPC4;WIPF3;HSPA1A;
WIPF3;HSPA1A

Long-term depressionc GRIA1

cAMP signaling pathwayb GRIA1;GRIN2A;RAP1B;CAMK2D;ADCY1;
ATP2B4

GABAergic synapsea SLC6A11;ADCY1

Neuroactive ligand-receptorb GRIA1;GRIN2A

MAPK pathwayb PPP3CA;CACNG8;TAOK3;STMN1;RAP1B;
PPP3R1; TAOK3; HSPA1A

Axon guidanceb PPP3CA;CAMK2D;PPP3R1;PTPN11

Neurodegeneration

ALSa GRIA1;PPP3CA;GRIN2A;PPP3R1;NEFL;
NEFM;NEFH

Prion diseasesb C1QB;C1QA;NCAM2;HSPA1A

Alzheimer diseasea PPP3CA;GRIN2A;PPP3R1

Apoptosisd LMNA;LMNB2;LMNA;LMNB2

Necroptosisb HIST3H2A;H2AFY;CAMK2D;HIST3H2A;H2AFX

Cellular senescencea PPP3CA;PPP3R1

Metabolism/Bioenergetics

Glucagon signaling pathwaya PPP3CA;LDHB;CAMK2D;PPP3R1

Glycolysis/Gluconeogenesisc LDHB

GnRH signaling pathwaya PTK2B;CAMK2D;ADCY1

Other terms

Spliceosomed HNRNPM;DDX5;HNRNPA3;HNRNPK;SRSF1;
SRSF2;HNRNPU;SRSF4;HNRNPC;PRPF19;
HSPA1A

Ribosomea RPLP2;RPS13;RPL18

aTerm enriched in Young and Middle-aged TgXBP1s.
bTerm enriched in Young, Middle-aged and Aged TgXBP1s.
cTerm enriched only Young TgXBP1s.
dTerm enriched in Young and Aged TgXBP1s.
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activity (Fig 6B) in hippocampal CA1 neurons after treating aged

animals with AAV-XBP1s. Additionally, increased firing rates and

busting activity were observed in CA1 neurons following PTX treat-

ment in XBP1s-overexpressing animals (Fig 6A,B). Importantly,

induction of long-term potentiation (LTP), thought to represent an

electrical correlate of learning and memory, was significantly

improved in hippocampal slices derived from aged mice treated with

AAV-XBP1s compared with controls (Fig 6C; see fiber volley ampli-

tudes in Fig EV5C). Correlating with these findings, we observed a

significant increase in dendritic spine density in CA1 neurons com-

pared with age-matched control animals (Fig 6D). Finally, we mea-

sured the distribution of senescent cells in the hippocampus and

found decreased accumulation of b-galactosidase activity (Fig 6E)

and p-c-H2AX immunolabeling (Fig 6F) in the hippocampus follow-

ing XBP1s overexpression. Taken together, these results suggest that

XBP1 expression in the aged hippocampus improves behavioral,

morphological, and electrophysiological parameters associated with

normal brain aging.

XBP1s gene delivery modifies pathways related to synaptic
function and neurodegenerative disease

Finally, we evaluated proteomic changes in the hippocampus of

aged animals treated with AAV-XBP1s. GSEA indicated that the
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Figure 5. XBP1s gene delivery to aged animals reverses age-associated behavioral deficits.

A Middle-aged (12 months) and aged (18 months) WT mice were injected in both hippocampus with AAV-XBP1s or AAV-Mock. Following 1 month of injection, they
were evaluated in the new object location, new object recognition, Barnes Maze and contextual fear conditioning tests (please refer to Appendix Figures for complete
workflow).

B Mean and s.e.m. of the difference in exploration time between displaced and familiar objects divided by the total amount of exploration time of both objects (%).
(n = 6; 13, 14; 7, 10). Young animals’ performance was plotted, for comparison. Two-way ANOVA followed by Holm–Sidak’s multiple comparison test; P (AAV Treat-
ment) < 0.0001.

C Graph indicates mean and s.e.m. of the difference in exploration time between novel and familiar objects divided by the total amount of exploration time of both
objects (%). n = 7, 10, 10; unpaired Student’s t-test. Young animals’ performance was plotted for comparison.

D Mean and s.e.m. of latencies to find target for each group during 4 days of testing (n = 5, 8; Multiple Student’s t-test within each day).
E Mean and s.e.m. of freezing response (%) in the retention day of the CFC test before and after sound presentation (n = 5, 8; Two-way ANOVA followed by Holm–

Sidak’s multiple comparison test; P-values: Sound = 0.0027; AAV treatment = 0.0002; Interaction = 0.021).
F Middle-aged (12 months) IRE1cKO were evaluated in the NOR test before and after AAV-XBP1s intrahippocampal injections. Controls were injected with AAV-Mock.

Graph indicates mean and s.e.m. of the difference in exploration time between novel and familiar objects divided by the total amount of exploration time of both
objects (%) before and after treatment. n = 7, 10; two-way ANOVA with repeated measurements followed by Holm–Sidak’s multiple comparison test; P (AAV Treat-
ment): 0.0436.

Data information: Graphs indicate P-values with the following legend: *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001.
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administration of AAV-XBP1s into the brain modified the expression

of proteins involved in synaptic function, neurofilaments, and vesi-

cle cycle dynamics, in addition to proteins associated with neurode-

generative diseases (Figs 6G,H and EV5D, Table 4; please refer to

Dataset EV2, for full analysis). These findings are similar to those

we obtained in TgXBP1s animals. We also detected important changes

in proteins related to the extracellular matrix (Table 4), including

collagens, laminin subunits, and heparan sulfate proteoglycan 2.

Other changes included glycolysis/gluconeogenesis-related proteins,

suggesting an impact on metabolic pathways. Overall, our proteo-

mic profiling suggests that forced expression of XBP1s influences

age-associated protein alterations related to synaptic function and

are consistent with the positive effect of XBP1s administration in

prolonging brain health span in terms of cognitive function.

Discussion

In the current study, we provide evidence supporting a protective

function of the IRE1-XBP1s axis during aging in sustaining mamma-

lian brain healthspan. These results are based on improved mainte-

nance of synaptic function and enhanced cognitive capacity in the

face of aging by manipulating the IRE1-XPB1s pathway. We com-

bined the use of multiple gain- and loss-of-function approaches to

A B C
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F
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G

Figure 6.
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target this canonical signaling branch of the UPR to assess its signifi-

cance in brain function during aging at the cognitive, electrophysio-

logical, and morphological levels. Our unbiased proteomic profiling

did not detect changes in canonical XBP1s-target genes involved in

proteostasis or other direct downstream mediators from other

branches of the UPR, as described in other organs, but rather

revealed altered expression of a cluster of proteins related to synap-

tic function and neurodegenerative diseases. Many of the identified

proteins, however, represent cargoes of the secretory pathway,

suggesting that XBP1s overexpression does modulate neuronal

proteostasis at least to some extent.

Although not evaluated here, we cannot exclude the possibility

that targeting the IRE1/XBP1 pathway may impact other UPR

branches during aging, contributing to the effects observed in neuro-

nal function. In this line, genetic ablation of the PERK pathway

altered cognitive function (Hughes & Mallucci, 2019; Krukowski

et al, 2020) and was previously explored in the dopaminergic sys-

tem during aging (Sharma et al, 2018). Moreover, pharmacological

strategies to block the consequences of eIF2a phosphorylation (the

integrated stress response) improve cognitive function during aging

(Krukowski et al, 2020). In those lines, the role of PERK-eIF2a in

synaptic plasticity and memory consolidation has been extensively

evaluated both in physiological and disease context (Lourenco

et al, 2013; Ma et al, 2013; Trinh & Klann, 2013; Costa-Mattioli &

Walter, 2020; Oliveira et al, 2021). Interestingly, we show that

impairment of UPR signaling start to take place during middle age,

similar to findings in C. elegans (Ben-Zvi et al, 2009) suggesting a

cumulative disruption in proteostasis that eventually facilitates cog-

nitive decline in advance age.

Importantly, accumulating evidence suggests that UPR media-

tors, and more specifically XBP1, exhibit alternative functions in the

nervous system by controlling synaptic plasticity and dendritogen-

esis (Hayashi et al, 2007; Mart�ınez et al, 2018; Saito et al, 2018).

Our results indicate that overexpression of XBP1s using a transgenic

mouse model has a dramatic effect in preventing alterations at the

proteomic level, observing a correction in the aging proteome of

over 70%. Furthermore, our unbiased analysis did not reveal abrupt

changes in individual protein expression, but rather subtle alter-

ations in clusters of related proteins that when collectively evaluated

using functional enrichment approaches. Among the genes altered

during aging that are modified by the IRE1/XBP1 pathway, we high-

light proteins involved in synaptic function and hence cognition. Of

note, XBP1s has been reported to modulate intracellular calcium

dynamics in neurons, correlating with reduced neurotoxicity in a fly

model of AD (Casas-Tinto et al, 2011). We also recently showed

that overexpression of XBP1s in the hippocampus of an AD mouse

model improves cognitive function and LTP (Duran-Aniotz

et al, 2022). Along these lines, an imbalance in calcium homeostasis

has long been proposed as a central player in neuronal aging (Gib-

son & Peterson, 1987). Our findings suggest that many proteins

associated with calcium signaling in neurons, namely calcineurin,

calmodulin, calcium transporter ATP2B4, and other cell signaling

components, such as adenylyl cyclase, are modified following

XBP1s overexpression in aged mice (Tables 3 and 4). Prior work

has suggested that the improvement in LTP, dendritic spike stabili-

zation, and memory formation in aged mice reported here are

dependent on calcium homeostasis.

Additionally, we performed electrophysiological assessments in

aged animals treated with AAV-XBP1s to measure the electrical

properties of hippocampal pyramidal neurons under basal condi-

tions and following PTX exposure to enhance excitatory properties.

We found that XBP1s overexpression increases both firing rates and

bursting activity after PTX treatment in addition to increasing post-

synaptic excitatory potentials following theta burst stimulation in

the aged hippocampus. However, basal firing rates and bursting

activity were reduced in aged brain tissue overexpressing XBP1,

suggesting compensatory or homeostatic changes associated with

synaptic plasticity (Mart�ınez et al, 2018). Aging has been reported

to correlate with altered GABAergic signaling, contributing to an

imbalance in inhibitory/excitatory circuitry (Rozycka & Liguz-

◀ Figure 6. XBP1s gene delivery to aged hippocampus reverses age-associated phenotypes at the morphological and electrophysiological levels.

A Basal (�) and picrotoxin-induced (+) of firing rates (Mean and s.e.m.) were measured in hippocampal brain slices from aged mice (24 months) injected with AAV2-
Mock or AAV2-XBP1s (n = 633–832 neurons; n = 6, 9 animals, respectively; Kolmogorov–Smirnov test).

B Basal (�) and picrotoxin-induced (+) burst activity (Mean and s.e.m.) were measured in Hippocampal brain slices from aged mice injected with AAV2-Mock or AAV2-
XBP1s (n = 832, 644 neurons from 3–4 animals, Kolmogorov–Smirnov test).

C Left panel: Mean and s.e.m. of field excitatory postsynaptic potentials amplitudes in brain slices derived from aged animals injected with AAV2-Mock or AAV2-XBP1s
(24 months). Recordings of PEPs following 1 h after theta burst stimulus (TBS) to induce LTP. Right panel: Mean and s.e.m. of PEPs in the last 10 min following TBS.
n = 6, 9 animals, respectively; n = 17–28 slices/animal, unpaired Student’s t-test).

D Left panel: Representative images showing dendritic spines of aged (22–24 months) animals injected with AAV2-eGFP (mock) or with AAV2-XBP1s (arrows indicate
dendritic spines). Young animal dendrite is shown for reference. 60× magnification. Scale bar: 5 lm. Right panel: Mean and s.e.m. of spine density per lm for indi-
cated experimental groups (n = 24, 53 and 35 dendrites from 3, 5 and 6 animals, respectively; unpaired Student’s t-test.

E Left panel: Representative images of b-galactosidase staining of hippocampal slices derived from aged mice injected with AAV2-Mock or AAV2-XBP1s (arrow indicate
b-galactosidase staining). Magnification 20×; scale bar, 200 lm. Right panel: Histograms show mean and s.e.m. of percentage of b-galactosidase-stained area. n = 6,
6; unpaired Student’s t-test.

F Left panel: Immunofluorescence of p-cH2aX (red) counterstained with nuclei (blue) comparing aged mice injected with AAV-Mock or AAV-XBP1s. Magnification: 40×;
Scale bar: 50 lm. Right panel: Histograms show mean and s.e.m. of percentage of pcH2A- positive cells; unpaired Student’s t-test comparing the aged groups (n = 6,
6 animals/group; unpaired Student’s t-test).

G Following LC-MS/MS analysis of the hippocampal proteome, gene set enrichment analysis was performed using EnrichR with Kyoto Encyclopedia of Genes and
Genomes (KEGG) database. Graphs depict most enriched terms based on combined scored computed by EnrichR platform comparing aged mice injected with AAV-
Mock or AAV-XBP1s. Terms were divided in two graphs related to synaptic function or neurodegeneration.

H Volcano plot for proteomic comparison of hippocampal tissue derived from aged animals injected with AAV-Mock or AAV-XBP1s. FDR (y-axis) and fold-change (log2)
(x-axis) are indicated. Dotted lines delineate cutoff used to filter genes for functional enrichment analysis. Indicated genes associated with each enriched terms
connected to synaptic function, neurodegeneration, metabolism and ECM-receptor interaction are colored.

Data information: Graphs indicate P-values with the following legend: *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001.
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Lecznar, 2017). In line with this concept, a transcriptomic analysis

of XBP1-deficient primary neuronal cultures revealed dysregulation

of important GABAergic markers (Hayashi et al, 2008). Future stud-

ies will be needed to further define the possible regulation of GABA

signaling by XBP1s in mammalian brain aging.

XBP1s has also been shown to control the transcription of

BDNF (Mart�ınez et al, 2016), and BDNF signaling is known to

trigger XBP1 mRNA splicing (Hayashi et al, 2008; Mart�ınez

et al, 2016). Along these lines, we observed reduced Bdnf mRNA

levels in the brain of IRE1cKO animals with aging (Fig EV5E), but

no significant alteration in aged mice treated with AAV-XBP1s

(Fig EV5F). Nonetheless, our unbiased proteomic profiling sug-

gests a more complex, rich, and diverse effect of the UPR on

brain physiology and healthspan. Prior reports have demonstrated

the involvement of the IRE1-XBP1s pathway in a variety of age-

related neurodegenerative conditions, including PD/LBD, AD, ALS,

FTD (Smith & Mallucci, 2016; Hetz & Saxena, 2017), and retinal

degeneration in diabetes (McLaughlin et al, 2019). However,

whether increased activity of the UPR could restore neuronal func-

tion in the context of normal mammalian aging in the absence of

disease was not accessed prior to this report. Moreover, the mech-

anism driving brain aging versus neurodegenerative diseases is

predicted to be different. Our proteomic profiling suggests that

XBP1s overexpression modulates the expression of a variety of

proteins related to several neurodegenerative diseases. These find-

ings support the concept that targeting central components of the

proteostasis network, such as the UPR, may influence the risk of

developing these neurodegenerative disorders, in which XBP1

operates as an intersection between the biology of aging and the

emergence of pathological protein misfolding.

Further along this line, a previous study suggested that XBP1s

directly controls the expression of several AD-related genes (Acosta-

Alvear et al, 2007), and a polymorphism in the XBP1 promoter is a

known risk factor for AD (Liu et al, 2013). Moreover, a recent

exome-wide association analysis showed that a single-nucleotide

polymorphism (SNP) in the Ern1 gene (encoding IRE1 in humans) is

associated with late-onset AD (He et al, 2021). Beyond proteostasis

control, IRE1 may also influence AD progression by regulating amy-

loid precursor protein (APP) metabolism and amyloid-b production

(Duran-Aniotz et al, 2017). In agreement with this idea, several

reports have indicated that the overexpression of proteostasis medi-

ators is beneficial in animal models of neurodegenerative diseases

(Mart�ınez et al, 2018).

In addition to XBP1, IRE1 possesses other mRNA targets that

can be cleaved in a process known as regulated IRE1-dependent

decay of mRNA (RIDD) (Maurel et al, 2014). This process could

contribute to the differences we observed in behavioral assess-

ments between XBP1- and IRE1-null animals. In addition, studies

in peripheral tissues have demonstrated that conditional deletion

of XBP1 can trigger artificial phenotypes associated with IRE1

overactivation (Lee et al, 2008, 2011; Hur et al, 2012). This obser-

vation prompted us to focus our studies on IRE1 loss-of-function

experiments to fully inactivate the pathway, and then use XBP1-

deficient animals to validate the involvement of the linear IRE1/

XBP1 pathway studied here. Collectively, our results support the

idea that enhancing the IRE1/XBP1s pathway in the brain

improves cognitive function during normal aging, and this finding

has obvious therapeutic implications.

Studies of other model systems suggest that all UPR signaling

branches can regulate the process of senecense (Abbadie &

Pluquet, 2020). Here, we show that the normal appearance of senes-

cent cells in the hippocampus with aging was prevented by XBP1s

gene delivery, whereas IRE1 deficiency accelerated the emergence

of senescent cells. The mechanisms behind such phenomena and

the possible involvement of inflammatory mediators triggered in

distinct cellular populations following senescent-associated pheno-

types (SASP) should be addressed in future studies. Our results are

consistent with a role of XBP1 as a modifier of aging phenotypes. In

fact, other studies have suggested the occurrence of alterations in

the UPR in elderly human tissue (Tang & Yang, 2015; Hart

et al, 2019; Prell et al, 2019). Thus, strategies to improve ER

proteostasis or boost the adaptive activity of the UPR might be

Table 4. Table depicts most enriched terms in KEGG database
comparing aged mice injected with AAV-Mock or AAV-XBP1s.
Table indicates enriched terms and their associated genes. Symbols
highlight whether enriched terms correlate with terms found during
the natural course of aging in control animals.

Enriched terms Genes

Synaptic function

Endocrine calcium reabsorptiona CALB1;CLTB;CLTA

SNARE interactions in
vesicular transportb

STX7;VAMP1

Long-term potentiationc PPP3R1;CALM2

Synaptic vesicle cyclec CLTB;CLTA

Endocytosisb CLTB;CLTA;ASAP2; RAB11FIP2

Calcium signaling pathwayc PPP3R1;CALM2;SLC8A2

Glutamatergic synapsec PPP3R1;GNG2

Neurodegeneration

Prion diseasesc C1QB;C1QA;PRNP;LAMC1

Amyotrophic lateral sclerosisc PPP3R1;NEFL;NEFM

Alzheimer diseasec APP;PPP3R1;NDUFV2; CALM2

Necroptosisb HIST3H2A;H2AFY2;H2AFY;H2AFV

Huntington diseasea CLTB;TFAM;CLTA;NDUFV2

Cellular senescencec PPP3R1;CALM2

Parkinson diseaseb NDUFV2

Metabolism/Bioenergetics

Glycolysis/Gluconeogenesisc ENO1;ENO2

Glucagon signaling pathwayc PPP3R1;CALM2

Oxidative phosphorylationb NDUFV2

Insulin signaling pathwayc CALM2

HIF-1 signaling pathwayc TRF;ENO1;ENO2

ECM-receptor interactionb COL1A1;LAMA5;COL1A2;COL4A2;LAMA2;
LAMB2;LAMB1;LAMC1;AGRN; HSPG2

RNA degradationc ENO1;ENO2

Spliceosome RBMXL1;SNRPD2;SNRPD1;TRA2B;
SRSF1;PLRG1;SNRPB

Ribosome RPL4;MRPS9;RPL31;RPL12;RPLP2;RPL19

aTerm associated to Young WT x Middle-aged WT.
bTerm associated to Middle-aged WT x Aged WT.
cTerm associated to Young WT x Aged WT.
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useful in extending human brain health span, reducing the risk of

developing dementia and other age-associated neurodegenerative

diseases. Interestingly, a large-scale proteomic human study identi-

fied promising protein targets that may help sustain cognitive

stability during aging (Wingo et al, 2019), and suggested that

myelin-associated proteins and neurofilaments are associated with

cognitive resilience. These findings overlap with our proteomic pro-

filing, suggesting that the UPR may modify similar pathways

(Tables 3–4; Fig EV4D). Additionally, altered expression of extracel-

lular matrix component laminin-A and glial fibrillary-associated pro-

tein (GFAP), two proteomic hits highlighted in our analysis, have

also been linked to resilience from cognitive impairment in studies

on two human cohorts (Wingo et al, 2019; Tables 3–4; Fig EV4D).

Moreover, analysis of human datasets indicated that some of the pro-

teins restored by XBP1s overexpression in our murine model during

aging are also altered in human brains during aging (Fig 4D).

Finally, the use of invertebrate models (e.g., yeast, C. elegans

and D. melanogaster) has uncovered a central role of ER proteos-

tasis and the UPR in aging (Mart�ınez et al, 2018; Schinzel

et al, 2019; Daniele et al, 2020; Taylor & Hetz, 2020). The positive

consequences of activating neuronal and glial UPR on the life span

of worms have been shown to involve global control of organismal

proteostasis through a cell-nonautonomous mechanism (Wang

et al, 2015; Luis et al, 2016; Imanikia et al, 2019; Frakes et al, 2020;

Taylor & Hetz, 2020). Interestingly, the beneficial effects of caloric

restriction, a major intervention that extends life span, was also

linked to modulatory effects on ER proteostasis in invertebrate

(Henis-Korenblit et al, 2010; Matai et al, 2019). It remains to be

determined whether an increase in XBP1s expression in the aged

brain can be translated into the propagation of adaptive signals that

improve the function of other organs, thus mitigating their deterio-

ration during normal aging.

Materials and Methods

Experimental design

This study aimed to test the role of the IRE1-XBP1s pathway in

mediating mammalian brain aging. We first identified this pathway

to be correlated with dementia emergence in a human cohort popu-

lation. Next, we evaluate different cohorts of transgenic mice in gain

and loss-of function mutations impacting IRE1-XBP1s pathway in

the brain using behavioral, morphological, and proteomic

approaches during aging. Finally, we treated aged WT animals with

adeno-associated virus to manipulate XBP1s levels in the brain to

test possible improvements in cognition and the reversal of age-

associated phenotypes.

Human study population

RNA-seq human data were extracted from The Aging, Dementia and

Traumatic Brain Injury Study (https://aging.brain-map.org/

overview/home) which is a detailed neuropathologic, molecular,

and transcriptomic characterization of brains of control and TBI

exposure cases from a unique aged population-based cohort from

the Adult Changes in Thought (ACT) study. Differential gene expres-

sion in RNA-seq was performed directly by the website comparing

all donors clinically diagnosed as “Non demented” (n = 49) versus

“Dementia, type unknown,” “Possible Alzheimer’s disease,” “Prob-

able Alzheimer’s disease” (n = 42) irrespective to sex, years of edu-

cation, TBI or pathological markers of AD pathology. Only

minimum of 30 M 50 bp paired-end reads per sample were consid-

ered. A fold change cutoff > 1.2-fold was implemented in the gene

list (FDR < 0.5) to further functional enrichment analysis evalua-

tion. Values are plotted as Fragments Per Kilobase Million (FPKM).

Animals

C57BL/6 mice were employed, maintained in a facility with 12 h

light/dark cycle at 25°C with food and water provided ad libitum.

Cohorts of aged, middle-aged, and young animals were directly

obtained from the Jackson’s Laboratory (USA). Different colonies of

transgenic mice were generated in house (all in the C57BL/6 back-

ground) and are indicated in Appendix Fig S1. All animal proce-

dures were approved by the Bioethics Committee of the Faculty of

Medicine, University of Chile (protocol number 18166-MED-UCH).

Stereotaxic injections

Young (3-month-old), middle-aged (12 month-old), and aged

(18 month-old) mice received bilateral stereotaxic injections of AAV

(1 × 109 viral genomes (VGs)/ll) in the hippocampi using the coor-

dinates AP: �1.9, DV: +1.7, and ML: �1.0. Male mice were deeply

anesthetized using isoflurane (4%), and a stereotaxic apparatus

coupled to a Hamilton microsyringe was used for the procedure.

Cranium was exposed though a skin incision, and bilaterally sym-

metrical holes were opened using a dental drill. Injections were

performed at approximately 0.5 ll/min in a total of 1 ll. Mice were

returned to their home cages and kept under close monitoring until

they were awake. Mice were injected with either control AAV sero-

type 2 vector (Mock) expressing eGFP (Addgene, #49055-AAV2),

AAV2-CRE (Addgene, #105545-AAV2), or AAV2-XBP1s (produced

at Genzyme by Pablo Sardi) under the control of the CMV promoter,

in addition to an eGFP cassette to monitor transduction efficiency,

as we previously reported (Vald�es et al, 2014). For intracerebral

injections with tunicamycin or vehicle, the same protocol was

applied.

Behavioral assessment design

Behavioral experiments were performed in a blinded manner, both

for genetically modified animals and AAV-injected mice, using

groups of age-matched controls. Both males and females were eval-

uated for all tests in transgenic colonies in a balanced fashion. For

AAV-based experiments, only males were used due to logistic and

experimental limitations. Injected mice underwent behavioral evalu-

ation 3–4 weeks following injections. Assessments were designed in

line with bioethical guidelines restricting the total number of ani-

mals used in the study, thus prohibiting us to use separated cohorts

for each behavioral task in this study and are indicated as follows.

IRE1cKO colony
Young, middle-aged, and aged animals were evaluated in the follow-

ing order: Novel Object Recognition (NOR) and Novel Object Loca-

tion (NOL) tests. Additional cohorts of young, middle-aged, and
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aged animals were evaluated only in the contextual fear condition-

ing (CFC) test (Appendix Fig S2). Re-evaluation in different points

of aging was only performed in the NOR tests and did not impact

animals’ performance (Fig EV1L).

TgXBP1s colony
Young, middle-aged, and aged animals were evaluated in the follow-

ing order: NOR and NOL tests. Aged animals were further evaluated

in the Barnes maze test. Two additional cohorts of young and

middle-aged mice were evaluated only in the Barnes maze test.

Additional cohorts of young, middle-aged, and aged animals were

evaluated only in the CFC (Appendix Fig S3). Re-evaluation in dif-

ferent points of aging was only performed in the NOR and NOL tests

and did not impact animals performance (Fig EV1L).

AAV-XBP1s or mock WT-treated colony
Middle-aged and aged WT animals treated with AAV-XBP1s or

AAV-Mock were evaluated in the following order: NOR and NOL

tests. A cohort of aged animals injected with AAV-XBP1s or AAV-

Mock was further evaluated in the Barnes maze and then in the CFC

test. In this paradigm, animals were never re-evaluated in the same

test (Appendix Fig S4).

Middle-aged IRE1cKO colony treated with AAV-Cre or AAV-XBP1s
Young or middle-aged IRE1cKO or IRE1flox/flox animals were only

evaluated in the NOR test before and after treatment with corre-

sponding AAV (Appendix Fig S5).

Behavioral tests description

Novel object recognition
Novel object recognition (NOR) was performed as previously

described (Leger et al, 2013; Vogel-Ciernia & Wood, 2014). Briefly,

mice were first trained and then placed in an arena facing the wall.

They were presented with two identical objects (Lego blocks,

3 × 4 cm) located in a distal position toward the animal. For the

training phase, mice were allowed to explore both objects for a total

time of exploration of 20 s during a single trial. If exploration did

not occur within 20 s, a maximum time of 5 min was given for each

animal to explore the objects. After 24 h, mice were again placed in

the arena facing the wall but at this time were introduced to a new

object of different color, shape, and texture. Following 24 h, in the

test phase, mice were again allowed to explore objects for a maxi-

mum of 20 s or 5 min if the criterion of exploration was not accom-

plished in the initial time allotment. Four different Lego blocks with

equivalent sizes (3–4 × 4 × 4 cm) were presented in a randomized

fashion for each animal. Trials were recorded on a digital camera

coupled to a computer for subsequent evaluation of interaction time

exploring objects by a blinded researcher. Both the objects and the

arena were cleaned with 70% ethanol before each session to avoid

olfactory cues. Exploration time was defined as the amount of time

mice had their noses oriented toward an object with its nose within

3 cm or less. Other behaviors such as rearing near the object or rest-

ing against the object were not considered as exploration. Explora-

tion time spent during the training phase was also recorded.

Animals that failed to interact with one or both objects in the train-

ing phase, or that showed signs of distress were excluded from the

analysis. Animals that spent 100% of time of exploration in the

same object both in the training and in the test days were also

excluded from the analysis. All analyses was performed in a masked

fashion. Results were plotted as an index of the difference in explo-

ration time between novel and familiar objects divided by the total

amount of exploration time of both objects.

Novel object location
The novel object location (NOL) task was performed as previously

described (Leger et al, 2013; Vogel-Ciernia & Wood, 2014). Mice

were placed in the same arena used for the NOR assay. The arena

was divided into quadrants. For the training phase, mice were intro-

duced to two identical objects (Lego blocks, 5 × 4 × 4 cm) placed in

two randomized quadrants of the arena. Objects were placed equi-

distant from one other. At 3 or 24 h after the test phase, mice were

again placed in the arena facing the wall but now with one of the

objects placed in a distinct quadrant. Trials were recorded on a digi-

tal camera coupled to a computer for subsequent evaluation of inter-

action time exploring objects. Both the objects and the arena were

cleaned with 70% ethanol before each session to avoid olfactory

cues. Exploration time was defined as the amount of time mice had

their noses oriented toward an object with its nose within 3 cm or

less. As per standard protocol, animals that failed to interact with

one or both objects or showed signals of stress were excluded from

the analysis. Animals that failed to interact with one or both objects

in the training phase, or that showed signs of distress were excluded

from the analysis. Animals that spent 100% of time of exploration

in the same quadrant both in the training and in the test days were

also excluded from the analysis. All analyses were performed in a

masked fashion. Results were plotted as an index of the difference

in exploration time between novel located and familiar objects

divided by the total amount of exploration time of both objects.

Barnes maze
The Barnes maze task was performed on a white circular surface

(0.9 m in diameter) with 20 holes equally spaced around the perim-

eter, as previously described (Sunyer et al, 2007). A dark escape

box (10 × 20 × 7.8 cm) was located under one of the holes, which

was the target. A ramp was placed under the target hole so that mice

could reach the escape tunnel easily. The circular open field was ele-

vated 75 cm above the floor. Distal spatial cues (with different

colors and shapes) were placed outside of the maze. The maze was

rotated daily, with the spatial location of the target unchanged with

respect to the distal visual room cues. A cylindrical start chamber

was placed in the center of the maze and removed after 10 s. Train-

ing sessions consisted of four trials per day conducted for 4 days

with a maximum of 3 min each. If animals were unable to find the

target after 3 min, they were gently placed in the right hole by the

tail. A stopwatch sound was used as an aversive stimulus to induce

exploration. Once a mouse reached the target, the noise was imme-

diately stopped, and the mouse was left inside the box for 1 min

and then returned to its home cage. A minimal period of 15 min

was given for the intertrial interval for each animal. The maze and

the escape box were cleaned with 70% ethanol between each trial

to avoid olfactory cues. The numbers of primary pokes and the pri-

mary latency to reach the target were manually counted, as defined

by the number of pokes and time to reach the target for the first

time, as some animals did not promptly enter the escape box during

training sessions. Every trial was recorded on a video camera placed
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in the ceiling and fed to a computer. On the fifth day, the escape

box was removed, and one single trial was performed as a probe

trial to evaluate spatial memory acquisition with a maximum time

of 90 s. The fifth day is referred here as the “test day.”

Contextual fear conditioning
On the acquisition day (Day 1), mice were placed in the contextual

fear conditioning chamber (Med Associates) and during the first

minute, no stimulus was applied. Then, 80 db of white noise was

generated for 30 s followed by a 2 s 0.5 mA electric shock. After the

shock, mice were let in the cage for one more minute. Freezing epi-

sodes and freezing responses (represented by the percentage of

freezing response to total activity) were measured by an automated

system (Med Associates). Following 24 h, on the retention day (Day

2) mice were again placed in the same chamber and exposed to the

same protocol but this time without any electroshock. Freezing

events and freezing percentage time were recorded for 3 min. Mice

that displayed excessive signs of stress, harm, or discomfort were

excluded from the experiment. Mice that did not move in acquisi-

tion and retention days or that displayed clear signs of altered

mobility were excluded from the analysis.

Tissue collection and processing

Briefly, mice were deeply anesthetized with ketamine/xylazine and

perfused with ice-cold saline. The brain was removed from the skull

and separated into two hemispheres. The hippocampus, cerebral

cortex, and cerebellum of the left hemisphere were dissected out

and stored frozen at �80°C until analysis. The right hemisphere was

postfixed in 4% paraformaldehyde in PBS overnight at 4°C, followed

by cryopreservation in 30% sucrose in PBS and freezing medium

(OCT, TissueTek). Subsequently, 40 lm-thick sagittal sections were

obtained free-floating on a Leica cryostat for immunostaining using

anti-NeuN (Millipore, MAB377, 1:100) to label neurons. Five serial

sections every 200 lm were stained per animal. Fluorescence

images were acquired using a confocal microscope (Nikon C2+).

Dendritic spine imaging

Brain slices were cut at 40-lm thickness on a cryostat. AAV2-GFP

fluorescence was previously confirmed in injected animals to vali-

date viral transduction using an inverted epifluorescence micro-

scope and then imaged on a confocal microscope, Nikon Eclipse T1,

at 60× magnification with additional digital zoom of 3×. Similar

regions were compared among animals (CA1 region, spines in pri-

mary and secondary dendrites between the stratum radiata and the

pyramidal layer, AP: �1.9 to �2.1 from the bregma). Z-stacks were

acquired in 0.5-lm slices, laser intensity at 0.5–1% and 12.5 ls/
pixel at 1024 × 1024 resolution. Z-Stacks were then summed using

ImageJ software for total maximum intensity to generate one single

stacked 8-bit image. The number of spines was manually quantified

in scaled images and divided by the length of the dendrite analyzed;

5–10 dendrites per animal were used for analysis.

Immunofluorescence

Brain slices were incubated in citrate buffer at 96°C for 30 min for

epitope exposition and washed in PBS. After this, slices were

washed in TBS and incubated in blocking solution (3% BSA and

0.05% Triton X-100) for 60 min at room temperature. Slices were

then incubated overnight at 4°C with primary antibody anti-

phospho-Histone H2AX Ser139 (Sigma-Aldrich, 05-636) diluted

1:1,000 in 3% BSA in TBS. Secondary antibody was Alexa Fluor 568

(Invitrogen A-11031) diluted 1:2,000 in 3% BSA in TBS. The sam-

ples were washed three times using TBS, and in the final wash,

DAPI was added and incubated for 5 min. Images were taken with

Leica TCS SP8 confocal microscope with a 40× objective magnifica-

tion. ImageJ and LAS X software were used to process the stacked

images. The percentage of positive cells for p-H2AX was graphed.

Representative images are shown.

Senescence-associated beta-galactosidase (SA-bgal) staining

Histochemical detection of SA-bgal activity was performed as previ-

ously reported (Debacq-Chainiaux et al, 2009). Briefly, slices were

incubated in a 1 mg/ml of solution of 5-bromo-4-chloro-3-indolyl b-
d-galactopyranoside in 0.04 M citric acid/sodium, 0.005 M

K3FeCN6, 0.005 M K4FeCN6, 0.15 M NaCl and 0.002 M MgCl2, and

diluted in phosphate-buffered saline (pH 6) for 16 h. After incuba-

tion, slices were washed with TBS and mounted on superfrost

microscope slides (ThermoFisher 6776214) using Fluoromount-G

(ThermoFisher, 00-4958-02). One slice per animal was used, and all

slices were processed at the same time. Images were acquired on a

Leica DM500 binocular microscope equipped with a Leica ICC50 W

camera using 4× and 10× objective magnifications. ImageJ software

was used to process the images. Positive area for SA-bgal activity
was measured and representative images are shown.

FluoroJade-C staining

Brain sections were incubated in 0.06% potassium permanganate

solution for 10 min. Next, sections were incubated in 0.0001% of

Fluoro-Jade C solution and washed three times with distilled water

and incubated with DAPI for 5 min. Images were acquired using

Olympus XI spinning disk microscope (10× magnification). ImageJ

software was used to process images and evaluate integrated density

of hippocampal area.

Electrophysiological measurements

Excitatory postsynaptic field recordings
Hippocampal slices were prepared as we previously reported

(Ardiles et al, 2012;Ravello et al, 2019). Briefly, mice were deeply

anesthetized with isoflurane (Forene B506 AbbVie), brains quickly

removed, and hippocampi sectioned into 300-lm-thick slices in ice-

cold dissection buffer (in mM: 2.6 KCl, 1.23 NaH2PO4, 26 NaHCO3,

212.7 sucrose, 10 dextrose, 3 MgCl2, and 1 CaCl2, equilibrated with

95% O2 and 5% CO2) using a vibroslicer (Leica VT1200S, Leica

Microsystems, Nussloch, Germany). Slices recovered for 1 h at

room temperature in an artificial cerebrospinal fluid (ACSF, in mM:

124 NaCl, 5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 10 dextrose, 1.5

MgCl2, and 2.5 CaCl2 bubbled with a mixture of 5% CO2 and 95%

O2) and then transferred to a submerged recording chamber super-

fused with ACSF (30°C, 2 ml/min). Synaptic responses were evoked

with 0.2 ms pulses delivered through theta glass micropipettes

(TG200-4, Warner Instruments) filled with ACSF, and
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extracellularly recorded in the stratum radiatum of CA1. Baseline

responses were recorded at 0.033 Hz using a stimulation intensity

that evoked a half-maximal response, defined as the maximal

response without a population spike (pop-spike). Slices were

discarded if the postpike appeared in the initial rising phase, paired-

pulse facilitation at a 50 ms interval was < 10%, or the baseline

was not stable. LTP was induced using theta burst stimulation

(TBS; 10 trains of four pulses each at 100 Hz; 5 Hz interburst inter-

val) delivered at 0.1 Hz. LTP magnitude was calculated as the aver-

age (normalized to baseline) of the responses recorded 50–60 min

after conditioning stimulation.

Multielectrode array (MEA) recording
Hippocampal slices were used to record extracellular spikes and

local field potentials (Multielectrode arrays [MEA] 252 electrodes,

Multichannel Systems). Hippocampal slices were mounted on a

MEA matrix bathed in an ACSF medium (in mM: NaCl 125, KCl 2.5,

glucose 25, NaHCO3 25, NaH2PO4 1.25, CaCl2 2, and MgCl2 1) at

32°C and constantly bubbled with 95% O2 and 5% CO2. We used a

spike sorting algorithm (Spyking-Circus, http://www.yger.net/

software/spyking-circus) to separate and individualize each

recorded neuron. The steps consisted of filtering the raw extracellu-

lar traces, whitened them (to remove correlated noise), clustering

the action potential waveforms, and fitting them to the whitened

traces.

Firing and burst rate recordings
Firing rate was computed as the number of spikes divided by the

recording length using Neuroexplore (https://www.neuroexplorer.

com/) software. Burst rate analysis was computed by an interspike

interval routine implemented by a custom Matlab procedure (Chen

et al, 2009). Spontaneous activity (SA) was recorded for 10 min, fol-

lowing a 30-min application of picrotoxin (PTX, 100 lM).

Biochemical and molecular analysis

Total tissue RNA was extracted using TrizolTM Reagent (Invitrogen)

according to the manufacturer’s instruction. cDNA was synthesized

with random primers using a High-Capacity cDNA Reverse Tran-

scription KIT (Applied Biosystems) and subsequently subjected to

quantitative PCR analysis using HOT FIREPol� EvaGreen� qPCR

Mix plus (ROX) (Solis Bio Dyne) on a Stratagene Mx3000P machine

(Agilent Technologies). Actin mRNA expression was used to nor-

malize all samples. The sequences of primers used were as follows:

Gene Forward primer Reverse primer

Xbp1s TGC TGA GTC GGC AGC AGG TG GAC TAG CAG ACT
CTG GGG AAG

Hspa5 TCA TCG GAC GCA CTT GGA A CAA CCA CCT TGA
ATG GCA AGA

Ddit3 TGG AGA GCG AGG GCT TTG GTC CCT AGC TTG
GCT GAC AGA

Ern1 CCG AGC CAT GAG AAA CAA GAA GGG AAG CGG GAA
GTG AAG TAG.

Actin TAC CAC CAT GTA CCC AGG CA CTC AGG AGC AAT GAT
CTT

Bdnf CCT GCA TCT GTT GGG GAG AC GCC TTG TCC GTG
GAC GTT TA

exon1

Atf3 CAGACCCCTGGAGATGTCAGT TTCTTGTTTCGACACTTGGCA

Pdia3 GGTGATCACAGCCTGGACTA GGACTCACATTGGTCCA
TGCACACCTA

Bloc1s1 GAA CTG GGC TAG GAG CAT CG ATT CGT GGC TCA CCA
GTT TCC

Detection of S-nitrosylated (SNO-)IRE1 and total IRE1 levels

We performed biotin-switch assays using whole-brain tissue sam-

ples as previously described with minor modifications (Uehara

et al, 2006). Briefly, brain tissue extracts were prepared in 400 ll
HEN-RIPA buffer (100 mM Hepes pH 7.5, 1 mM EDTA, 0.1 mM

neocuproine, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate,

and 0.1% SDS) containing a thiol blocking reagent (20 mM methyl

methanethiosulfonate [MMTS]) in a 3 ml homogenizer. After

centrifuging to remove tissue debris, SDS was added to each sample

to a final concentration of 1%. Samples were then incubated for

30 min at 42°C to block free thiol groups. After removing excess

MMTS by acetone precipitation, S-nitrosothiols were reduced to

thiols with 10 mM ascorbate. The newly formed thiols were then

linked with the sulfhydryl-specific biotinylating reagent N-[6-

(biotinamido)hexyl]-30-(20-pyridyldithio)propionamide (Biotin-

HPDP). The biotinylated proteins were pulled down with

Streptavidin-agarose beads, and Western blot analysis performed to

detect SNO-IRE1 (1:1,000, Cell Signaling 3294S). To monitor the

amount of “input” protein by immunoblot, a 20 ll aliquot of the

sample was saved prior to the step of Streptavidin-agarose bead

addition in the biotin-switch assay. Total IRE1 was monitored by

quantitative densitometry of standard immunoblot assays. GAPDH

was monitored as a control to ensure equal loading (1:1,000, Milli-

pore MAB374).

Quantitative proteomic analysis

The hippocampi of male mice transgenic, nontransgenic, or trans-

duced with AAV2 (Mock or XBP1s) were homogenized in TEN

buffer (10 mM Tris–HCl pH 8.0, 1 mM EDTA, 100 mM NaCl, 1%

NP-40) and protein inhibitor cocktail (Roche), and then sonicated

for 15 s at 30% amplitude (QSonica). For each sample lysate, 20 lg
was precipitated with chloroform/methanol. Samples for mass spec-

trometry analysis were prepared as described (Plate et al, 2016).

Air-dried pellets were resuspended in 1% RapiGest SF (Waters) and

diluted to final volume in 100 mM HEPES (pH 8.0). Proteins were

reduced with 5 mM Tris(2-carboxyethyl)phosphine hydrochloride

(Thermo Fisher) for 30 min and alkylated with 10 mM iodoaceta-

mide (Sigma-Aldrich) for 30 min at room temperature in the dark.

Proteins were then digested for 18 h at 37°C with 0.5 lg trypsin

(Promega). After digestion, the peptides from each sample were

reacted for 1 h with the appropriate tandem mass tag (TMT) iso-

baric reagent (Thermo Fisher) in 40% (v/v) anhydrous acetonitrile

and quenched with 0.4% ammonium bicarbonate for 1 h. Samples

with different TMT labels were pooled and acidified with 5% formic
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acid. Acetonitrile was evaporated on a SpeedVac and debris

removed by centrifugation for 30 min at 18,000 g. MudPIT micro-

columns were prepared as described (Ryno et al, 2014). Liquid

chromatography–tandem mass spectrometry (LC-MS/MS) analysis

was performed using a Q-Exactive HF mass spectrometer equipped

with an Ultimate 3000 nLC 1000 (Thermo Fisher). MudPIT experi-

ments were performed by 10 ll sequential injections of 0, 10, 20,

30, . . ., 100% buffer C (500 mM ammonium acetate in buffer A)

and a final step of 90% buffer C/10% buffer B (100% acetonitrile,

0.1% formic acid, v/v/v), with each step followed by a gradient

from buffer A (95% water, 5% acetonitrile, 0.1% formic acid) to

buffer B. Electrospray was performed directly from the analytical

column by applying a voltage of 2.2 kV with an inlet capillary tem-

perature of 275°C. Data-dependent acquisition of MS/MS spectra

was performed with the following settings: Eluted peptides were

scanned from 300 to 1,800 m/z with a resolution of 120,000. The

top 15 peaks for each full scan were fragmented by higher energy

collisional dissociation (HCD) using a normalized collision energy

of 38%, isolation window of 0.7 m/z, a resolution of 45,000, AGC

target 1e5, maximum IT 60 ms, and scanned from 100 to 1,800 m/

z. Dynamic exclusion was set to 10 s. Peptide identification and pro-

tein quantification was performed using Proteome Discoverer 2.4

(ThermoFisher). Spectra were searched using SEQUEST against a

UniProt mouse proteome database. The database was curated to

remove redundant protein and splice-isoforms, and common con-

taminants were added. Searches were carried out using a decoy

database of reversed peptide sequences using Percolator node for fil-

tering and the following settings: 10 ppm peptide precursor toler-

ance, 6 amino acid minimum peptide length, trypsin cleavage

(maximum 2 missed cleavage events), static Cys modification of

57.021517 (carbamidomethylation), and static N-terminal and Lys

modification of 229.1629 (TMT-sixplex), FDR 0.01, 2 peptide IDs

per protein. Normalization of TMT reporter ion intensities was car-

ried out based on total peptide abundance in each channel, and sub-

sequently, TMT ratios for each identified protein were calculated in

reference to a common pooled sample. Finally, the scaled,

reference-normalized TMT intensities were compared between

young WT and XBP1s Tg (n = 4, 4), middle-aged WT and XBP1s Tg

(n = 3, 4) and aged WT and TgXBP1s (n = 3–4) or aged injected with

AAV-Mock (n = 4) or AAV-XBP1s (n = 5) and significance was

assessed using a background based t-test with multiple testing cor-

rection in the Reporter Ions Quantifier node (Benjamini et al, 2006).

Significantly altered genes were filtered by considering a cutoff of

FDR < 0.1 irrespective to fold change between groups (Dalman

et al, 2012). Keratins and other common contaminants were

excluded from further analyses (Hodge et al, 2013). Proteins where

TMT intensities were absent in more than one sample per group

were also excluded. Gene set enrichment analysis was performed in

EnrichR or STRING platforms using Kyoto Encyclopedia for Genes

and Genomes (KEGG) and Gene Ontology annotations (Kuleshov

et al, 2016; Szklarczyk et al, 2019). Heatmaps and hierarchical

clustering were generated using Morpheus (https://software.

broadinstitute.org/morpheus).

The correlation between the results from the differential proteo-

mics analysis was calculated using Spearman’s method on log-fold

changes. To identify proteins leading the reversal of the aging-

related changes by XBP1s, we ranked the proteins from the most

downregulated to the most upregulated during aging, and from the

most up-regulated to the most downregulated by XBP1s. Then we

calculated the rank product of each protein based both ranking lists.

Top 50 proteins with the highest and lowest rank product were

selected for the downstream comparison with human aging. To

identify proteins changing with aging in humans, we used transcrip-

tomic data from human hippocampus from Kang et al (2011),

Berchtold et al (2008) and GTEX v8 (https://gtexportal.org/home).

We calculated Spearman’s correlation between the log-transformed

normalized expression values and the age of the samples. Mouse

orthologs of the human genes were obtained using the WORMHOLE

ortholog prediction web tool with default parameters (Sutphin

et al, 2016).

Statistical analysis

Statistical significance was queried with Student’s t-test or

Kolmogorov–Smirnov test for single comparisons and for multiple

comparisons with simple or repeated measurements one-way or

two-way ANOVA, followed by Holm–Sidak’s post hoc test,

depending on experimental design. P-values were considered signifi-

cant when they were < 0.05. Number of animals and P-values are

discriminated in each graph legend. P-values computed by two-way

ANOVA indicating source of variation between variables are

reported in figure legends.

Data availability

The mass spectrometry proteomics data have been deposited to the

ProteomeXchange Consortium via the PRIDE (Perez-Riverol

et al, 2019) partner repository with the following details:

Project Name: Contribution of the Unfolded Protein Response (UPR)

transcription factor XBP1 to brain aging; Project accession:

PXD020539.

Additionally, all information is available in Dataset EV2.

Expanded View for this article is available online.
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