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and John W. Elrod'3*

SUMMARY

Mitochondrial calcium overload contributes to neurodegenerative disease devel-
opment and progression. We recently reported that loss of the mitochondrial
sodium/calcium exchanger (NCLX), the primary mechanism of mCaZ* efflux, pro-
motes ,,Ca?* overload, metabolic derangement, redox stress, and cognitive
decline in models of Alzheimer's disease (AD). However, whether disrupted
mCa?" signaling contributes to neuronal pathology and cognitive decline indepen-
dent of pre-existing amyloid or tau pathology remains unknown. Here, we gener-
ated mice with neuronal deletion of the mitochondrial sodium/calcium exchanger
(NCLX, SIc8b1 gene), and evaluated age-associated changes in cognitive function
and neuropathology. Neuronal loss of NCLX resulted in an age-dependent
decline in spatial and cued recall memory, moderate amyloid deposition, mild
tau pathology, synaptic remodeling, and indications of cell death. These results
demonstrate that loss of NCLX-dependent ,,Ca’* efflux alone is sufficient to
induce an Alzheimer’s disease-like pathology and highlights the promise of ther-
apies targeting ,Ca2* exchange.

INTRODUCTION

A decline in mitochondrial function is associated with normal aging and contributes to the development of
various progressive neurodegenerative diseases. Decades ago, the mitochondrial theory of aging was pro-
posed because of the significant role of mitochondria-derived reactive oxygen species (ROS) in aging.'
Recent studies suggest that mitochondrial function directly impacts several essential aspects of aging
and age-associated neurodegeneration, such as energetics, inflammation, cellular senescence, and redox
stress.” Alzheimer’s disease (AD) is the most common age-associated neurodegenerative disease and is
characterized by memory loss, neuronal dysfunction, and the deposition of amyloid-beta (AB) and tau
neurofibrillary tangles (NFTs) in the brain, specifically in the cortex and hippocampus. AD is classified as
either familial or sporadic. Familial AD accounts for less than 5% of cases and is most often triggered by
mutations in one of three genes, amyloid precursor protein (APP) and the presenilin encoding genes
(PSEN1 and PSEN2). Sporadic AD has no known specific etiology and accounts for 90-95% of all AD diag-
noses.” Discouragingly, following decades of research, this multifactorial disease remains incurable and
the cellular and molecular mechanisms of AD pathogenesis remain poorly defined. The majority of AD
phase II/1ll trials have targeted components of the amyloid-B cascade or tau pathway and have been largely
unsuccessful.*> Furthermore, many studies suggest that cognitive decline does not always correlate with
AP and NFT deposition.®? Taken together, these findings underscore the importance of defining alterna-
tive disease mechanisms driving the progression of AD.
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Alterations in intracellular calcium (;Ca®*) homeostasis and mitochondrial function are critical to
AD pathogenesis and occur before plaque deposition.'*'",Ca®* signaling plays a crucial role in pre-
and postsynaptic neurotransmission and membrane excitability. Impaired ;Ca®* signaling has been linked
to AD pathogenesis via several different mechanisms including alterations in the inositol 1,4,5-trisphos-
phate receptor (IP3R), %022 ryanodine receptor (RyR),23’24 store-operated Ca®* entry,25'26 voltage-operated
channels, and SERCA.? Furthermore, presenilin mutations and AB have been shown to increase the activity

of RyR?® and IP3R,”? suggesting exaggerated ER Ca®* release in AD.*’,Ca?* enters the mitochondrial
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mitochondrial processes and modulates the activity of multiple dehydrogenases (PDH, a-KGDH, and
ICDH) in the Krebs cycle and ETC complexes to increase ATP production.®*** Ca®* and the enzymatic ac-
tivity of Ca?"-dependent dehydrogenases are reported to be altered in neurodegenerative diseases,
including AD,"™'%35738 highlighting the essential role of ,Ca®* in the regulation of oxidative energy meta-
bolism. In the brain, ,Ca?" not only maintains energetics but also buffers {Ca?* and thus can regulate pro-
cesses such as synaptic neurotransmission, synaptic vesicle exocytosis and cycling, neuronal excitability
and axonal trafficking.*”*? However, excessive uptake leads to ,Ca®* overload and can cause rupture of
the outer mitochondria membrane, opening of mitochondrial permeability transition pore (mPTP), loss
of ATP production, excessive reactive oxygen species (ROS) generation, calpain activation and cell death.*'

We recently reported that decreased expression of neuronal NCLX (the main mechanism for,,Ca?* efflux’?)
causes ,Ca?" overload in sporadic AD patients, 3xTg-AD mice, and APPswe cell lines.'® Complete deletion
of neuronal NCLX in the 3xTg-AD mouse model accelerated memory deficits and AD progression.'®
Furthermore, reducing ,Ca>* overload by rescuing neuronal NCLX expression impedes AD-associated pa-
thology and cognitive decline.'® In support of this, multiple studies have reported ,Ca?* overload as a
feature of neurodegeneration. For example, Stavsky et al.* reported that a genetic loss of function of
NCLX leads to ,Ca?" overload and is linked with severe mental retardation. In addition, a recent study
showed increased neuronal ,Ca?* levels in the APP/PS1-Tg mouse model correlated with plaque deposi-
tion and neuronal demise.* Similarly, an increase in ,Ca®* by overexpression of MCU in the cortex of mice
resulted in neuronal dysfunction and gliosis.*® In addition, increased ER-mitochondria interaction, which
can augment ~CaZ" overload, is reported in familial AD,** sporadic AD,*” and in sel-12 (PSEN ortholog)
mutants in C.elegans.*® In addition, loss of acute ,,Ca?* uptake via genetic ablation of MCU in cortical neu-
rons is protective against ischemia-reperfusion injury without any metabolic abnormalities.”” Altogether,
these studies demonstrate that ,,Ca®* overload may be a central contributor to neuronal dysfunction.

In this study, we examined whether ,,Ca®* overload alone is sufficient to cause AD-like pathology. We
tracked age-associated changes in memory and development of neuronal histopathology in mice with
neuron-specific deletion of NCLX (NCLX-nKO) and controls. Loss of neuronal ,,Ca?* efflux caused a decline
in cued recall and spatial working memory with amoderate increase in AB levels, tau phosphorylation, oxida-
tive stress, and synaptic dysfunction. Our results demonstrate that loss of neuronal ,,Ca?* efflux and mito-
chondrial dysfunction promotes an AD-like phenotype, including age-associated cognitive decline.

RESULTS

Loss of NCLX-dependent neuronal ,,Ca?* efflux promotes cognitive decline

We have previously reported that loss of neuronal NCLX accelerates AD-pathology in the 3xTg-AD mouse
model."® To examine NCLX expression during aging, we isolated protein from cortex of 2,9, and 15-month-
old control (Camk2a-cre) mice and noted an age-dependent reduction in NCLX expression (Figures STA
andS1B). To test whether impaired neuronal ,Ca?* efflux alone is sufficient to elicit neuropathology we
generated a neuron-restricted knockout of Slc8b1, the gene encoding the mitochondrial Na*/Ca?*
exchanger, hereafter referred to as NCLX, by crossing NCLX"" mice®®
restricted Cre recombinase (Camk2a-Cre) that primarily targets pyramidal neurons of the hippocampus,
amygdala, and cerebral cortex® (Figure 1A). gPCR analysis of NCLX mRNA expression in the frontal cortex
of 2-month-old NCLX"" x Camk2a-Cre mice (NCLX-nKO) confirmed loss of NCLX compared to Camk2a-
Cre controls (Figure 1B). Immunoblot analysis of NCLX in mitochondrial fractions purified from mouse brain
identifies 50- and 65-kDa bands.*” Western blot analysis confirmed loss of both the 50-kDa and 65-kDa
forms of NCLX in the frontal cortex of 2-month-old mice without any significant alternation in the expres-
sion of components of the mitochondrial calcium uniporter channel (mtCU) (Figures 1C, 1D, and S1C-S1K).

with mice expressing a neuronal-

Our recently published work showed that rescue of neuronal NCLX expression was sufficient to attenuate
cognitive decline in 3xTg-AD mice.'® To determine whether the loss of neuronal ,Ca?" efflux alone is
sufficient to promote age-associated cognitive decline we tested spatial working memory and cued/
contextual recall in NCLX-nKO mice using a Y-maze spontaneous alternations test and fear-conditioning
paradigm, respectively, at 6-, 9-, 12-, and 15-month of age. The Y-maze test revealed decreased sponta-
neous alternations in NCLX-nKO mice compared to controls at 15 months of age (Figure 1E), suggesting
a decline in spatial working memory. No significant differences were observed in activity or motor function
with the number of arm entries being similar between controls and NCLX-nKO mice (Figure 1F). Evaluation

of associative memory by the fear-conditioning test revealed a decline in cued recall in 12- to 15-month-old
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Figure 1. Loss of NCLX-dependent neuronal ,,Ca®* efflux promotes cognitive decline

(A) Schematic of NCLX-nKO mice (NCLX"! x Camk2a-Cre) mutant mouse strategy.

(B and C) (B) NCLX mRNA expression in tissue isolated from the frontal cortex of NCLX-nKO and age-matched controls (Camk2a-Cre). mRNA expression
corrected to the housekeeping gene Rps13; expressed as fold change versus control, n = 3 for both groups. All data presented as mean + SEM; ***p<0.001;
two-tailed, unpaired t-test(C). Western blots for NCLX expression in tissue isolated from the cortex of 2-month-old NCLX"® x Camk2a-Cre mice compared to
age-matched control Camk2a-Cre mice. VDAC, voltage-dependent anion channel, served as mitochondrial loading controls.

(D) NCLX protein expression expressed as fold-change versus Camk2a-Cre con. corrected to a mitochondrial loading control VDAC in brain cortex of
2-month-old mice. All data presented as mean + SEM; **p<0.01; two-way ANOVA with Sidak’s multiple comparisons test.

(E and F) Y-maze spontaneous alternation test. (E) Percentage of spontaneous alternation. (F) Total number of arm entries.

(G-I) Fear-conditioning test. (G) Freezing responses in the training phase. (H) Contextual recall freezing responses, (I). Cued recall freezing responses.

n = individual dots shown for each group in all graphs. All data presented as mean + SEM. Data for percentage alternations, contextual and cued recall
freezing response was analyzed using Prism (GraphPad) two-way ANOVA multiple comparison testing for an age effect with Dunnett’s post-hoc test for
comparison to age 6 months and comparison of genotype across all ages using a Bonferroni's multiple comparisons test, **p < 0.01. All comparisons were
non-significant except those denoted. To ensure equivalent motor activity and behavior in the Y-maze and equivalent training for fear-conditioning
behavioral testing data for Y-maze number of entries and freezing during training was analyzed using two-way ANOVA testing for comparison of genotype
across all ages using a Bonferroni’'s multiple comparisons test. No statistical differences were noted.

NCLX-nKO mice compared to controls (Figure 11). NCLX-nKO mice showed no impairments in contextual
recall during training or recall phases (Figures 1G and 1H). We further validated motor function and
coordination by challenging mice on a rotarod apparatus. 15-month-old NCLX-nKO mice showed no
impairment and performed similarly to controls in the accelerating rotarod test (Figure S1L). These findings
indicate a progressive age-associated decline in cognitive function in mice with loss of neuronal ,Ca®*
efflux in the forebrain.

Loss of neuronal NCLX increases A} accumulation

AB accumulation in the brain is a central feature of AD pathogenesis. We have previously reported that loss
of neuronal ,Ca?* efflux accelerates amyloidosis in 3xTg-AD mice.'® Therefore, to determine whether
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Figure 2. Loss of neuronal NCLX increases AB accumulation

(A and B) Soluble and insoluble AB1_40 and AB1_4; levels in the cortex of 16-month-old mice, measured by sandwich ELISA.
n = individual dots are shown for each group in all graphs. All data presented as mean + SEM; ****p<0.001, **p<0.01,
*p<0.05; two-way ANOVA with Sidak’s multiple comparisons test.

(C) Western blots for full-length APP, ADAM-10, BACE1, PS1, Nicastrin, APH, and tubulin (loading control) from cortex of
16-month-old NCLX-nKO and control mice, n = 3 for all groups.

(D) BACE-1 protein expression expressed as fold change versus Camk2a-Cre con. corrected to tubulin loading control
from frontal cortex of 2-month-old mice. All data presented as mean + SEM; *p<0.05; two-tailed, unpaired t-test.

genetic ablation of neuronal NCLX impacts AB metabolism or amyloidosis, we performed an AB ELISA and
immunohistochemistry assays. NCLX-nKO and controls were euthanized at 16 months of age and brain cor-
tex homogenates were assayed for total AB1_40 and AB1.42 peptide levels in the RIPA-soluble and insoluble
fractions. NCLX-nKO cortical samples were found to have significantly increased total ABq.40 and ABq.42 in
soluble fraction as compared to controls (Figures 2A and 2B). These results suggest that the loss of NCLX
increases the levels of the amyloidogenic peptide. Next, we examined the protein levels of AB precursor
protein (APP) and proteases involved in its metabolism. NCLX-nKO cortical samples showed a significant
increase in the expression of B-secretase (BACE-1) (Figures 2C and 2D), as compared to controls at
16 months. No differences in the expression of total APP or y-secretase complex associated proteins
(PS1, NCT, and APH1 subunit) were observed between groups (Figures 2C and S2A-S2E).

Neuronal loss of NCLX increases tau pathology

Hyperphosphorylation of microtubule-associated protein (tau) and the formation of neurofibrillary tangles
(NFTs) are prominent characteristics of various neurodegenerative diseases, such as frontotemporal de-
mentia, chronic traumatic encephalopathy, and AD. To determine if loss of neuronal ,Ca?" efflux impacts
tau pathology we performed Western blots to examine the total expression and phosphorylation of tau at
various residues, including S202/T205, T231/5235, and T181 and $3%96 as recognized by the antibodies AT8,
AT180, AT270, and PHF-13, respectively. We observed an increase in phosphorylation at T231/5235 (AT180
immunoreactivity) and at $202/T205 (AT8 immunoreactivity) in cortical lysates from NCLX-nKO mice with no
significant change in total tau or phosphorylation of other residues (Figures 3A-3E). These results were
corroborated by our immunohistochemistry results showing increased T231/5235 tau phosphorylation
(Figures 3F=3H) in the CA1 pyramidal region of the hippocampus. These results suggest genetic ablation
of neuronal ,Ca?" efflux is sufficient to increase tau pathology with aging.
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Figure 3. Loss of NCLX increases tau-pathology

(A) Representative western blots of soluble total tau (HT7), and phosphorylated tau at residues S202/T205 (AT8), T231/5235 (AT180), T181 (AT270), and 5396
(PHF13) in cortex homogenates of 16-month-old mice, n = 3 for all groups.

(B-E) Densitometric analysis of western blots shown in Figure 3A expressed as fold-change versus Camk2a-Cre con. Corrected to a loading control tubulin.
(F) Representative immunohistochemical staining for total tau (HT7) and phospho-tau T231/5235 (AT180) in hippocampus of NCLX-nKO and control mice;

scale bar = 50 uM.
(G and H) Quantification of the integrated optical density area of HT7 and AT180 immunoreactivity, n = 4 for all groups. All data presented as mean + SEM;

**p<0.01, *p<0.05; two-tailed, unpaired t-test.

Neuronal loss of ,,Ca?* efflux leads to redox imbalance, decreased synaptic stability and
neuronal loss

Increased lipid peroxidation is indicative of oxidative stress that occurs early in neurodegenerative
diseases, such as AD.”>°" To determine the effect of neuronal loss of ,,Ca®" efflux on redox status, we
examined lipid peroxidation by 4-hydroxy-2-nonenal (4-HNE) staining in 16-month-old NCLX-nKO brains
and controls. NCLX-nKO mice displayed a ~35% increase in 4-HNE staining in the cortex, as compared
to controls (Figures 4A and 4B).

AD is characterized by loss of synaptic function.””* Loss of NCLX in primary hippocampal neurons is re-
ported to cause massive synaptic impairment and deficits in long-term potentiation.*® Considering the
important role of NCLX in regulating neuronal transmission, we next examined how loss of neuronal
NCLX affects synaptic integrity and stability. Postsynaptic density protein 95 (PSD-95) is a major synaptic
scaffold protein regulating glutamate receptor trafficking and localization and plays an important role in
synaptic plasticity, development, and learning.”>>° Synaptophysin (SYP) is a highly abundant presynaptic
vesicular membrane glycoprotein implicated in biogenesis and endocytosis of synaptic vesicles, synapse
formation, and regulation of synaptic transmission.””"*® Loss of either PSD-95 or SYP is indicative of synaptic
instability and is an early marker of neurodegeneration.””“° Western blot analysis revealed significant de-
creases in both SYP and PSD-95 expression in the frontal cortex of NCLX-nKO mice (Figures 4C-4E). These
findings suggest that loss of neuronal ,,Ca?" efflux alone promotes synaptic dysfunction.
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Figure 4. Neuronal loss of ,,Ca®* efflux leads to redox imbalance, decreased synaptic stability and neuronal loss

(A) Representative images of 4-HNE immunohistochemical staining in cortex and hippocampus of 16-month-old NCLX-nKO and control mice.

(B) Percent change in 4-HNE-integrated optical density area corrected to Camk2a-Cre controls. N = 4 for all groups, scale bar = 50 uM.

(C) Western blots for SYP and PSD-95 expression in tissue isolated from the cortex of 16-month-old-mice, n = 3 for all groups.

(D and E) Densitometric analysis of western blots shown in Figure 4C, expressed as fold change versus Camk2a-Cre con. corrected to loading control tubulin.
(F) Representative image of Nissl staining in cortex and hippocampus of 16-month-old mice to detect neuronal density.

(G and H) Quantitative analysis of Niss| positive cells in cortex and hippocampus areas of brain sections expressed as percent change versus Camk2a-Cre
controls. n = 4 for all groups, scale bar = 50 uM.

(I) Western blots for GFAP and IBA1 expression in cortex of 16-month-old-mice, n = 3 for all groups.

(J and K) Densitometric analysis of western blots shown in Figure 41, expressed as fold change versus Camk2a-Cre con. corrected to loading control B-actin.
All data presented as mean + SEM; **p<0.01, *p<0.05; two-tailed, unpaired t-test.

Next, we examined if NCLX-nKO mice experience neuronal loss, we performed Nissl| staining using cresyl
violet acetate. The neuronal density was measured in 16-month-old NCLX-nKO and controls brain section.
NCLX-nKO mice exhibited significantly reduced Nissl-positive staining in the cortex and hippocampus
relative to controls. (Figures 4F-4H). Increased glial cell reactivity is usually associated with the death of
neurons and the activation of astrocytes and microglia is a critical pro-inflammatory mechanisms in
AD*?“C that can be evaluated by the expression of biomarkers. We analyzed protein levels of the glial fibril-
lary acidic protein (GFAP), a marker of astrocyte reactivity,’’ and lonized calcium-binding adaptor molecule
1 (Iba1), a marker for microglia activation. The expression of Iba1 was increased in brain homogenates iso-
lated from NCLX-nKO mice compared to controls, without significant changes in GFAP expression
(Figures 41-4K), suggesting that loss of neuronal NCLX may elicit glial activation.
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Figure 5. Loss of NCLX increases ,,Ca* overload, aggregate formation, and cell death

(A) Schematic for generation of NCLX knockout cell line (NCLX™) using CRISPR/SpCas9.

(B) NCLX mRNA expression in NCLX "~ and controls (WT) N2a cells, corrected to the housekeeping gene, Rps13; expressed as fold change versus control,
n = 3 for both groups. All data presented as mean + SEM; ****p<0.001; two-tailed, unpaired t-test.

(C) Representative traces for basal ~Ca®* content.

(D and E) (D) Quantification of ,Ca?" content, n = 3 for both groups. All data presented as mean + SEM; **p<0.001; two-tailed, unpaired t-test(E).
Representative recordings of mCa’" retention capacity.

(F and G) (F)Percent change in ~Ca’" retention capacity versus N2a control cells, n = 3 for both groups. All data presented as mean + SEM; *p<0.05; two-
tailed, unpaired t-test(G). Representative images of intracellular protein aggregates in NCLX™~ and WT cells stained with Proteostat aggresome detection
reagent (red) and Hoechst 33,342 nuclear stain (blue), scale bars = 20-um.

(H) Total aggregates per cell, n = 96 for NCLX ™~ and n = 58 for WT N2a control. All data presented as mean + SEM; ****p<0.001; two-tailed, unpaired t-test.
(land J)NCLX "~ and WT cells were assessed for plasmamembrane rupture, Sytox Green, after treatment with (I). lonomycin (1040 uM), (J). thapsigargin (10-50 pM),
n = 10 for both groups. All data presented as mean + SEM; ***p<0.001, **p<0.01, *p<0.05; two-way ANOVA with Sidak’s multiple comparisons test.

Loss of NCLX increases ,,Ca?* overload, aggregate formation, and cell death

To evaluate how the loss of NCLX contributes to AD progression and mitochondrial dysfunction, we gener-
ated stable NCLX knockout (5/c8b1 deletion; NCLX™'7) neuroblastoma (N2a) cell lines using CRISPR/
SpCas9. SpCas9 was targeted to exon 8 of Slc8b1 by using a double guide RNA strategy (Figure 5A). After
hygromycin selection, clonal NCLX ™'~ cell lines were examined for loss of mRNA by gPCR. NCLX™'~ cell
lines showed a significant loss of NCLX expression compared to wild-type (WT) N2a controls (Figure 5B).
Next, matrix Ca®* levels in NCLX™'~ and WT cells were measured in a permeabilized cell system using
the ratiometric reporter Fura2 (Figures 5C and 5D). Equal numbers of cells from both groups were treated
with digitonin and thapsigargin and the protonophore, FCCP was added after reaching a steady state
recording, to collapse AW and initiate the release of all matrix-free Ca?* (Figure 5C). Consistent with pre-
vious study,”* quantification of ,Ca®" content showed that loss of NCLX causes a significant increase in
mCa®" content compared to WT (Figure 5D). Next, we employed a ,Ca®* retention capacity assay
(mitoCRC) using the ratiometric reporters FuraFF (Ca®*) and added repetitive boluses of 10-uM Ca®" until
the collapse of AW. NCLX '~ cells showed decreased mitoCRC by ~65% compared to WT cells, suggesting
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increased susceptibility to Ca?*-dependent permeability transition pore opening (Figures 5E and 5F).
Overall, these data suggest that loss of NCLX causes ,Ca?" overload and decreases CRC.

Protein misfolding and aggregation is a hallmark feature of neurodegenerative diseases including
Alzheimer's disease, Parkinson'’s disease, Huntington's disease, dementia with Lewy bodies, and Amyotro-
phic Lateral Sclerosis, among others. To test if loss of NCLX impacts protein aggregation, we performed a
ProteoStat Aggresome detection assay. NCLX ™~ cells exhibited a significantly increased abundance
(~50% increase) of intracellular ‘amyloid-like’ aggregates compared to WT (Figures 5G and 5H). These
results suggest that loss of NCLX alone can drive protein aggregation.

mCa’" overload is strongly associated with cell death. To further evaluate how loss of NCLX modulates cell
death, cells from both groups were treated with varying concentrations of necrotic agonists ionomycin
(general intracellular calcium stress,10-40 pM) and thapsigargin (ER Ca?" stress, 10-50 pM) and examined
plasma membrane rupture, a hallmark of cell death using Sytox Green. NCLX ™/~
icantly increased plasma membrane rupture compared to WT at most doses (Figures 51 and 5J). Altogether,
these results suggest that the inhibition of ,,Ca?" efflux causes ,Ca?" overload, amyloid-like protein aggre-
gation, and potentiates cell death.

cells demonstrated signif-

DISCUSSION

In this study, we utilized a genetic loss-of-function model to show that impaired mitochondrial calcium
efflux is sufficient to promote an AD-like phenotype. We have previously reported that diminished
mCa?" efflux contributes to ,Ca®" overload and accelerates pathogenesis of AD, including cognitive
decline, in AB and tau genetic models. In addition, we previously reported that rescue of neuronal
NCLX expression was sufficient to attenuate cognitive deficits and neuropathology in 3xTg-AD mouse
model.'® It is important to note that 3xTg-AD mutant mice harbor three gene mutations associated with
familial AD: Presenilin 1 (Psen1, M146V homozygous knock-in), amyloid beta precursor protein (APPswe,
KM670/671NL transgene) and microtubule-associated protein tau (MAPT, P301L transgene) and that these
mice demonstrate progressive ,,Ca®* overload with aging. Thus, cognitive decline is more rapid and pro-
found in the 3xTg-AD mice after neuronal deletion of NCLX compared to NCLX-nKO as it is exacerbating
pre-existing nCa?" overload, a pathologic feature of disease. Intriguingly, here we found that loss of
neuronal NCLX expression causes AD-like dysfunction, including memory loss, AB plaque burden, tau hy-
perphosphorylation, oxidative stress, and loss of synaptic integrity in aged mice (12-16 months old) in the
absence of any AD or neurodegenerative genetic predisposition (i.e., no expression of familial AD mutant
genes). Our study demonstrates that loss of neuronal NCLX and resulting mCa®* overload causes neurode-
generative pathology and age associated cognitive decline.

Our hypothesis, that ..Ca" overload is a driver of AD-pathology, is supported by several studies. Recently,
NCLX-knockout primary hippocampal neurons showed ,Ca®* overload, depolarization of mitochondrial
membrane potential and reduced calcium clearance during neuronal activity.”> Even more striking the
same group showed that an NCLX loss-of-function mutation is linked with severe mental retardation and
that loss of NCLX causes synaptic impairment and long-term plasticity deficits.”® These data strongly sup-
port our findings that NCLX-nKO mice experience an age-dependent decline in spatial memory and cued
recall, moderate amyloid deposition, mild tau hyperphosphorylation, and synaptic remodeling. ,Ca®*
overload is a trigger for mPTP opening that leads to cell death.®”*° Inhibition of mPTP has shown beneficial
effects against neuronal cell death resulting from glutamate excitotoxicity,® traumatic brain injury,®’
ischemia-reperfusion injury,® Parkinson’s disease,”” and AD.*”’% The loss of either MCUB (a negative regu-
lator of the mtCU)”" or MICU1 (gatekeeper of the mtCU at low cytosolic Ca’" levels)’>? promotes ~Ca’*
overload. Important to the current study, reduced expression of mtCU-associated proteins, including
MICU1 and MCUB, is reported in the frontal cortex of sporadic AD patients and 3xTg-AD mice.'® In addi-
tion, loss of MICU1 (homozygous deletion of exon 1) results in sporadic neurological and muscular defects
in humans, which is characterized by the ~Ca’" overload, diminished metabolism, early muscle weakness,
myofiber damage, impaired cognition, and an extrapyramidal movement disorder.”*~’® Furthermore,
MICU1 variants are implicated in congenital brain malformation, characterized by white matter abnormal-
ities, cerebellar dysplasia, and acute encephalopathy.”” Recently, a parallel line of research has found
myopathy with extrapyramidal symptoms in patients carrying nonsense mutations in the MICUT gene
(c.385C>T; p.(R129%),”% (c.52C>T; p.(Arg18*) and c.553C>T; p.(Arg1 85%)).” Consistent with human studies,

. o . 80,8
deletion of Micul in mice causes marked ataxia and muscular defects.®>®' Recently, our group reported
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that reducing mCa?* influx by neuronal-specific deletion of MCU in the 3xTg-AD mouse model reduces AD
progression.®” In summary, a growing body of evidence implicates ,Ca?" exchange dysregulation in a
plethora of neurodegenerative diseases.

However, numerous fundamental questions remain unanswered. For example, why are neurons in aged
mice susceptible to ,,Ca?" overload and how is the loss of NCLX or remodeling of the mtCU coincide
with the development of AD? What are the molecular mechanisms underlying the proteomic remodeling
of Ca® machinery? Furthermore, it remains enigmatic whether ,Ca®* dysregulation is specific to AD or
central to other neurodegenerative diseases. We hypothesize that increased ,,Ca?" content is a mechanism
for ‘stressed’ neurons to meet their energetic demands, enhancing mitochondrial metabolism by augment-
ing dehydrogenase activity (PDH and aKGD), Krebs cycle flux, and ATP production.**** This early adaptive
response ultimately becomes maladaptive through sustained stress, leading to ,,Ca?" overload and mito-
chondrial dysfunction. Previous research suggests that the calcium buffering capacity of mitochondria
declines with aging, making mitochondria more prone to ,,Ca?" overload.®” These observations further
support our hypothesis of ,,Ca?" mishandling during aging that ultimately can contribute to the develop-
ment of neurodegenerative diseases.

It's clear that ,Ca®" overload is a primary upstream mechanism in AD-like pathology; yet it remains un-
known how loss of NCLX results in A and tau aggregation. There are likely many key contributors such
as oxidative stress, metabolic dysfunction, and cell death that get activated in response to ,,Ca?" dysregu-
lation, causing AD progression. It's also possible that there is a feedback loop between ,,Ca®* dysregula-
tion and AD-pathology. For example, it is reported that increased ,Ca?* uptake and glutamate excitotox-
icity lead to oxidative stress in a number of studies.”*%®° This paradigm further corroborates our finding of
increased lipid peroxidation following loss of neuronal NCLX. Intracellular Ca®* signaling is reported to
modulate BACE1 expression and turnover. Furthermore, reports suggest that oxidative stress increases
BACE1 expression, AB accumulation, tau hyperphosphorylation, and synaptic dysfunction.?”*® Given the
noted relationship between ,,Ca®* overload and ROS, its plausible that a maladaptive pathway may
contribute to AB processing. Also, oxidative stress has been shown to impair respiration by reducing
glucose uptake and limiting substrate availability.?” In addition, Ca®* signaling is also believed to enhance
reactive nitrogen species (RNS),”® which can impair mitochondrial metabolism through inhibitory
S-nitrosylation of Krebs cycle enzymes such as aconitase, isocitrate dehydrogenase, alpha-ketoglutarate
dehydrogenase””? and electron transport chain (ETC) complexes.””* The resulting dysfunctional mito-
chondrial metabolism can further disrupt axonal transport of mitochondria and other APP-associated pro-
teins, including BACE-1 7596 Of interest, impaired axonal transport is an early contributor of AD”>7 that
has diverse effects including compromised mitochondrial quality control mechanisms, leading to protein
aggregation, neuronal dysfunction, and cell death.”” We hypothesize that impaired mitochondrial quality
control and protein aggregation can potentiate mitochondrial dysfunction such as oxidative stress and cell
death, creating a vicious cycle underlying the progression of AD. In addition, the mechanism of synaptic
dysfunction and gliosis in a ,Ca®* overloaded state might be associated with AB deposition. It is known
that AB impacts glial activation that can subsequently drive synapse dysfunction and neuronal death,
and that vice versa glial cell activation can modulate AB production through several mechanisms. These
mechanisms need to be explored in the future and might include changes in neuronal ionic homeostasis
and an alternation of various transporters, exchangers (present on the plasma membrane, and ER), and
Ca?*-handling proteins that are responsible for various neuronal functions.”®"” In conclusion, Ca**
dysregulation is sufficient to perturb neuronal mitochondrial function and drive age-associated neurode-
generation and cognitive decline. This study, coupled with the reports mentioned above, advocates for
correcting ,Ca®* dysregulation by restoring NCLX-dependent ,,Ca®" efflux capacity as a promising ther-
apeutic strategy in treating neurodegenerative diseases. The phosphorylation of NCLX by PKA, which po-
tentiates NCLX mediated ,Ca®* efflux, is effective in preventing dopamine-dependent demise of PINK1
deficient neurons,'® a cellular Parkinson’s model. In combination with past work demonstrating that
genetic rescue of NCLX slows cognitive decline in mouse models of AD, these findings further support
that modulation of ,,Ca?* handling, specifically via activation of NCLX, could be an effective strategy to
treat neurodegenerative diseases.

Limitations of the study

This report suggests that impaired ,Ca®* efflux is sufficient to drive Alzheimer's disease-like, age-associ-
ated dementia. One limitation is that the current results did not identify the downstream molecular
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mechanisms by which loss of ,Ca?* efflux results in neuropathology. Another caveat of this study is the uti-
lization of mouse models that fail to recapitulate all the features of cognitive decline in humans. In general
the field is hampered by a lack of animal models that faithfully capture non-familial or sporadic AD. Such
models are needed to test if augmenting Ca®* efflux is indeed a viable therapeutic strategy.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Organisms/strains

NCLX mice Luongo et al.*8 N/A
B6.Cg-Tg(Camk2a-cre)T291-Stl/J The Jackson Laboratory, USA Stock # 005359
NCLX" x Camk2a-Cre This Study N/A

Antibodies

MCU (1:1000)
MCUb (1:1000)
MICU1 (1:500)
MICU2 (1:500)
MICU3 (1:500)
EMRE (1:1000)
NCLX (1:500)
VDAC (1:2500)
OxPhos Cocktail
Total APP (22C11, 1:1500)
BACE1 (1:500)
ADAM10 (1:500)
PS1 (1:500)
Nicastrin (1:200)
APH-1 (1:200)

Sigma

Abgent

Tomar et al.,'®"

Abcam

Sigma Aldrich

Santa Cruz Biotechnology Inc.
Santa Cruz Biotechnology Inc.
Abcam

Abcam

Chemicon International
Sigma

Chemicon International
Sigma

Cell Signaling

Millipore

Cat # HPA016480
Cat # AP12355b
Custom generation by Yenzyme
Cat # ab101465
Cat # HPA024771
Cat # sc-86337
Cat # sc-161921
Cat # ab15895
Cat # MS604

Cat # MAB348
Cat # MAB5308
Cat # AB19026
Cat #5182

Cat # 5665

Cat # AB9214

HT7 (1:200) Thermo Fisher Scientific Cat # MN1000
AT180 (1:200) Thermo Fisher Scientific Cat # MN1040
AT8 (1:200) Thermo Fisher Scientific Cat # MN1020
AT270 (1:200) Thermo Fisher Scientific Cat # MN1050
PHF13 (1:200) Cell Signaling Cat # 9632
4-HNE Abcam Cat # ab48506
SYP (1:500) Santa Cruz Biotechnology Cat # sc-55507
IBA-1 (1: 250) Proteintech Cat # 10904-1-AP
PSD-95 (1:250) Invitrogen Cat # MA1-045
GFAP Proteintech Cat # 60190-1-Ig
Beta-Tubulin (1: 1000) Abcam Cat # ab6046
Anti-Mouse (1:10000) Licor Cat # 925-68070
Anti-Goat (1:10000) Licor Cat # 926-32214
Anti-Rabbit (1:10,000) Licor Cat # 926-32211
Oligonucleotides

Rps13-F GCACCTTGAGAGGAACAGAA N/A

Rps13-R GAGCACCCGCTTAGTCTTATAG N/A

Nclx-F GCCATCTCCACTAACCTCAAA N/A

Nclx-R GGGTCTGAGAAAGCCACTAAA N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

gRNA #1 GGGCCTCTACGTGTTCTACGG AGAG N/A
CTAGAAATAGCAAGTTAAAATAAGGCTAG
TCCGTTATCAACTTGAAAAAGTGGCACCG
AGTCGGTGC

gRNA #2 CTCACCTGGTGTCTCCGATAGTTTTAGAG N/A
CTAGAAATAGCAAGTTAAAATAAGGCTAG
TCCGTTATCAACTTGAAAAAGTGGCACCG
AGTCGGTGC

Chemicals, peptides, and recombinant proteins

Paraformaldehyde Sigma Cat #P6148

Vector Elite ABC HRP Kit

DAB Substrate Kit

RIPA buffer

SIGMAFAST™ Protease Inhibitor Cocktail
Phosphatase inhibitor

Formic acid

Human AB (1-40) ELISA Kit
Human AB (1-42) ELISA Kit
Protein Assay Dye Reagent
PVDF Immobilon-FL membrane
Blocking buffer
Dihydroethidium (DHE)

KCI

Cresyl Violet

Glacial acetic acid

KH,PO,

MgCl,

NaCl

DAPI

Vector Laboratory

BD Biosciences
EMD-Millipore
Sigma-Aldrich
Sigma-Aldrich

Sigma

Wako Chemicals USA
Wako Chemicals USA
Bio-Rad

EMD Millipore
Rockland

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

Thermo Fisher Scientific

Cat # PK-6100
Cat # 550880
Cat # 20-188
Cat #58830

Cat # 04906837001
Cat # 33015

Cat # 298-64601
Cat # 298-62401
Cat # 22660

Cat # IPFLO0010
Cat # MB-070
Cat #D11347
Cat #P9333
Cat# C5042
Cat# A6283

Cat #P5655

Cat # 449172
Cat # 746398
Cat #P36981

Software and algorithms

Fiji ImageJ software
Zen 2010

GraphPad Prism 9

ImageJ Pro plus software

PACKWIN software

Fiji ImageJ

Carl Zeiss

GraphPad Software

Meyer Instruments

Harvard Apparatus

https://imagej.net/software/fiji/
https://www.zeiss.com/microscopy/en/
products/software/zeiss-zen.html
https://www.graphpad.com/scientific-
software/prism/
https://www.meyerinst.com/mediacybernetics/
image-pro-plus/
https://www.harvardapparatus.com/packwin-

software-panlab.html

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the corre-
sponding author, John W. Elrod (elrod@temple.edu).
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Materials availability
All reagents and mice generated in this study are available from the lead contact, JW.E. (elrod@
temple.edu).

Data and code availability

® The data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECTDETAILS

Neuronal-specific NCLX knockout (NCLX™ x Camk2a-Cre) mouse

NCLX floxed mice were generated by our lab by acquiring targeted ES cells made by recombinant insertion
of a construct containing loxP sites flanking exons 5 - 7 of the NCLX, Slc8b1 gene (ch12: 113298759-
113359493).*® NCLX" mice were crossed with Camk2a-Cre mice (expression of Cre recombinase directed
by calcium/calmodulin-dependent protein kinase Il alpha promoter, primarily in the prefrontal cortex and
CA1 layer of the hippocampus)*’ to generate neuron-specific NCLX knockouts (NCLX-nKO; NCLX" x
Camk2a-Cre). Animal studies were approved by Temple University’s IACUC and followed AAALAC guide-
lines. We used both male and female mice of different ages (2, 6, 9, 15, and 16m, depending on the assay)
for this study.

METHOD DETAILS

Immunohistochemistry

Mouse brains from NCLX-nKO (NCLX"" x Camk2a-Cre) and control (Camk2a-Cre) mice were prepared for
immunohistochemistry.'® In brief, brains were fixed in 4% paraformaldehyde overnight, embedded in
paraffin, and sectioned. 6-um thick coronal sections were then deparaffinized, hydrated, and blocked in
2% fetal bovine serum. The sections were incubated with primary antibody overnight at 4°C. The primary
antibodies and dilutions were as follows: HT7 dilution 1:150 (Thermo Fisher Scientific, Catalog # MN1000),
phospho-tau (pThr231) monoclonal AT180 dilution 1:50 (Thermo Fisher Scientific, Catalog # MN1040) and
anti-4 hydroxynonenal antibody (4-HNE) dilution 1:20 (Abcam, Catalog # ab48506). The sections were then
incubated with secondary antibodies and developed using the Vector Elite ABC (Avidin-Biotin Complex)
system (Vector Laboratories Inc., Burlingame, CA).

Biochemical and western blot analysis

Brains harvested from NCLX-nKO (NCLX"! x Camk2a-Cre) and control mice (Camk2a-Cre) were homoge-
nized in 1x RIPA lysis buffer with SIGMAFAST™ Protease Inhibitor Cocktail and phosphatase inhibitor. Ly-
sates were centrifuged and the supernatant (soluble fraction) collected. The pellet was further lysed in 70%
formic acid, sonicated, and centrifuged to collect the insoluble fraction. The resulting supernatant (insol-
uble fraction) was neutralized with 6 N sodium hydroxide. The lysates were centrifuged for 45 min at
4°C, and the supernatant was used as the soluble fraction. To get the insoluble fraction, the pellet was
further lysed in 70% formic acid, sonicated, and centrifuged for 45 min at 4°C. The resulting supernatant
(representing the insoluble fraction) was neutralized with 6 N sodium hydroxide. The soluble and insoluble
fractions were assayed for ABy_40 and AB_42 levels using sandwich ELISA (Wako Chemicals USA, Inc.) ac-
cording to manufacturer instructions. Data were presented as a percentage change of AB1_40 and AB1_42
relative to controls.

For Western blot analysis, the protein concentration in the soluble fraction was determined by a Bio-Rad
Protein Assay Dye Reagent. Equal amounts of protein (25-30 ug) were resolved using SDS-polyacrylamide
gel electrophoresis (SDS-PAGE). After transferring protein from the gel to the PVDF Immobilon-FL mem-
brane, the membrane was incubated in blocking buffer for 1 hrat room temperature, followed by incuba-
tion with primary antibody at 4°C overnight and then with specific Licor IR secondary antibody for 1 hr at
room temperature. Licor Odyssey system was used to scan all blots and all full-length western blots are
available in Figure S3.
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Memory tests

Mice from NCLX-nKO (NCLX"" x Camk2a-Cre) and controls (Camk2a-Cre) at 6-, 9-, 12-, and 15-months of
age were assessed in the following cognition function tests.

Y-maze of spontaneous alternation

The Y-maze was used to assess spontaneous alternation, a measure of spatial working memory in mice, by
allowing the test animals to explore all three arms of the Y-shaped maze (San Diego Instruments, 32 cm
(long) 610 cm (wide) with 26-cm walls) for 5 min. The mice were tested for the total number of arms entries
and for the three-consecutive sequence of entries (i.e., 1,2, 3, or 2, 3, 1, or 3,1,2) to calculate percentage
alternations using the formula "“total alternation number/(total number of entries-2) x 100"."8

Contextual and cued fear conditioning

This test took place in a fear-conditioning apparatus (StartFear, Panlab Harvard Apparatus, 25 cm height x
30 cm width X 25 cm depth) on two consecutive days as described.'® During the training phase (Day 1),
animals were placed in the chamber, and baseline freezing was recorded during a 6-min time interval
with three cycles of 30s of sound and 10 s of electric shock (1.5mA). During the memory test phase (Day
2), mice were assessed for two trials, contextual and cued memory. For the contextual test, mice spent
5min in the same chamber used during training, but without tones or electric shocks, and freezing behavior
was recorded. For the cued test, two hours following the contextual test mice were placed in the same
chamber with a modified environment such as different walls, smells, lighting, flooring, sound and freezing
behavior was recorded for 6 min. Differences in freezing time between groups were analyzed via PACKWIN
(Panlab, Harvard Apparatus, USA).

Rotarod test

To assess motor coordination, mice from controls and NCLX-nKO groups were tested using the rotarod
test. During the training phase (Day 1-3), mice were placed on the rotarod apparatus initially at speed
0 rpm (30 s) and then at a constant speed 4 rpm (40 s), up to 6 trials per day with a 30 min rest period
between each trial. During the test phase (Day 4), the rotarod started at speed 0 and accelerated to
90 rpm over a period of 90 s. The latency to falling off the rod was recorded on each day.

Assessment of lipid peroxidation

To measure redox stress, we performed 4-hydroxy-2-nonenal (4-HNE) staining. Mouse brains were pre-
pared for immunohistochemistry as described above. The deparaffinized brain tissue sections of
16-month-old NCLX-nKO and controls were subjected to endogenous peroxidase quenched with 5%
H,0O, in methanol for 30 minutes, followed by washing thrice in TBS-X (TBS and 0.3% Triton X-100) buffer
for 5 minutes. Sections were treated with blocking buffer (2 % fetal bovine serum in TBS-X for overnight at
4°C) and incubated with primary 4-HNE antibody (dilution 1:20) overnight at 4°C in a humidified chamber.
The next day, after washing with TBS-X thrice for 5 minutes, tissues were incubated with a biotinylated anti-
mouse IgG for 1 hour in a humidified chamber and subsequently developed using an avidin-biotin-perox-
idase complex, and the peroxidase activity was visualized using a stable DAB (diaminobenzidine) solution.
Immunoreactivity was visualized using a light microscope and images were quantified using the Image-Pro
Plus software.

Nissl staining

Nissl staining to examine neuronal density was performed in NCLX-nKO and control brain sections using
0.5% Cresyl violet acetate solution that stains Niss| substance in the cytoplasm of neurons.'®” Imaging was
performed using a whole slide imager Olympus VS-110 at the 40x resolution. Neuronal density was calcu-
lated in a given area of cells/mm? using Fiji Image J software and presented as percentage change vs.
Camk2a-Cre controls.

Cell culture and generation of NCLX knockout cells

Mouse neuroblastoma Neuro-2a cells (N2a) were grown in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum (peak serum) and 1% penicillin/streptomycin (gibco) at 37 °C in the
presence of 5% CO,. For the generation of NCLX knockout (NCLX-/-) cells, N2a cells were transfected
with a mammalian expression plasmid (VectorBuilder) encoding 2 gRNA's under the direction of the Ué
promoter, human codon-optimized cas9 (also known as SpCas9) under the direction of the CBh promoter
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(CMV early enhancer fused to modified chicken B-actin promoter), and hygromycin resistance via electro-
poration. 48 hours following electroporation, hygromycin was added to culture media (200 pg/ml). Clonal
populations were grown up from the bulk transfected population and screened via gPCR.

qPCR mRNA analysis

RNA was extracted using the Qiagen RNeasy kit. cDNA was generated from Tug of RNA using the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems). gPCR was conducted according to manu-
facturer instructions (PowerUp SYBR Green Master Mix, Applied Biosystems). All reactions were run in
triplicate and RPS13 was used as a housekeeping gene. For validation of NCLX knock-out cell lines,
Exon-spanning gPCR primers were designed to amplify the junction between exons 8 and 9. 242t wa
calculated to determine NCLX mRNA expression relative to WT control.

S

Quantification of ,,Ca®* content and retention capacity

For evaluation of ,Ca®" retention capacity and content, cells were cultured and transferred to an intracel-
lular-like medium (120mM KCI, 10mM NaCl, TmM KH2PO4, 20mM HEPES-Tris, pH 7.2) containing digitonin
(80-ng/ml) to permeabilize the plasma membrane, thapsigargin (3 uM) to inhibit SERCA so that the move-
ment of Ca®* was only influenced by mitochondria, protease inhibitors (Sigma EGTA-Free cocktail), and
succinate (5 mM). All solutions used were cleared of trace Ca®* with Chelex 100 (Sigma). For evaluation
of »Ca?" content: 2 million digitonin-permeabilized neuronal cells were loaded with the ratiometric
calcium reporter Fura-2 (Invitrogen, 1uM) to monitor extramitochondrial Ca®" and Ru360 (10 pM) and
CGP-37157 (10 uM) to inhibit .,Ca?" uptake and efflux, respectively. At 250 s. Carbonyl cyanide-p-trifluor-
omethoxyphenylhydrazone (FCCP) was added to rapidly collapse mitochondrial membrane potential,
causing Ca’* to evacuate the matrix. Fluorescent signals were monitored in a spectrofluorometer (Delta
RAM, Photon Technology Int.) at 380/510 excitation/emmision For evaluation of ~Ca’* retention capacity
cells were transferred to an intracellular-like medium containing thapsigargin and digitonin and loaded
with the ratiometric Ca%* reporter FuraFF (Cayman Chemical Company, 1 uM) to monitor extramitochon-
drial Ca?* and JC-1 (Enzo Life Sciences, 4.8 pM) to monitor mitochondrial membrane potential. At 400s a
repetitive series of 10uM Ca®* boluses were added at the indicated time points until spontaneous Ca
release, at which point 1 uM FCCP was added.

Membrane rupture assay

The propensity for neuronal death was evaluated using membrane rupture upon exposure to apoptotic ag-
onists. Membrane rupture was quantified using sytox green (life technologies), a cell impermeant dye that
enters the cell upon membrane rupture and intercalates DNA causing > 500-fold increase in fluorescent
emission. Equal numbers of cells were plated in each well of a 96-well plate. After 24 hours, culture media
was replaced with calcium ionophore ionomycin or thapsigargin at the indicated concentrations. After 24
hours, cells were loaded with 10 uM Sytox green for 30 minat 37 °C and measured the fluorescence at 504/
523 ex/em using a Tecan Infinite M1000 Pro plate reader. Data are normalized to vehicle control to avoid
any differences in cell numbers between the groups.

Detection of protein aggregation

Detection of protein aggregation was done using Proteostat protein aggregation kit (Enzo Life Sciences)
according to manufacturer instructions. Proteostat recognizes the B-sheet structure of aggregated and
misfolded proteins. In brief, cells were grown on 35 mm glass bottom cell culture dishes, fixed with 4% para-
formaldehyde, permeabilized using a buffer containing 0.5% Triton X-100, 3mM EDTA, pH 8.0, and stained
using proteostat aggresome detection dye and Hoechst 33342 nuclear counterstain for 30 min at RT.
Stained cells were imaged on a ZEISS LSM 900 microscope using a 40x objective with appropriate laser set-
tings for aggresome and nuclear signals. Proteostat staining intensity per cell was quantified using
CellProfiler.

QUANTIFICATION AND STATISTICAL ANALYSIS

For statistical analysis, Graph Pad Prism 9.0 software was used. All experiments were performed thrice, and
results were presented as mean + SEM. Where appropriate, column analyses were performed using an un-
paired, two-tailed t-test or two-way ANOVA multiple comparisons testing for an age effect with Dunnett’s
post-hoc test for comparison to age 6 months and comparison of genotype across all ages using Bonfer-
roni's multiple comparisons tests. Results were significant if p values < 0.05 (95% confidence interval).
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