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Abstract

We recently reported that alpha-2 macroglobulin (A2M) is a biomarker of neuronal injury in
Alzheimer’s disease (AD) and identified a network of nine genes co-expressed with A2M in the
brain. This network includes the gene encoding SPARCL1, a protein implicated in synaptic
maintenance. Here, we examine whether SPARCL 1 is associated with longitudinal changes in
brain structure and function in older individuals at risk for AD in the Baltimore Longitudinal
Study of Aging. Using data from the Gene-Tissue Expression Project, we first identified two
single nucleotide polymorphisms (SNPs), rs9998212 and rs7695558, associated with lower brain
SFPARCL 1 gene expression. We then analyzed longitudinal trajectories of cognitive performance in
591 participants who remained cognitively normal (average follow-up interval: 11.8 years) and
129 subjects who eventually developed MCI or AD (average follow-up interval: 9.4 years).
Cogpnitively normal minor allele carriers of rs7695558 who developed incident AD showed
accelerated memory loss prior to disease onset. Next, we compared longitudinal changes in brain
volumes (MRI; n= 120 participants; follow-up = 6.4 years; 826 scans) and resting-state cerebral
blood flow (rCBF; 1°0-water PET; 1= 81 participants; follow-up = 7.7 years; 664 scans) in
cognitively normal participants. Cognitively normal minor allele carriers of rs9998212 showed
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accelerated atrophy in several global, lobar, and regional brain volumes. Minor allele carriers of
both SNPs showed longitudinal changes in rCBF in several brain regions, including those
vulnerable to AD pathology. Our findings suggest that SPARCL 1 accelerates AD pathogenesis and
thus link neuroinflammation with widespread changes in brain structure and function during

aging.
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INTRODUCTION

In the United States alone, Alzheimer’s disease (AD) currently affects over 5.4 million
individuals and, if left unchecked, is projected to impose an unparalleled economic and
healthcare burden by 2050—nearly tripling in prevalence and driving healthcare costs to an
estimated $1 trillion [1]. The development of effective preventive strategies and disease-
modifying therapies depends on understanding the molecular mechanisms that underpin AD.
The predominant strategy for disease modification in AD has been to enhance the clearance
or inhibit the deposition of amyloid-p (Ap) in the brain. However, the repeated failures of
pivotal phase-I11 clinical trials of anti-Af treatments have highlighted the importance of
understanding other molecular pathways that may be plausible targets for disease
modification [2—4]. Previous epidemiological studies have suggested that systemic
inflammation is an important risk factor for AD, while emerging evidence indicates that
modulating the inflammatory/immune response during the early stages of AD pathogenesis
may be a promising approach to disease modification [5, 6].

In a recent study exploring the role of systemic inflammation in preclinical AD, we reported
that serum concentration of alpha-2 macroglobulin (A2M), a major component of the innate
immune system, is associated with risk of incident AD, reflects early neuronal injury, and
may be responsive to tau phosphorylation states in the brain. We also identified a network of
nine co-regulated genes that jointly contribute to predicting the gene expression of AZM[7].
Within this network of A2M-associated genes that may modulate responses to neuronal
injury in AD, SPARCL 1 (Secreted Protein Acidic and Rich in Cysteine-Like 1) is of
particular interest in view of its potential roles in synaptic function. The SPARCL1 protein
has been previously studied in the context of neuronal development for its synaptogenic
properties [8]. However, recent evidence suggests that the expression of this protein
continues into adulthood, is markedly upregulated during central nervous system (CNS)
injury or disease, and is likely to aid in the reconstruction of neuronal circuits [9-11].
Interestingly, a number of psychiatric and neurological disorders, including depression,
schizophrenia, autism, and multiple sclerosis, have thus far been linked to dysregulation in
SPARCL1 expression—suggesting that SPARCL1 may be critical in maintaining healthy
CNS function [12-18]. Together with previous reports of altered levels of SPARCL1 in the
cerebrospinal fluid (CSF) of AD patients, it is plausible that perturbations in SPARCL1
regulation are important in the pathogenesis of AD [19-21].
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Synaptic loss is an early feature of AD that renders neurons dysfunctional and prone to
irreversible death, ultimately precipitating the severe brain atrophy and cognitive impairment
observed in later stages of the disease [22]. As SPARCL1 closely regulates the formation,
maintenance, and repair of synapses [23], we sought to investigate associations between
polymorphic variation in the SPARCL 1 gene and brain structure and function in preclinical
AD. In this study, we examined associations between single nucleotide polymorphisms
(SNPs) in the SPARCL 1 gene and longitudinal changes in cognitive performance, brain
volumes, and regional resting-state cerebral blood flow (rCBF) in older individuals in the
Baltimore Longitudinal Study of Aging (BLSA).

MATERIALS AND METHODS

An overview of the study design, including datasets used in the current analyses, is provided
in Fig. 1.

Identification of SPARCL1 gene: Gene Expression Omnibus (GEO) Repository

We identified SPARCL 1 as a member of an “*A2M network’ of co-expressed genes using the
ExplainBio web tool, as previously reported [7, 24, 25] (Supplementary Figures 1 and 2).
Using a selection of publicly available microarray data on normal subjects from the National
Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) repository,
the tool applies an iterative algorithm to generate a network in which the expression of a
target gene is modeled as a linear combination of one or more source genes. All GEO data
are collected under compliance with the NIH Genomic Data Sharing Policy, which provides
protection for publicly available human genomic data. Additional information regarding
Explainbio has been previously described in detail [7].

Selection of SPARCL1 SNPs: Genotype-Tissue Expression (GTEX) Project

We downloaded expression quantitative trait loci (eQTL) results for all tissues from the
Genotype-Tissue Expression (GTEX) Project portal [26] (Supplementary Figure 1). We
queried SNPs that were significantly associated with SPARCL 1 gene expression (False
Discovery Rate (FDR) Q value <0.05) in the brain. Regional gene expression data were
collected from twelve brain regions in the GTEX Project (Supplementary Material). P-values
and normalized beta coefficients were generated using methodology defined by the GTEX
consortium [26]. ~values were adjusted for multiple comparisons by computing the Q-value
[1], and a Q-value cutoff of 0.05 was imposed to detect significantly associated SNPs [27].

We extracted and excluded SNPs in high linkage disequilibrium (1000 Genomes Pilot 1
dataset, CEU population panel, distance limit 500) within each of the brain regions
associated with SPARCL 1eQTLs [28] (Supplementary Figure 3). For SNPs in high linkage
disequilibrium (r2 > 0.6), the variant with the highest beta coefficient was selected.

Genotyping of SPARCL1 SNPs: Baltimore Longitudinal Study of Aging (BLSA)

Genome-wide genotyping was performed using the IHlumina Infinium HumanHap550
genotyping chip, which assays over 555,000 unique SNPs per sample. Standard quality
control of genotyping data was conducted as described previously [29]. Briefly, individuals
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were excluded due to call rate < 95% genome-wide, cryptic relatedness due to proportional
sharing (pi_hat) > 0.125 with another participant in the BLSA (effectively excluding first
degree relatives), and non-European ancestry ascertained from multi-dimensional scaling
analyses using HapMap reference populations. SNPs were excluded due to minor allele
frequencies (MAF) < 1%, a missingness rate > 5%, Hardy-Weinberg equilibrium p-values <
1E-5, and non-random missingness by haplotype p-values < 1E-5. All quality control of
genotype data was undertaken using PLINKv1.05 [PMID: 17701901]. Using 544892 SNPs
that passed QC, imputation of 1000 genome SNPs was conducted using Minimac with
integrated 1000G Phase | Integrated Release Version 3 Haplotypes as reference (PMID:
22820512).

Participants and methods: BLSA

BLSA is a prospective cohort study of aging in community-dwelling individuals that began
in 1958. The volunteer participants are predominantly white individuals with an above-
average education level. A general description of the study population, enrollment
procedures, and criteria has been reported previously [30]. Briefly, the BLSA continuously
enrolls healthy volunteers aged 20 and older who are followed for life, regardless of changes
in health and functional status. Presently, participants are examined over three days of
testing at the NIA Clinical Research Unit in Baltimore at intervals of one to four years, with
more frequent follow-up visits for older participants. Certified nurse practitioners and
technicians administer all assessments according to standardized protocols [30, 31].
Diagnoses of mild cognitive impairment (MCI) (Petersen criteria [32]), dementia, and AD
(DSM-111-R and NINCDS-ADRA criteria, respectively [33, 34]) are made at consensus case
conferences.

Clinical and neuropsychological data were reviewed at consensus case conferences if
participants made four or more errors on the Blessed Information Memory Concentration
(BIMC) test [35], if their Clinical Dementia Rating (CDR) score was equal to or greater than
0.5, or if concerns were raised about their cognitive status. The CDR was used in the BLSA
as an estimate of everyday functioning based on a previous level of functioning to determine
if participants exhibited symptoms of MCI. The CDR is a semi-structured interview where
both the participant and an informant who knows the participant well are asked questions
with respect to six different cognitive domains (i.e., memory, orientation, language and
problem solving, home and hobbies, community affairs, and personal care) [36]. The total
CDR score is based on the scores from all six domains, from both participants and their
informants, where scores of 0 indicate normal everyday functioning and scores of 0.5 are
consistent with MCI. The CDR was combined with serial psychometric testing, medical
history, physical examination, blood work, and neuroimaging during a consensus case
conference to adjudicate identified participants as exhibiting normal cognitive function or
MCI. All participants were also screened for depression with the Center for Epidemiologic
Studies Depression Scale (CESD) [37].

The study was approved by the Institutional Review Board and the National Institute on
Aging. Human research at the National Institutes of Health (NIH) is implemented in accord
with the U.S. Department of Health and Human Services (45 CFR46) and U.S. Food and
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Drug Administration (21 CFR 50 and 56) regulations for the protection of human subjects.
The NIA IRB is part of the Human Subject Protection Program of the NIH. All participants
provided written informed consent at each visit [38, 39].

To examine associations between SPARCL 1 variants and longitudinal changes in brain
structure and function, we analyzed two complementary datasets from the BLSA (Fig. 1 &
Supplementary Figure 1).

The first dataset analyzed was the main BLSA study, where the principal objective was to
examine the effect of SPARCL 1 SNPs on rates of cognitive decline, both in cognitively
normal individuals (i.e., non-converters; NC) and in those who developed incident MCI/AD
(i.e., converters) during follow up. In this analysis, we grouped cognitively normal
individuals progressing to incident MCI together with those converting to incident AD with
the rationale that MCI individuals represent prodromal AD. Moreover, this allowed us to
adequately power these analyses as the relatively small sample size precluded stratification
by MCI and AD separately. As our main goal was to test associations between SPARCL 1
SNPs and longitudinal changes in cognitive performance during the preclinical stages of AD
pathogenesis (i.e., prior to symptom onset), all cognitive data in the converter group after the
onset of cognitive impairment were excluded. Longitudinal data were available for 591
participants in the NC group (mean age at first assessment: 61.3 years; range: 45-93 years;
total number of assessments: 3,672; rs7695558 : 163, rs9998212 : 169), who were followed
for an average of 11.8 years. In the converters group, 129 participants, who were initially
cognitively normal (mean age at first assessment: 73 years; range: 60-89 years; total number
of assessments: 838; rs7695558 : 32, rs9998212 : 37), converted to either incident amnestic
MCI (n=39) or AD (n=90) during the follow-up interval of 9.4 years. Further details of
sample characteristics for the analyses of trajectories of cognitive performance (risk allele
carriers versus non-carriers) are provided in Table 1A and B.

The second dataset analyzed was from the neuroimaging substudy of the BLSA (BLSA-NI),
which began in 1994. BLSA participants were initially prioritized for admission to the
neuroimaging study based on health considerations and the amount of previous cognitive
data available for each individual. At enrollment, participants were free of self-reported
central nervous system disease, severe cardiac disease, pulmonary disease, or metastatic
cancer and underwent annual or semi-annual imaging and clinical evaluations. The
neuroimaging substudy of the BLSA has been described in detail previously [40, 41]. We
analyzed both MRI (7= 120 participants; mean age at first assessment: 70.4; range: 56-85
years old; rs7695558 : 30, rs9998212 : 35) and 150-water positron emission tomography
(PET) (n= 81 participants; mean age at first assessment: 69.5; range: 5685 years old;
rs7695558 : 21, rs9998212 : 24) scans from individuals who also had genome-wide
genotyping data available. Of those whose MRI scans were analyzed, 13 were diagnosed
with MCI during the course of the study, 4 were diagnosed with dementia, and 1 was
diagnosed with non-MCI cognitive impairment. Only data prior to the onset of cognitive
impairment were included in the MRI analyses. Of individuals whose MRI scans were
analyzed, 81 had at least three 1°0-water PET scan visits; these participants remained
cognitively normal throughout the neuroimaging interval. Further details of sample
characteristics for BLSA-NI substudy are provided in Table 2.
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Neuropsychological testing

During each BLSA visit, participants completed a battery of neuropsychological tests. We
evaluated the association of SPARCL 1 with the following five domains of cognitive
performance: memory, attention, executive function, language, and visuospatial ability. We
used standardized scores of each cognitive measure, based on the means and standard
deviations at the baseline assessments, to compute composite measures for the cognitive
domains. Memory was the mean of the immediate free recall summary score (five trials) and
delayed free recall on the California Verbal Learning Test (CVLT). Language was the mean
of the Letter (i.e., FAS) and Category Fluency Tests. Attention was the mean of Trail-
Making A and the Digit Span Forward subtest of the Wechsler Adult Intelligence Scale-
Revised. Executive function was the mean of Trail-Making B and Digits Backward.
Visuospatial ability was defined by the mean of the Card Rotations Test and Clock-to-
Command drawing score.

SPARCL1 and longitudinal changes in brain volumes

MRI acquisition and processing—MRI scans were acquired using a GE Signa 1.5T
scanner (Milwaukee, WI) with high-resolution spoiled-GRASS (gradient recalled
acquisition in the steady state) axial series (repetition time = 35 ms, echo time = 5 ms, field
of view = 24 cm, flip angle = 45°, matrix = 256 x 256). All scanning and image processing
methods have been previously described [42—-44]. Data from MRI scans obtained annually
from baseline to the last available follow-up were used in the analyses. MRI data after the
onset of cognitive impairment in converters to MCI/AD were excluded. The mean interval
between baseline and last follow-up MRI scan was 6.4 (2.7 SD) years.

Briefly, images were corrected for rotation and head tilt and reformatted parallel to the
anterior—posterior commissure plane. Extracranial tissue was removed using a semi-
automated procedure in combination with manual editing. Images were then segmented into
CSF, white matter (WM), and gray matter (GM). Finally, scans were realigned and spatially
normalized into standard stereotactic space and data from regions of interest were
quantified. A template-based deformation approach was applied using the ICBM standard
MRI (Montreal Neurologic Institute) as the template and a hierarchical elastic matching
algorithm for deformation and regions of interest determination [43]. All images were
normalized individually to the same template. The RAVENS approach (regional analysis of
volumes examined in normalized space) [42] was used, in which local values of tissue
density maps (one for GM, one for WM, and one for CSF) reflect the amount of respective
tissue in the vicinity of a voxel. Tissue densities are mathematical quantities measuring local
tissue volumes and do not reflect any microstructural physical density of brain tissue. The
template warping algorithm, modified for head image registration, was used to determine
intracranial volume (ICV) [45].

Regional GM and WM volumes throughout the entire brain were examined in this study,
including frontal gyrus (superior, middle, inferior, medial, orbito-frontal), sensorimotor
cortex (precentral, post-central), parietal gyrus (superior, supramarginal, angular), temporal
lobe (superior, middle, inferior, parahippocampal gyrus, entorhinal cortex, perirhinal cortex,
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hippocampus), occipital gyrus (superior, middle, inferior, and occipito-temporal), cingulate
gyrus, insula, precuneus, and cuneus.

SPARCL1 and longitudinal changes in rCBF

150-water PET acquisition and processing—PET measures of rCBF were obtained
using [1°0] water as previously described [46]. For each scan, 75 mCi of [1°0] water was
injected as a bolus. Scans were performed on a GE 4096+ scanner, which provides 15 slices
of 6.5 mm thickness. Images were acquired for 60 s from the time total radioactivity counts
in the brain reached threshold level. Attenuation correction was performed using a
transmission scan acquired prior to the emission scans. Each imaging session included a
resting scan in which participants were instructed to keep their eyes open and focused on a
computer screen covered by a black cloth.

Data from PET scans obtained annually from baseline to the last available follow-up time
points were used in the analyses. The mean interval between baseline and last follow-up
PET scan was 7.7 (¥1 SD) years. PET scans were realigned and spatially normalized into
standard stereotactic space and smoothed to full width at half maximum of 12 x 12 x 12 mm
in the x, y, and z planes using a Gaussian filter. To control for variability in global flow,
rCBF values at each voxel were ratio adjusted to the mean global flow estimated from gray
matter intensity values and scaled to 50 ml/100 g/min for each scan.

For each participant, change in rCBF was calculated across all preprocessed scans using
linear modeling to estimate the rates of change over time and extract the estimated fit
parameter for each voxel. An image of the longitudinal rates of change at each voxel (i.e.
slope or linear temporal trends image) was then created for each participant (Statistical
Parametric Mapping software, SPM2, Wellcome Trust Centre for Neuroimaging, UCL,
London).

Statistical analyses

The analyses reported herein are based on data collected within the BLSA (including the
neuroimaging substudy; BLSA-NI), an ongoing observational study. As indicated in Fig. 1,
we used all available data from BLSA and BLSA-NI participants who had both genotyping
data (to determine SPARCL 1 SNP status), as well as longitudinal measures of cognitive
performance, brain volumes (from MRI scans), and resting-state cerebral blood flow (fCBF
from 1°0-water PET).

SPARCL1 and longitudinal changes in cognitive performance
Linear mixed effects models [46] were used to investigate associations between rs7695558

and rs9998212 SNP variants in the SPARCL 1 gene and longitudinal trajectories of domain-
specific cognitive performance in the converter and NC groups separately.

The fixed effects part of the model included the following predictors: SPARCL 1 SNP minor
allele carrier status, baseline age, baseline age squared, sex, years of education, follow-up
interval, and interactions of interval with SNP, baseline age, and sex. Random effects
included intercept and interval with unstructured covariance. This model allowed us to
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investigate associations between SPARCL 1 risk allele(s) and baseline cognitive performance
as well as longitudinal changes in cognitive performance after adjusting for baseline age,
education, and sex. The NC and MCI/AD samples were independently analyzed.

Effect size was calculated using the difference between mean rates of change in domain-
specific cognitive performance in carriers and non-carriers of the minor allele, divided by the
standard deviation of rates of change in domain-specific cognitive performance.

SPARCL1 and longitudinal changes in brain volumes

Separate linear mixed effects models were also used for longitudinal analyses of associations
between SPARCL 1 SNPs and rates of change in brain volumes [43, 47], with each regional
brain volume used as an outcome variable. The fixed effects included intracranial volume,
SNP, sex, baseline age, interval and interactions of interval with SNP, sex, and baseline age.
Random effects included intercept and interval with unstructured covariance. Due to the
limited number of participants who developed MCI/AD in the BLSA-NI study, we did not
separately model converters and non-converters for MRI and PET (below) analyses.

The models were fit using PROC MIXED procedure in SAS 9.4 (SAS Institute, Cary, NC)
software.

Effect size was calculated using the difference between mean rates of change in brain
volumes in carriers and non-carriers of the minor allele, divided by the standard deviation of
rates of change in brain volumes.

SPARCL1 and longitudinal changes in rCBF

RESULTS

Slope images were used from all participants in a voxel-based multiple regression analysis
(SPMB5), where the rs7695558 and rs9998212 SNPs were used as independent predictors of
longitudinal changes in rCBF. The associations were adjusted for baseline age, sex, and the
interval between baseline and last scans. In order to reduce the risk of Type-I error due to
multiple comparisons, we adopted two procedures in the analyses of the rCBF PET data. We
first applied a statistical magnitude threshold of p < 0.005, as recommended by the PET
Working Group of the NIH/NIA Neuroimaging Initiative. Secondly, we applied a spatial
extent threshold of at least 50 voxels within the regions meeting the statistical threshold of p
< 0.005, as reported previously [48].

Selection of SPARCL1 SNPs

Supplementary Figure 2 shows the network of genes, including SPARCL 1, that are co-
expressed with AZ2M, encoding A2M, an acute phase protein that we recently reported is
associated with neuronal injury in early stages of AD pathogenesis [7].

Using expression quantitative trait loci (eQTL) data from the Gene Tissue Expression
(GTEX) Project, we identified eleven SPARCL 1 SNPs that were significantly associated
with SPARCL 1 expression in the brain (Supplementary Figure 3). All identified SNPs had
negative beta values, indicating that carrying the minor allele is associated with decreased
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SPARCL 1 gene expression in the brain. Information on SNP rs60614311 was unavailable in
the Broad Institute Proxy Search; this variant was thus excluded from subsequent analyses.
Of the ten remaining SNPs, five were significantly correlated with SPARCL 1 expression in
the frontal cortex, and five were significantly correlated with SPARCL 1 expression in the
hippocampus (Supplementary Table 1). SNPs associated with SPARCL 1 expression in the
cortex were in high linkage disequilibrium (r2 > 0.6), as were SNPs associated with
SPARCL 1 expression in the hippocampus (Supplementary Figure 3). From each of these
brain regions, the variant with the highest absolute beta coefficient was selected for all
further analyses. Subsequent analyses thus focused on rs7695558 and rs9998212, associated
with SPARCL 1 expression in the frontal cortex (Broadmann area 9; BA9) and hippocampus,
respectively. Both SNPs had a minor allele frequency of 0.15 in the BLSA. This value was
consistent among converters and non-converters.

SPARCL1 and longitudinal changes in cognitive performance

In cognitively normal individuals, there were no significant differences in trajectories of
cognitive performance between minor allele carriers versus non-carriers of the rs7695558
and rs9998212 SNPs in SPARCL 1. Among individuals who developed incident MCI/AD
(i.e., converters), minor allele carriers of the rs7695558 SNP in SPARCL 1 showed
accelerated declines in memory performance during the presymptomatic stages of disease
progression (B = -0.606; p=0.0224) (Fig. 2). The minor allele of the rs9998212 variant was
not associated with differential rates of cognitive decline in carriers versus non-carriers.
These results remained unchanged in sensitivity analyses after excluding individuals with
non-AD MCI (n=22).

SPARCL1 and longitudinal changes in brain volumes

In the MRI study, 37 data points after the onset of incident cognitive impairment were
excluded. We also confirmed that the distribution of individuals converting to AD/MCI in
the MRI analyses was similar between the minor allele carriers and non-carriers for both
SNPs (Fisher’s Exact Test p=1.00 and p= 0.838 for rs7695558 and rs9998212,
respectively). In cognitively normal individuals, carriers of the minor allele of the rs9998212
variant in SPARCL 1 showed accelerated rates of brain atrophy in several global (total gray
matter, p= —0.7573; p = 0.0078; total ventricular volume, B = 0.1849; p=0.0029), lobar
(frontal gray matter, p = —0.3412; p= 0.0023; parietal gray matter, p = —0.258; p = 0.0006),
and regional brain volumes (inferior frontal gyrus, p = —0.06344; p = 0.0494; medial frontal
gyrus, p =—0.08553; p=0.0017; orbitofrontal gyrus, p = —0.07195; p=0.0023; post-
central sensorimotor cortex, p = —0.1023; p = 0.0067; superior parietal lobule, B =-0.0897;
p=0.0111) relative to non-carriers (Fig. 3). The SPARCL 1rs7695558 SNP was not
associated with differential rates of brain atrophy between minor allele carriers and non-
carriers.

SPARCL1 and longitudinal changes in rCBF

Minor allele carriers of both the rs7695558 and rs9998212 SNPs showed significant
differences in longitudinal changes in rCBF relative to non-carriers. Compared to non-
carriers, minor allele carriers of the rs7695558 SNP showed significantly greater decreases
in rCBF within the superior temporal, medial frontal, and orbitofrontal cortices.
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Significantly greater longitudinal increases in rCBF were observed in minor allele carriers of
rs7695558 within the inferior temporal gyrus, cerebellum, and cuneus, relative to non-
carriers.

Compared to non-carriers, minor allele carriers of the rs9998212 SNP showed significantly
greater decreases in rCBF within the anterior cingulate and superior temporal gyri, as well as
the insula. Significantly greater longitudinal increases in rCBF were observed in minor allele
carriers of rs9998212 within the lingual, inferior temporal, and middle occipital gyri, as well
as the cerebellum and precuneus (Table 3; Fig. 4).

DISCUSSION

We recently identified SPARCL 1 as a member of a network of genes linked to neuronal
injury in preclinical AD. We therefore hypothesized that the SPARCL 1 gene, encoding
SPARCL1, a known synaptogenic protein implicated in neuronal repair [49, 50], is
associated with AD-related endophenotypes during preclinical stages of the disease. We first
confirmed regionally specific gene expression of SPARCL 1 in the brain within the frontal
cortex and hippocampus. We then showed that SPARCL 1 variants that correlate with lower
brain gene expression levels are associated with accelerated cognitive decline during
preclinical AD and faster rates of brain atrophy during aging. Finally, we showed that these
SPARCL 1 variants are associated with regionally specific longitudinal changes in neuronal
activity in areas related to higher-order cognitive processing, as well as within brain regions
vulnerable to AD pathology in older individuals. To the best of our knowledge, this is the
first study to implicate the SPARCL 1 gene in AD pathogenesis using longitudinal cognitive
and neuroimaging data in older individuals.

Our novel findings complement and extend previous studies in post-mortem human brain
tissue samples showing lower gene expression of SPARCL 1 in the hippocampus of AD
patients relative to controls, as well proteomic analyses in CSF showing altered levels of
SPARCL1 protein in AD [20, 51]. Our results suggest that polymorphic variations in
SFPARCL 1 that are associated with lower gene expression in the brain accelerate symptom
onset in AD through perturbations in neuronal activity and faster rates of brain atrophy in at-
risk individuals. In interpreting our 1°0-water PET results, we propose that longitudinal
decrements in rCBF in brain regions mediating higher-order cognitive processes, such as the
superior temporal and medial frontal cortices, represent early signatures of failing synaptic
function related to lower SPARCL 1 gene expression [52-54]. Conversely, brain regions
showing longitudinal increases in rCBF may represent compensatory changes in neuronal
activity that may be recruited to maintain normal cognitive function in at-risk individuals
[55-57]. In this context, it is striking that minor allele carriers of SPARCL 1 show greater
longitudinal increases in rCBF in the precuneus and inferior temporal cortex, which are
brain regions especially vulnerable to Ap deposition and tau accumulation, respectively [58,
59]. While it is plausible that increasing rCBF observed in these brain regions reflects early
compensatory changes or neuroexcitatory responses to accumulating age-related
neuropathology in at-risk individuals, the long-term consequences of increasing neuronal
activity may include Ap accumulation and neurodegeneration within vulnerable brain
regions [60-63].
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Interestingly, recent studies suggest that dysregulation of excitatory glutamatergic
neurotransmission by Ap is associated with synaptic loss, as well as tau phosphorylation
[64, 65]. Furthermore, our findings are relevant in the context of a recent report showing that
SPARCL1 mediates linkage of the cell adhesion molecules neurexin-1-alpha and
neuroligin-1B, a critical step in the formation of glutamatergic synapses [66, 67].

The key strengths of our study are the well characterized BLSA cohort with serial cognitive
and neuroimaging assessments over a long follow-up interval, as well as adjudicated
diagnoses of incident MCI/AD. Some important limitations include the limited sampling of
cortical brain regions in the GTEX study that we used to identify SPARCL1eQTLs in the
brain. As these data were available in only the frontal and anterior cingulate cortices, we
were unable to comprehensively evaluate regional differences in SPARCL 1 gene expression
across the brain. This is an important consideration in the interpretation of both our
longitudinal cognitive data, as well as imaging measures. Thus, observed effects of the
rs9998212 SNP (associated with lower SPARCL 1 gene expression in the hippocampus) on
accelerated brain atrophy in several cortical regions may be mediated by similarly reduced
gene expression in these regions that we were unable to analyze. Similarly, the observed
effects of the rs7695558 SNP (associated with lower SPARCL 1 gene expression in the
frontal cortex) on accelerated memory decline may represent net effects of altered gene
expression in several other brain regions that we did not test. Subsequent analyses of global
SPARCL 1 gene expression levels across several brain regions may allow for greater
understanding of the net effects of altered gene expression impacting specific AD-related
endophenotypes. Secondly, the relatively small number of converters to MCI/AD in our MRI
and 150-water PET studies precluded stratified analyses in these individuals relative to
controls. While our results provide novel evidence linking SPARCL 1 with AD pathogenesis,
the precise molecular mechanisms underlying these associations must await additional
studies in relevant experimental models. The generalizability of our findings also merits
further testing in independent cohorts.

In summary, we have demonstrated that the SPARCL 1 gene accelerates both symptom onset
in AD and brain atrophy during aging. These effects may be mediated through lower gene

expression of SPARCL 1 in the brain and alterations in synaptic function. Our findings open
new lines of investigation into the role of SPARCL 1 in the early stages of AD pathogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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MRI data from cognitively
normal subjects (n=120)

rCBF/ '"O-Water PET data from
cognitively normal subjects (n=83)

Overview of study design. Flow chart summarizing the selection of participants from the
BLSA whose longitudinal neuroimaging and cognitive performance data were analyzed in
this study. The major aims of this study were to examine associations between SNPs in the
SPARCL 1 gene and longitudinal changes in 1) cognitive performance, 2) MRI-derived brain
volumes, and 3) 1°0-water PET-derived resting-state cerebral blood flow.
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Fig. 2.

Aéqsociations between rs7695558 SNP in the SPARCL 1 gene and longitudinal changes in
cognitive performance in converters to MCI/AD. Dot plots of effect sizes and corresponding
95% confidence intervals showing associations between SPARCL 1 SNP rs7695558 and
rates of change in domain-specific cognitive performance. Individuals in the converter group
who carried the minor allele of the SPARCL 1 rs7695558 variant showed significantly faster
rates of decline in memory performance (red dot) relative to non-carriers.
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Fig. 3.

Associations between longitudinal changes in brain volumes and rs9998212 SNP in the
SFPARCL 1 gene in cognitively normal older individuals. Dot plots of effect sizes and
corresponding 95% confidence intervals (Cl) showing associations between SPARCL 1 SNP
rs9998212 and rates of change in brain volumes. Statistically significant effects (red dots)
are seen in regions where the 95% CI does not cross the zero reference line. WMGM, whole
brain; VENT, whole ventricular volume; WM, white matter; FRNWM, frontal white matter;
TEMWM, temporal white matter; PARWM, parietal white matter; OCCWM, occipital white
matter; GM, gray matter; FRNGM, frontal gray matter; TEMGM, temporal gray matter;
PARGM, parietal gray matter; OCCGM, occipital gray matter; GFS, superior frontal gyrus;
GFM, middle frontal gyrus; GFI, inferior frontal gyrus; GFD, medial frontal gyrus; GOF,
orbitofrontal gyrus; GPRC, pre-central sensorimotor cortex; GPOC, post-central
sensorimotor cortex; LPS, superior parietal lobule; GSM, supramarginal gyrus; GA, angular
gyrus; GTS, superior temporal gyrus; GTM, middle temporal gyrus; GTI, inferior temporal
gyrus; HIP, hippocampus; PHG, parahippocampal gyrus; ERC, entorhinal cortex; PRHN,
perirhinal cortex; GOS, superior occipital gyrus, GOM, middle occipital gyrus; GOI, inferior
occipital gyrus; GTO, occipito-temporal gyrus; OCCPOL, occipital pole; CG, cingulate
gyrus; INS, insula; PCU, precuneus; CU, cuneus.
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Fig. 4.
Longitudinal changes in regional resting-state cerebral blood flow (rCBF) associated with

SFPARCL 1 polymorphisms. Yellow and blue areas indicate significant longitudinal increases
and decreases, respectively, in rCBF in minor allele carriers relative to non-carriers.
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