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ABSTRACT

We investigated whether aquaporin-4 (AQP4) single-nucleotide polymorphisms (SNPs) influence Alzheimer's disease (AD) pro-
gression through changes in the glymphatic system. We included 242 non-dementia participants and chose six SNPs previously
shown to be related to AD. We analyzed the associations between AQP4 SNPs and glymphatic markers, including enlarged
perivascular spaces (PVS), white matter free water (FW), and diffusion tensor image analysis along the perivascular space
(DTI-ALPS), in both cross-sectional and longitudinal data. We investigated whether AQP4-related glymphatic markers are as-
sociated with AD pathology progression and cognitive impairment, and whether they mediate the relationship between AQP4
SNPs and AD progression. There was no association between AQP4 SNPs and glymphatic markers at baseline. Carriers of the
AQP4 SNP rs72878794 minor allele status exhibited slower FW increase in the amyloid-positive group (SNP*time: 5 =—0.0040,
t(46.25)=—-2.062, p=0.045, 95% CI=-0.0078 ~—0.0001), whereas the rs9951307 minor allele carrier showed a faster FW in-
crease in the amyloid-negative group (SNP*time: 5=0.0033, t(81.19)=2.245, p=0.027, 95% CI=0.0004 ~0.0062). The higher FW
was associated with faster cognitive decline at follow-ups. AQP4 SNPs influence interstitial fluid accumulation, contributing to
cognitive decline but not amyloid deposition in AD. Further studies are needed to clarify the pathways linking AQP4 SNPs and
AD progression.

Abbreviations: AD, Alzheimer's disease; APOE, Apolipoprotein; AQP4, Aquaporin-4; A, Amyloid-beta; BG, Basal ganglia; CDR, Clinical Dementia Rating; CSF, Cerebrospinal fluid; CU,
Cognitively unimpaired; DCE-MRI, Dynamic contrast-enhanced magnetic resonance imaging; DTI, Diffusion tensor image; DTI-ALPS, Diffusion tensor imaging analysis along the
perivascular space; FW, Free water; ISF, Interstitial fluid; MCI, Cognitive impairment; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; MRI, Magnetic
resonance imaging; PVS, Perivascular spaces; SNP, Single-nucleotide polymorphisms; TMT-A, Trial-Making Test-A; TMT-B, Trial-Making Test-B.
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1 | Background

The glymphatic system has been described as a “garbage truck”
of the human brain (Nedergaard 2013). Studies demonstrated
that cerebrospinal fluid (CSF) can flow into the perivascular
spaces (PVS) surrounding penetrating arteries and enter the
brain interstitial space through aquaporin-4 (AQP4) water chan-
nels located on the endfeet of astroglial cells, where CSF and in-
terstitial fluid (ISF) mix and efflux, taking away brain metabolic
wastes (Benveniste et al. 2017; Iliff et al. 2012; Nedergaard and
Goldman 2020). Impairment of the glymphatic system may lead
to the accumulation of pathological proteins, such as amyloid-
beta (AB) and tau (Tiwari et al. 2019), the core pathologies of
Alzheimer's disease (AD) (Keshavan et al. 2021), and contrib-
ute to the development of various neurological disorders (Fang
et al. 2022; Vittorini et al. 2024).

Along the glymphatic pathway, the AQP4 channels are a crucial
component (Mestre et al. 2018). They form abundant pores in the
cell membrane, creating a high permeability that is essential for
the rapid CSF -ISF exchange and waste clearance (Rasmussen
et al. 2018); Zeppenfeld et al. (2017). Utilized brain autopsy data
from non-AD and AD patients and found that the loss of perivas-
cular AQP4 localization was associated with an increased amyloid
burden. Through stereotactic injection of HiLyte 555 Tau into the
brain of AQP4 KO mice, Ishida et al. (Ishida et al. 2022) found that
tau was cleared from the brain to the CSF by an AQP4-dependent
mechanism. Interestingly, single-nucleotide polymorphisms
(SNPs) in the AQP4 gene may alter the functionality of AQP4
proteins and influence glymphatic function. Several recent stud-
ies found that variations in the AQP4 gene might accelerate A3
deposition and cognitive decline in humans (Burfeind et al. 2017;
Chandra et al. 2021; Rainey-Smith et al. 2018). Nonetheless, there
is a lack of human studies validating whether an altered glym-
phatic function mediates the association between gene varia-
tions and AD progression. Because AQP4 is also related to many
other water exchange processes and degeneration mechanisms
(Saadoun et al. 2005; Verkman 2012), clarifying the role of glym-
phatic clearance is necessary.

Currently, a few non-invasive magnetic resonance imaging (MRI)
markers are considered to be related to glymphatic alterations.
First, dilation of PVS, the main conduit of glymphatic flow, has
been found to be associated with aging, hypertension, Af, and
a variety of neurodegenerative disorders (Zeng et al. 2022). The
dilation was considered a compensatory restructuring of PVS in
response to reduced glymphatic flow (Brown et al. 2018). Second,
interstitial water content assessed by free water (FW) imaging
may reflect fluid stagnation due to glymphatic dysfunction. A
previous study (Gomolka et al. 2023) found increased parenchy-
mal water diffusivity in mice with AQP4 water channel deletion,
supporting the association between parenchymal water content
measured by MRI and glymphatic dysfunction. Third, diffusion
tensor image analysis along the perivascular space (DTI-ALPS)
(Taoka et al. 2017), an index measuring fluid transport in the
perivenous space along the deep medullary veins, has demon-
strated a good association with glymphatic clearance measured by
DCE-MRI (Zhang, Huang, et al. 2021; Zhang, Zhou, et al. 2021).
While there are still debates regarding whether they could reflect
global glymphatic function, these markers have been chosen due
to the paucity of available MRI markers. Several previous studies

have demonstrated their close association with clinical status and
pathological deposition (Hong et al. 2024; Kamagata et al. 2022;
Perosa et al. 2022).

In the present study, we aim to study whether AQP4 SNPs are
associated with glymphatic function and clinical progression
in non-demented older adults. Specifically, we aim to study (1)
the association between AQP4 SNPs and glymphatic markers
through both cross-sectional and longitudinal analyses and (2)
whether changes in glymphatic markers mediate the association
between AQP4 SNPs and AD progression.

2 | Materials and Methods

All procedures conducted in studies involving human participants
adhered to the ethical standards set forth by the Institutional and
National Research Committees, as well as the 1964 Declaration
of Helsinki and its subsequent amendments or equivalent ethical
guidelines. Written informed consent was obtained from all partic-
ipants, their authorized representatives, and study partners prior
to the initiation of any protocol-specific procedures in the ADNI
study. All data were downloaded at September 2023 from ADNI 2
&3. Further information is available at http://www.adni-info.org.

2.1 | Study Participants

The inclusion criteria included (1) non-demented participants,
including cognitively unimpaired participants (CU, N=126) and
mild cognitive impairment participants (MCI, N=116). The diag-
noses were made by neurologists at admission. The CUs were de-
fined as subjects who had a Clinical Dementia Rating (CDR) scale
score of 0, a Mini-Mental State Examination (MMSE) between
24 and 30 (inclusive), Wechsler memory scale logical memory
(WMS-LM) delay recall performance >9 for subjects with 16 or
more years of education; >5 for subjects with 8-15years of edu-
cation; and >3 for 0-7years of education; non-clinical depression
(GDS-15 score < 6), and absence of dementia. MCI was defined as
subjects who had preserved activities of daily living, non-dementia,
and objective cognitive impairments, as shown on the delayed re-
call test of the WMS-LM, as well as a CDR score of 0.5(2) with
available T1-weighted structural images, diffusion tensor imaging
(DTI) images, and AP PET data; (3) with gene sequencing infor-
mation; and (4) with neuropsychological assessments. Exclusion
criteria were as follows (Li et al. 2023): (1) significant medical, neu-
rological, and psychiatric illness, (2) head trauma history, (3) use of
non-AD-related medication known to influence cerebral function,
and (4) alcohol or drug abuse.

To ensure the maximum sample size, for participants with mul-
tiple follow-up timepoints, we considered the first timepoint that
met all inclusion criteria as the baseline timepoint. Available
follow-up data (varied from 0 to 10.25years) were also collected
(see flowchart in Figure 1).

Vascular risk factor score (VRFs), including hypertension,
diabetes, hyperlipidemia, and smoking, was recorded based
on participants’ medical history. Each factor was coded as 0
(absent) or 1 (present), resulting in a total score ranging from
0 to 4.
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ADNI database
Downloaded at Sep.2023

» Gene data

* T1 image

» AB PET scan
* DTl scan

Non-demented Subjects with \

* Neuropsychological assessments
N=243

/r

DTI analysis failure
N=1

Non-demented AB cut-offs:
subjects 1.11,FBP PET
N=242 1.08,FBB PET A-, N=147
- Gene data I T1 image | AB PET DTl scan Cognitive assessment
ala
Patients with 22/3/4/5 visits

All subject | 180/130/73/41 180/130/73/41 143/71/11/2 | 180/130/73/41 180/130/73/41
A+ group 66/40/20/12 66/40/20/12 46/17/1/0 66/40/20/12 66/40/20/12
A- group 114/90/53/29 114/90/53/29 97/54/10/2 114/90/53/29 114/90/53/29

Visit interval: 1.56+0.83

FIGURE1 | Flowchart of the subject inclusion: 242 non-demented participants were included for analyses, listing the number of subjects with 2,

3, 4, or 5 visits for each modality. For the cutoffs of brain amyloid, participants were categorized as Af positive (A+) and A negative (A—). ADNI,

Alzheimer's disease neuroimaging initiative; DTI, diffusion tensor imaging; FBB, [18F] florbetaben; FBP, [18F] florbetapir; PET, positron emission

tomography.

2.2 | Neuropsychological Assessment

Primary measures were global cognitive function, episodic
memory, and executive function. Global cognition assess-
ments (Oh et al. 2021) included the MMSE, Montreal Cognitive
Assessment (MoCA), and CDR (Tsang et al. 2015). Logical
Memory-Delayed Recall (Tedeschi Dauar et al. 2023) was used
to assess episodic memory. The Trails Making Test Part A and
Part B (TMT-A and TMT-B) (Dikmen et al. 1999) were used to
assess executive function.

2.3 | Genetic Analysis

Participants carrying at least one apolipoprotein (APOE) €4 al-
lele were classified as carriers, while the rest were categorized as
noncarriers. Whole-genome sequencing data were downloaded
from the ADNI database. To store statistically relevant SNPs
called using Illumina’s CASAVA SNP Caller, the ADNIWGS SNP
data are stored in variant call format (VCF). SNP pruning was
undertaken using PLINK (Purcell et al. 2007). Genetic variants
of AQP4 underwent quality control procedures. Specifically, we
removed the SNPs that were not in Hardy-Weinberg equilibrium
(p<0.05) (Hosking et al. 2004) and had a minor allele frequency
of <5% (Tabangin et al. 2009). Linkage disequilibrium-based

SNP pruning (Hill and Robertson 1968) was performed to re-
duce statistical redundancy and maintain coverage of the AQP4
gene. From the rest of the SNPs, six SNPs that had been shown
to be clinically relevant in AD were chosen. The results are
shown in Figure S1. The information on these SNPs is displayed
in Table 1 and Figure 2. Participants possessing one or two cop-
ies of the minor allele were classified as “carriers” for the SNP.
Details were provided in the Supporting Information.

2.4 | Imaging Acquisition

The ADNI imaging data were acquired from different centers
using harmonized protocols, and the full list of acquisition pa-
rameters can be seen on the ADNI website (https://adni.loni.usc.
edu/methods/documents/mri-protocols/). All imaging data were
acquired using 3T scanners from three vendors (GE, Siemens, and
Philips). Here, we list some representative imaging parameters:

The structural images were obtained based on a 3D Spoiled
Gradient Recalled Echo T1 weighted sequence, with the fol-
lowing parameters: Flip Angle=11°; Matrix X=256 pix-
els; Matrix Y=256 pixels; voxel size=1x1x1.2mm? echo
time (TE)=minimum; inversion time (TI)=400msec; rep-
etition time (TR)=7.34msec; 196 sagittal slices. The axial
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TABLE1 | AQP4SNPsincluded in this study.

Annotation Position (GRCh38) Minor allele frequency Previously reported associations
rs9951307 G/A downstream chr18:26850565 0.172 Cognitive decline in AD
(Burfeind et al. 2017)
rs3763043 C/T 3-UTR chr18:26855854 0.318 Cognitive decline in AD
(Burfeind et al. 2017)
rs3763040 G/A  Exon 1 promoter chr18:26864410 0.192 Cognitive decline in AD
(Burfeind et al. 2017)
rs3875089 T/C Exon 1 promoter chr18:26865469 0.149 Cognitive decline in AD
(Burfeind et al. 2017)
rs151244 T/C Exon 0 promoter chr18:26866755 0.294 Cognitive decline in AD
(Chandra et al. 2021)
rs72878794 C/T  Exon 0 promoter chr18:26866839 0.038 Cognitive decline in AD
(Chandra et al. 2021)
AQP4 Gene
Exon 0 Exon Exon 1 Exon 1 Exon 2 Exon 3 Exon 4
promoter 0 promoter
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FIGURE2 | Schematic illustration of the investigated SNPs in the AQP4 gene. There are two isoforms of AQP4: M1 and M23. M1 consists of exon

0-4, and M23 consists of exon 1-4.

T2 FLAIR sequence used the following parameters: Flip
Angle =90.0/125.0°; Matrix X=256 pixels; Matrix Y=256 pix-
els; voxel size=0.9%x0.9%x5.0mm?3; TE=147.9-154.0msec;
TI=2250.0msec; TR =11000.0 msec. DTI images were obtained
with a Spin Echo Sequence using the following imaging param-
eters: b=0/1000s/mm?, non-diffusion-weighted image=5, 41
MPG axes, TR=9050msec, TE=63.0msec, flip angle of 90°,
1.37mmXx1.37mm voxel, 2.70 slice thickness, and 46 axial
slices.

The amyloid PET was performed using two tracers, including
florbetapir or florbetaben. The detailed acquisition procedures
were described in the ADNI PET Technical Procedures Manual
(http://adni.loni.usc.edu/wp-content/uploads/2010/05/ADNI2_
PET _Tech_Manual_0142011.pdf). For the cutoffs of brain amy-
loid, the values were 1.11 for 18F-florbetapir (18[F]-AV45) SUVR
and 1.08 for 18F-florbetaben (FBB) SUVR (Royse et al. 2021);

according to the cutoff, participants were categorized as Af pos-
itive (A+) and A negative (A-). For continuous brain amyloid
SUVR, cortical amyloid SUVRs obtained from different PET
tracers were harmonized by UC Berkeley and Lawrence Berkeley
National Laboratory. These SUVRs were normalized using the
whole cerebellum and then transformed into Centiloids.

2.5 | Imaging Analysis
2.5.1 | PVS Visual Rating

PVS in the basal ganglia (BG) and white matter (WM) region
were assessed on T1-weighted images by two postgraduate
students (LX; LL) according to a previously proposed rating
scale (Zhu et al. 2011). Briefly, in the BG region, PVS was
rated 1: <5 enlarged PVS (ePVS), rated 2: 5-10 ePVS, rated
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3: >10 ePVS but the number is still countable, and rated 4:
uncountable; in the WM region, PVS severity was rated 1: <10
ePVS in total, rated 2: > 10 PVS in total but no more than 10
ePVS in a single section, rated 3: 10-20 ePVS in the section
containing the greatest number of ePVS, and rated 4: >20
ePVS in any single section.

2.5.2 | DTI-ALPS Calculation

The processing of DTI data was conducted using FSL 6.0
(https://fsl.fmrib.ox.ac.uk/fsl). The preprocessing steps included
skull stripping, denoising, removing Gibbs artifact, EPI distor-
tion correction, and eddy current correction.

DTI-ALPS was calculated referring to the previous article
(Taoka et al. 2017). Briefly, the FA maps and diffusivity maps
[Dxx, Dyy, Dzz] were acquired from preprocessed diffusion
data using dtifit and then co-registered to the MNI space
through b0 images. Four cross-regions of interest (ROIs)
containing five voxels (40 mm?) were manually placed in the
areas of bilateral projection fiber (proj) and association fiber.
The left and right ALPS index was calculated as [(Dxx-proj
+ Dxx-assoc) / (Dyy-proj + Dzz-assoc)] on each side, respec-
tively. The mean ALPS index is defined by the average of bilat-
eral ALPS indexes.

2.5.3 | FW Calculation

The FW map was calculated using the script from the MarkVCID
(https://markvcid.partners.org/). The MarkVCID is a consor-
tium of US academic medical centers. Its mission is to identify
and validate biomarkers for the small vessel diseases of the brain
that produce vascular contributions to cognitive impairment
and dementia. FW was estimated using a two-compartment
model (Pasternak et al. 2009) by fitting the diffusion data of
water molecules to two tensors. First, the extracellular FW was
quantified to obtain the isotropic FW compartment and the FW
volume fraction. Second, after removing the influence of FW,
the anisotropic tissue compartment was obtained through the
second DTI modeling to obtain the DTI index after the correc-
tion of FW separation. The FW map represents the fractional
volume in every voxel (ranging from 0 to 1) of the FW compart-
ment. Finally, the generated FW maps were registered to struc-
tural images through b0 images, and the mean FW in the WM
was extracted.

2.5.4 | Statistical Analysis

All the statistical analyses were performed in R (version 4.3.0)
and SPSS Statistics, Version 25.0 (IBM). Demographic char-
acteristics between groups were compared using the t-test for
normally distributed continuous variables, the Mann-Whitney
U test for non-normally distributed continuous variables, and
chi-square tests for categorical variables. To reduce site effects,
we conducted multicenter data harmonization on diffusion
metrics FW and DTI-ALPS using the COMBAT method with
age and sex included as biological variables (Fortin et al. 2017).

To remove possible influences of WM microstructural properties
on DTI-ALPS assessment (Huang et al. 2024), we also included
the whole brain WM mean diffusivity (MD) as a covariate in
the analyses involving the DTI-ALPS index. All analyses were
performed in the whole group, the A + group, and the A— group
separately.

2.5.5 | Correlation Among the Three Imaging Markers

First, we tested the correlations among the three imaging mark-
ers. Pearson correlation was used to investigate the correlation
between FW and DTI-ALPS, and Spearman's correlation was
used to investigate the correlation between FW\DTI-ALPS and
PVS scores.

2.5.6 | The Association Between AQP4 SNPS
and Glymphatic Markers

For baseline cross-sectional analysis, multiple linear regres-
sion analysis was used to assess the associations between
AQP4 SNPs and glymphatic markers, with age, sex, and VRFs
as covariates.

Modell: glymphatic marker~SNPI +...4+ SNP6 + age+sex+V
RFs.

For the association between AQP4 SNPs and longitudinal
changes in each glymphatic marker, linear mixed models (Ime4,
R statistics) were employed, with AQP4 SNPs and their interac-
tions with time as independent variables and each glymphatic
marker as the dependent variable. Age, sex, and VRFs were in-
troduced as covariates.

Model2: glymphatic marker~SNPI X time+...+ SNP6 X time+ S
NPI +...+ SNP6 + time + age + sex+ VRFs + (1 + time | Subject).

2.5.7 | The Association Between the AQP4 SNP-Related
Glymphatic Marker and Clinical Characteristics

For baseline cross-sectional analysis, multiple linear regression
analysis was used to assess the associations between the AQP4
SNP-related glymphatic marker (i.e., FW) and amyloid accumu-
lation and cognitive performance. When analyzing the associ-
ation between FW and amyloid accumulation, age, sex, VRFs,
and the status of APOE ¢4 carriers were included as covariates.
When analyzing the association between FW and cognitive per-
formance, education was additionally added as a covariate. The
equations for each model were as follows:

Model3: Amyloid PET Centiloids~FW + age+sex+VRFs+AP
OE &4.

Model4:  cognitive
€4+ education.

measure~FW+age+sex+ VRFs+APOE

Linear mixed models were also employed to investigate the
association between baseline FW and changes in amyloid
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accumulation and cognition. When analyzing the association
between baseline FW and changes in amyloid accumulation,
age, sex, VRFs, and APOE ¢4 status were included as covariates.
When analyzing the association between baseline FW and the
changes in cognition, education was additionally included as a
covariate.

Model5: Amyloid PET Centiloids~FW X time+FW + time + age
+sex+ VRFs+ APOE €4+ (1 +time | Subject).

Model6: cognitive measure~FW X time+FW +time+ age+
sex+ VRFs+ education + APOE €4+ (1+ time | Subject).

2.5.8 | Mediation Analyses

Aftertheprevioussteps,wefoundassociationsbetweenthe SNPs,
FW, and cognitive measures. To test whether FW mediated
the associations between SNPs and cognitive measures,
we built several mediation models (Figures S2-S6). In the A
positive group: (1) SNP rs72878794 — FW — CDR ratio, (2) SNP
rs72878794 - FW — Logical Memory-Delayed Recall score
ratio, and (3) SNP rs72878794 - FW — TMT-A time ratio. In
the A negative group: (1) SNP rs9951307 - FW — CDR ratio,
and (2) SNP rs9951307 - FW — TMT-A time ratio.

Specifically, we used linear mixed models to extract the annual
change ratio of FW and cognitive measures and used the R
“Mediation” package to build and analyze the mediation model.
In all models, the AQP4 SNP was the independent variable, FW
was the mediator, and the cognitive measure was the dependent
variable. On the path SNP —FW, we adjusted for age, sex, and
VRFs; on the path SNP — cognition, we adjusted for age, sex,
VRFs, education, and APOE €4 status. A 95% bootstrap confi-
dence interval based on 10,000 bootstrap replicates was used to
estimate significance.

The FDR correction method was used for multiple com-
parison corrections between glymphatic markers and cog-
nitive scores at the level of three groups to control false
positives. Considering the explorative nature of the cur-
rent study, we reported all statistical results in the paper.
The p-value for statistical significance was set at 0.05,
two-tailed.

3 | Results
3.1 | Demographics

This study included 242 non-demented subjects, among which
95 subjects were A+, and 147 subjects were A—. Subjects in
the A+ group had a higher age, more APOE €4 variations, and
higher amyloid PET Centiloids than the A— group. Subjects in
the A+ group had significantly worse cognitive performances
in MoCA, TMT-A, and TMT-B than the A— group. There were
no significant differences in glymphatic markers between the
A+ group and A— group; please see details in Table 2. Among
the three imaging markers (Figure S10), BG-PVS was correlated
with FW (r=0.190, p=0.003), and FW was correlated with DTI-
ALPS (r=-0.428, p<0.001).

3.2 | Associations Between AQP4 SNPs
and the Glymphatic Imaging Markers

At baseline, none of the AQP4 SNPs was associated with glym-
phatic markers in the three groups. The detailed results are
shown in Tables S1-S3.

For longitudinal analysis, PVS ratings were not included due to
a high PVS burden at baseline. As shown in Table 2, both PVS
rating scores in the BG and WM regions were high (3~4) in ei-
ther the whole group, A+ group, or A— group, which introduced
a ceiling effect and limited statistical power. Therefore, we only
analyzed the changes in FW and ALPS.

As shown in Table 3, in the whole group, there was no asso-
ciation between AQP4 SNPs and FW changes. In the A+
group, the rs72878794 minor allele carrier status was associ-
ated with a slower increase in FW (SNP*time: 3=-0.0040,
t(46.25)=—2.062, p=0.045, 95% CI=—-0.0078 ~—0.0001). In the
A— group, we observed that the rs9951307 minor allele carrier
status was associated with a faster increase in FW (SNP*time:
8 =0.0033, t(81.19)=2.245, p=0.027, 95% CI=0.0004~0.0062).
No significant associations had been found between the AQP4
SNPs and DTI-ALPs changes.

3.3 | Associations Between FW and Clinical
Variables

In the cross-sectional analysis of the whole group (Table 4
and Figure S7), a higher FW was associated with a lower
MMSE score (f-std=-0.162, t(232)=-2.207, p=0.028, 95%
CI=-0.307~-0.017), a lower MoCA score (f-std=-0.190,
t(235)=-2.782, p=0.006, 95% CI=-0.325~-0.056), a
higher CDR score (f-std=0.226, t(233)=3.150, p=0.002,
95% CI=0.084~0.367), a lower Logical Memory-Delayed
Recall score (f-std=-0.256, t(140)=-2.966, p=0.004, 95%
CI=-0.427~-0.085), and a longer TMT-B time (-std=0.223,
t(234)=3.282, p=0.001, 95% CI=0.089~0.357). For the A+
group (Table S5 and Figure S8), more details can be found in
the Supporting Information. For the A— group (Table S6 and
Figure S9), we observed associations between a higher FW and
a lower MoCA score ($-std=-0.197, t(140)=-2.202, p=0.029,
95% CI=-0.373~-0.020), a higher CDR score (f-std=0.313,
t(138)=3.427, p=0.001, 95% CI=0.133~0.494), a lower Logical
Memory-Delayed Recall score (B-std=-0.039, t(81)=-2.716,
p=0.008, 95% CI=-0.536~-0.083), and a longer TMT-B time
(B-std=0.255, t(139) =2.974, p=0.003, 95% CI=0.085~0.424).

For longitudinal analysis in the whole group (Table 5), a higher
baseline FW was associated with a faster decline in MMSE
score (FW * time: f=-2.952, t(119.06) = —3.425, p=0.001, 95%
CI=-4.679~-1.239), a faster increase in CDR score (FW * time:
£=0.550, t(97.28)=5.799, p<0.001, 95% CI=0.361~0.737),
and a faster increase in TMT-A completion time (FW * time:
£=20.491, t(245.26) =4.543, p <0.001, 95% CI=11.564 ~29.354).
In the A+ group (Table S7), a higher baseline FW was associ-
ated with a faster increase in CDR score (FW * time: $=0.675,
t(36.68)=4.087, p<0.001, 95% CI=0.330~1.006), a slower
decline in Logical Memory-Delayed Recall score (FW * time:
B=7.152, t(32.11)=2.451, p=0.020, 95% CI=1.256~13.066),
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TABLE 2 | Demographic data of participants at baseline.

All Group A+ Group A—

(n=242) (n=95) (n=147) p
Age(y) 76.69 +£0.49 78.12+7.18 75.77+7.85 0.011
Female, N (%) 111 (45.9) 48 (50.5) 63 (42.9) 0.242
Education (y) 16.40+0.17 16.03+2.63 16.63+2.72 0.057
Hypertension, N (%) 117 (48.3) 47 (49.5) 70 (47.6) 0.778
Hyperlipidemia, N (%) 85 (35.1) 33(34.7) 52 (35.4) 0.919
Diabetes, N (%) 13 (5.4) 5(5.3) 8 (5.4) 0.952
Smoking, N (%) 23(9.5) 9(9.5) 14 (9.5) 0.990
APOE €4 carriers, N (%) 79 (32.6) 49 (51.6) 30(20.4) <0.001
Amyloid PET Centiloids 25.52+2.71 69.32+34.50 —2.78+10.11 <0.001
Tau PET SUVR? 1.22+0.01 1.26+0.20 1.19+0.11 0.186
Cognitive assessments
MMSE 28.53+0.10 28.33+1.59 28.66+1.38 0.142
MoCA 24.64+0.21 23.97+3.20 25.07+3.25 0.003
CDR global 0.23+0.02 0.30+0.25 0.19+0.24 0.001
Logical Memory-Delayed Recall 12.90+£0.42 12.03+£5.43 13.49+4.71 0.178
TMT-A 34.90+0.75 37.06+11.52 33.50+11.41 0.008
TMT-B 95.39 +3.64 106.15+65.93 88.39+48.47 0.039
Glymphatic markers
Basal ganglia PVS 3(3-3) 3(3-3) 3(3-3) 0.735
White matter PVS 4(3-4) 4(3-4) 4(3-4) 0.906
Fw 0.235+0.003 0.242+0.052 0.231+0.041 0.107
DTI-ALPSY 1.290+0.014 1.289+0.212 1.290+0.224 0.772

Note: Raw data were presented as mean (+ standard deviation [SD]) or number (percentage, %) in tables unless otherwise noted. Data were compared using ¢-tests or

chi-square tests.

Abbreviations: All, the whole group; A+, A positive; A—, Af negative; DTI-ALPS, diffusion tensor image analysis along the perivascular space; FW, free water;
MMSE, Mini-Mental State Exam; MoCA, Montreal Cognitive Assessment; PVS, perivascular space; TMT-A, Trail Making Test-A; TMT-B, Trail Making Test-B.

20f the whole group, 133 did not have tau information.

YOne amyloid-negative participant without the DTI-ALPS index due to image registration failure.

and a faster increase in TMT-A completion time (FW * time:
3=28.398, (41.90) =2.560, p=0.014, 95% CI=6.255~50.780). In
the A— group (Table S8), we also observed that higher baseline
FW was associated with a faster increase in CDR score (FW *
time: $=0.447, t(60.11) = 3.869, p < 0.001, 95% CI1=0.218 ~0.679)
and a faster increase in TMT-A completion time (FW * time:
B=18.070, (50.06) =3.369, p=0.001, 95% CI=6.962~28.750).

In both cross-sectional and longitudinal analyses, we did not ob-
serve any associations between FW and amyloid accumulation.
The results are shown in Table S4.

3.4 | Mediation Analyses Between AQP4 SNPs,
FW, and Cognitive Performance

In all models, we had not observed FW's mediation role be-
tween AQP4 SNPs and cognition. Specifically, in the Af positive

group, the effect of rs72878794 on CDR via FW was not signifi-
cant (f=-0.0047, p=0.08); the effect of rs72878794 on Logical
Memory-Delayed Recall via FW was not significant (=0.0246,
p=0.45); the effect of rs72878794 on TMT-A via FW was not
significant (8=-0.1710, p=0.34). In the AP negative group, the
effect of rs9951307 on the CDR ratio via FW was not significant
(B=-0.0005, p=0.56); the effect of 19951307 on TMT-A ratio
via FW was not significant (8 =0.0557, p=0.08). Detailed results
are shown in Figures S2-S6.

4 | Discussion

In this study, we explored the effects of AQP4 SNPs on glym-
phatic markers and AD progression in non-demented partic-
ipants. Results showed that the AQP4 SNP rs72878794 minor
allele carrier status was associated with a slower increase in FW
in the A positive group, and the AQP4 SNP rs9951307 minor
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p
0.035
0.446
0.334

<0.001
0.002
0.001*

TMT-B

g-std
0.148
—0.048
0.058
—0.240
0.189
0.223

p
0.003
0.165
0.295
0.025
0.016
0.100

TMT-A

B-std
0.217
—0.090
0.066
—0.147
0.153
0.117

p
0.515
0.734
0.016

<0.001
0.835
0.004*

Logistic delayed

B-std
0.062
0.028
0.181
0.288
0.017
—-0.256

p
0.056
0.008
0.187
0.001
0.057

Cognitive assessment
0.002*

CDR global

B-std
—-0.141
-0.175
—-0.084
—0.225

0.121

0.226

p
0.215
0.010
0.988

<0.001
0.043
0.006*

MoCA

—0.087
0.162
—0.001
0.334
—0.123
—0.190

B-std

p
0.920
0.876
0.967
0.089
0.017

0.028*

MMSE

B-std
—0.008
0.011
—0.003
0.116
—0.157
—0.162

Cross-sectional associations between glymphatic imaging markers and cognitive measures in the whole group.

Independent variables

Education

Fw

Sex

Abbreviations: FW, free water; Logical delayed, Logical Memory-Delayed Recall; MMSE, Mini-Mental State Exam; MoCA, Montreal Cognitive Assessment; TMT-A, Trail Making Test-A; TMT-B, Trail Making Test-B; VRFs,

Note: Bold and * meant corrected by FDR, §-std, and standardized betas.
vascular risk factor score.

TABLE 4
Age
VRFs
APOE

allele carrier status was associated with a faster increase in FW
in the AP negative group. FW was associated with global cog-
nition, memory, and executive function in both cross-sectional
and longitudinal analyses. These results may provide insights
for understanding the influence of AQP4 SNPs on the glym-
phatic system and AD progression.

This is the first in vivo study revealing the effect of AQP4
SNPs on WM FW. FW is a diffusion imaging marker that
measures the fraction of water content with unrestricted and
isotropic diffusion. An elevated FW may reflect an increase
in ISF (Duering et al. 2018; Zhang, Huang, et al. 2021; Zhang,
Zhou, et al. 2021). Because AQP4 proteins are crucial for the
CSF -ISF exchange, their structural and functional variations
may alter the water permeability and change the glymphatic
flow. A previous study found that mice with genetic deletion
of AQP4 (AQP4 KO) had larger interstitial spaces and higher
brain water content, despite a similar CSF production rate and
vascular density (Gomolka et al. 2023). Furthermore, the in-
creased interstitial space was associated with a higher water
diffusivity. These results suggested that AQP4 KO could result
in a reduction in glymphatic flow and lead to stagnation of
fluid in the interstitial space. Although this evidence is use-
ful for understanding the modulation of glymphatic flow and
for developing potential treatment methods, no study has in-
vestigated the effect of AQP4 SNPs on glymphatic function in
humans, which could be mild compared to the extreme gene
knock-out approaches.

The AQP4 is encoded by a 3kb gene located on chromosome
18. Depending on the selection of two transcription starting
sites, it can be translated into AQP4-M1 or AQP4-M23 iso-
forms, which differ in structural characteristics and their
ability to form orthogonal arrays of particles, thereby affecting
the water permeability of AQP4 (Nagelhus and Ottersen 2013;
Smith et al. 2014). The rs72878794 is located in the promoter
region upstream of exon 0 of the AQP4 gene (Figure 2). Its poly-
morphism may lead to differential expression of isoforms and
subsequent downstream events (Zhang, Huang, et al. 2021;
Zhang, Zhou, et al. 2021; Hook-Barnard and Hinton 2007). In
the cortex of AD patients, a decrease in the M1-to-M23 iso-
form ratio was associated with changes in the localization of
AQP4 (Zeppenfeld et al. 2017), but how they exactly influence
AD pathology accumulation awaits further investigation.
Chandra et al. (Chandra et al. 2021) found that AQP4 SNP
rs72878794 minor allele carrier status was associated with de-
creased Florbetapir SUVRs, and they inferred that an altered
glymphatic function might mediate the association. Here, we
found that the AQP4 SNP rs72878794 minor allele carrier sta-
tus was associated with a slower longitudinal increase in FW.
Consistent with Chandra's study, this result implies a protec-
tive role of rs72878794 minor allele carrier status.

The rs9951307 is located at the C-terminal end of AQP4, ap-
proximately 15kb downstream of the AQP4 UGA canonical
stop codon (Rainey-Smith et al. 2018), in a region that lacks
known transcription factor-binding sites. Burfeind's study
(Burfeind et al. 2017), using a longitudinal aging cohort,
found that rs9951307 minor allele carrier status was asso-
ciated with a slower cognitive decline in subjects diagnosed
with AD. However, we found that the rs9951307 minor allele
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Cognitive assessment

| Associations between baseline glymphatic imaging markers and longitudinal changes in cognitive measures in the whole group.

TABLE 5

MoCA CDR global Logistic delayed TMT-A TMT-B

MMSE

Independent variables

0.942 —0.053 0.081 —0.004 0.142 0.068 0.210 0.313 0.007 1.713 0.001

0.001

Age

—0.764 0.059 0.047 0.189 —1.561 0.029 2.256 0.143 8.801 0.203

0.776

—0.057

Sex

0.006 0.399 <0.001 —0.014 0.031 0.493 <0.001 —0.847 0.003 —6.544 <0.001

0.101

Education

0.002 —0.543 0.188 0.078 0.032 —1.498 0.044 3.625 0.023 18.064 0.012

—0.633

APOE

0.815 -0.025 0.909 —0.007 0.728 0.657 0.095 0.131 0.879 -0.772 0.842

0.026

VRFs

0.014

—5.756 0.258 0.655 0.142 —29.748 0.001 27.087 0.154 217.417

0.117

—3.864

FwW

0.643

0.326 0.293 —0.110 <0.001 —0.055 0.893 —4.268 <0.001 -1.768

0.005

0.572

Time

0.550 <0.001* 0.043 0.980 20.491 <0.001* 11.080 0.500

0.073

0.001* —2.384

—2.952

FWxtime

Note: Reported are estimates and p-values from linear mixed models with random intercepts and random slopes. The fixed effect of glymphatic marker*time was interpreted as the effect on longitudinal glymphatic change. Bold and

* meant corrected by FDR.

Abbreviations: FW, free water; Logical Delayed, Logical Memory-Delayed Recall; MMSE, Mini-Mental State Exam; MoCA, Montreal Cognitive Assessment; TMT-A, Trail Making Test-A; TMT-B, Trail Making Test-B; VRFs,

vascular risk factor score.

carrier status was associated with a faster increase in FW,
which is detrimental, in the A@-negative group. The dis-
crepancy may result from various reasons. Burfeind's study
included subjects diagnosed with AD. Because clinically di-
agnosed AD was already in a late stage, complex degenera-
tive pathologies might be involved, obscuring the effect of
AQP4 SNPs. Studying non-demented populations may reduce
these confounding factors and provide an understanding
of early pathological mechanisms. Our finding is consistent
with a study showing that rs9951307 minor allele status was
associated with severe brain edema (Kleffner et al. 2008) in
stroke patients. Since rs9951307 does not change the amino
acid sequence, it is unlikely to affect the function of AQP4. Its
association with clinical features might be due to other gene
variations that are in linkage disequilibrium with rs9951307,
but further experiments are needed to gain insights about the
detailed mechanisms.

FW has been found sensitive to cognitive impairments. Maillard
(Maillard et al. 2017) et al. found that higher baseline FW was
associated with lower global cognition, memory, and executive
function. Furthermore, longitudinal changes in FW were also
associated with the decline of cognitive function. Several other
studies also reported the relationships in community cohorts,
patients with cerebral vascular diseases (Huang et al. 2022), AD
continuum (Kamagata et al. 2022; Zhu et al. 2022), etc. In this
study, we confirmed their associations in both cross-sectional
and longitudinal analyses. However, there was no significant
correlation between FW and amyloid accumulation, and we
had not investigated the association between FW and tau due
to a small sample size. It should be noted that ISF stagnation
may influence the clearance of a wide range of metabolic wastes
and poisonous proteins, and it may cause brain degeneration
through other pathological mechanisms rather than amyloid ac-
cumulation. Further studies are needed to clarify the detailed
mechanism.

We did not observe any associations between SNPs and PVS
or ALPS. Although the three imaging markers are all related
to the glymphatic system, they reflect different structural or
functional properties, as discussed above. These properties are
influenced by distinct pathological processes, such as arterial
stiffness or venous collagenosis. As a result, the three markers
may not exhibit simultaneous changes under a specific disease
condition but instead display varied alteration patterns across
different neurological diseases.

This study is subject to several limitations. First, we included
only SNPs that are associated with AD, and thus, we cannot
dismiss the potential impact of previously reported SNPs unre-
lated to AD on our results. Second, the sample size was relatively
small for uncovering associations between genetic variations
and clinical or imaging features due to the requirements for
genetic data and multi-sequence imaging data. This limitation
may explain the lack of significant findings regarding PVS and
DTI-ALPS. Similarly, although AQP4 SNPs were associated
with FW, and FW was associated with cognitive scores, we did
not observe a mediation effect, possibly due to a small effect size.
While ADNTI is already the largest multi-center project focused
on AD, a substantial portion of data has not yet been released.
Future studies with larger sample sizes are necessary to validate
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our findings. Third, the involvement of multiple research cen-
ters may contribute to variability in diffusion metrics. However,
as the acquisition protocol of ADNI has been harmonized by a
specialized imaging core and we have conducted multi-center
harmonization, these differences should have been minimized.
Lastly, although we used the three most widely used markers
to represent glymphatic-related changes, the pathophysiological
underpinnings of these markers are still undergoing validation.
Caution should be exercised when interpreting the results.

5 | Conclusion

AQP4 SNPs are associated with FW accumulation, which is fur-
ther associated with longitudinal cognitive decline.

6 | ADNI Consortia Information

Data used in preparation of this article were obtained from the
Alzheimer's Disease Neuroimaging Initiative (ADNI) database
(adni.loni.usc.edu). As such, the investigators within the ADNI
contributed to the design and implementation of ADNI and/
or provided data but did not participate in analysis or writing
of this report. A complete listing of ADNI investigators can be
found at: http://adni.loni.usc.edu/wp-content/uploads/how_to_
apply/ADNI_Acknowledgement_List.pdf.
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