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Early glymphatic failure in App™“* knock-in
mice is linked to parenchymal border
macrophages loss
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Amyloid-g (AB) accumulation is a hallmark of Alzheimer’s disease. Cerebral Af deposition is attenuated by a function-
al glymphatic system, in which perivascular entry of CSF and its exchange with interstitial fluid mediate solute clear-
ance. Parenchymal border macrophages (PBMs), positioned along glymphatic pathways, are emerging as important
players for glymphatic clearance. However, how glymphatic function and PBMs are affected in App knock-in models
of Alzheimer’s disease is unknown.

In this study, we used two App knock-in mouse models that develop progressive Af pathology, App
App™'F mice showed reductions in glymphatic influx and clearance at 6 months, preceding substantial Ag plaque de-
position. The decrease in glymphatic function in App™-F mice was correlated with a loss of PBMs and altered marker
expression. Acute administration of AB into the CSF decreased the number of PBMs and impaired glymphatic trans-
port in wild-type mice, thus recapitulating the pre-plaque stage. In contrast, the number of PBMs was not reduced in
App™-SF mice, possibly owing to an enhanced Af phagocytic capacity in PBMs. Four weeks of systemic anti-Ag anti-
body treatment efficiently reduced Af plaque load and rescued PBMs in some brain regions; however, the treatment
did not restore glymphatic function in the App™* model.

These findings suggest that glymphatic dysfunction in App knock-in models of Alzheimer’s disease is not driven by
parenchymal AB plaque load but is closely linked to pre-plaque AB-induced loss of PBMs. Preservation of PBM abun-
dance and their normal marker expression might be important for maintaining glymphatic function and mitigating
early progression of Alzheimer’s disease.
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Glymphatic failure and PBM loss in AD
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Introduction

Alzheimer’s disease is a leading cause of cognitive impairment and
dementia worldwide, affecting ~5% of individuals aged 65-74 years
and <33% of those aged >85 years.” One of its key histopathologic-
al hallmarks is the accumulation of amyloid-g (AB) plaques in the
brain.*

Emerging evidence suggests that the glymphatic system contri-
butes to clearing protein waste, including Af peptide, through a net-
work of perivascular channels.”® This fluid transport is critically
dependent on aquaporin-4 (AQP4) water channels polarized to the
vascular endfeet of astrocytes.”™! In humans, loss of perivascular

1213 and ex-

AQP4 localization is correlated with increased AR burden,
perimental disruption of glymphatic function in rodents accelerates
AB deposition.’**® Although these findings demonstrate that glym-
phatic impairment can worsen AB pathology, potential changes in
the glymphatic system across the natural course of Alzheimer’s dis-
ease remain incompletely understood, with existing animal studies
reporting inconsistent outcomes.”’ ' Previous studies using trans-
genic amyloid precursor protein (APP) mouse models have demon-
strated impaired glymphatic function in Alzheimer’s disease.'>*"*
However, concerns have been raised regarding potential artefacts re-
sulting from the overexpression of APP-derived non-Ap fragments in
those models.?»* Therefore, preclinical studies using next-
generation Alzheimer’s disease models with greater physiological
relevance, such as App knock-in models, are warranted.

Given the crucial role of AQP4 in facilitating glymphatic trans-
port, its dysfunction has been proposed as a potential contributor
to impaired glymphatic function in Alzheimer’s disease.’"??
However, a recent study showed that restoring perivascular AQP4
localization through adeno-associated virus (AAV)-mediated over-
expression of AQP4-M23 at perivascular endfeet in Alzheimer’s
mice was insufficient to restore glymphatic flow or reduce brain
AB deposition.”® This suggests that additional regulatory mechan-
isms beyond AQP4 contribute to glymphatic impairment in
Alzheimer’s disease. Brain border-associated macrophages are spe-
cialized immune cells located at the interfaces of the brain, includ-
ing the meninges, choroid plexus and perivascular spaces.?* Among
these, perivascular macrophages (PVMs) and leptomeningeal
macrophages [collectively referred to as parenchymal border
macrophages (PBMs)] reside along key anatomical routes of the
glymphatic system and have recently been identified as key regula-
tors of glymphatic flow.'* PBMs have been shown to regulate glym-
phatic flow by influencing vascular pulsatility,"* which is recognized
as a crucial driving force of the glymphatic system.?*?” As profes-
sional phagocytes,* PBMs perform immune surveillance at the
brain borders and respond to both exogenous and endogenous anti-
gens. Af pathology, especially soluble AB in the CSF, could be an im-
portant environmental stimulus for PBMs, because these cells reside
at the brain borders and are directly exposed to the CSF. How such
AB-driven changes shape PBM responses during Alzheimer’s dis-
ease progression, and how these alterations might subsequently af-
fect glymphatic transport, remain incompletely understood.

In this study, we investigated changes in glymphatic function
during the progression of Alzheimer’s disease and examined the
contribution of PBMs to these alterations using physiologically rele-
vant App knock-in mouse models. By integrating measurements of

glymphatic transport with analyses of PBM alterations and Af path-
ology, we aimed to gain a better understanding of how PBM-related
changes influence the glymphatic system in Alzheimer’s disease.

Materials and methods

Male and female homozygous App™"“F and App™*"“F knock-in mice

were bred locally at Lund University and maintained on a C57BL/6
background. App™*F knock-in mice carry two familial Alzheimer’s
disease-associated mutations in the App gene: the Swedish muta-
tion (NL) and the Iberian mutation (F), whereas App™*"°F knock-in
mice additionally harbour the Arctic mutation (G).>?> Wild-type
C57BL/6 mice (used as controls; WT) were purchased from
Charles River Laboratories and Janvier Labs. Both male and female
mice were used in experiments involving App knock-in mice: circu-
lar points denote female mice, and triangular points denote male
mice in the graphs. Only male mice were used in the acute Af injec-
tion and clodronate-induced macrophage depletion experiments.
Animals were housed in a climate-controlled facility under a stand-
ard 12 h-12 h light-dark cycle, in groups of two to five in individual-
ly ventilated cages with environmental enrichment and ad libitum
access to normal food and water. All experiments were performed
following international guidelines on experimental animal re-
search and were approved by the Malmoé-Lund Ethical Committee
on Animal Research in Sweden (5.8.18-08269/2019, 5.8.18-20240/
2021, V 2023/1245 and 5.8.18-04510/2024). Animals were allocated
randomly to experimental groups where applicable.

Mice were anaesthetized with anintraperitoneal injection of ketamine
(100 mg/kg) and xylazine (20 mg/kg). After loss of the toe-pinch reflex,
each mouse was placed on a small animal physiological monitoring
device connected to a head-fixation frame (Harvard Apparatus). The
cisterna magna (CM) was revealed by making an incision and reflect-
ing the muscles overlying the back of the skull, as previously de-
scribed.?® CM injection was then performed using a 30-gauge dental
needle (SOPIRA® Carpule®) connected to a 100 ul Hamilton syringe
(Hamilton) via polyethylene (PE) 10 tubing (AgnTho’s). The cannula
was fixed to the skull using glue and dental cement. Alexa Fluor™
647 conjugated bovine serum albumin [BSA-647, 67 kDa, 10 mg/ml, di-
luted in artificial CSF (aCSF), A34785, Invitrogen] was injected into the
CM at a rate of 1 ul/min for a total volume of 10 pl using a KDS Legato
100 single infusion syringe pump (KD Scientific).

At the experimental end points, in vivo transcranial images of each
mouse were captured using a Nikon SMZ25 stereomicroscope with
a Plan Apo 0.5x objective [numerical aperture (NA) 0.08] and an
Andor Zyla VSC-04095 camera. After imaging, the mice were de-
capitated, and their brains were rapidly extracted and fixed over-
night in 4% paraformaldehyde by immersion. Following fixation,
ex vivo brain images were acquired using the same SMZ25 micro-
scope. Mean tracer intensity within defined regions of interest
was quantified using Image] software (v.1.53c).
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Brains were then sectioned into 100-um-thick coronal slices
using a Leica V1200S vibratome (Leica Biosystems). For tracer ana-
lysis in brain sections, five slices per mouse, spanning from bregma
+2 to —2 mm, were imaged with a Nikon ECLIPSE Ti2 microscope
using a Plan Apo 4x A objective (NA 0.2) and a Nikon DS-Qi2 camera.
Following automated slice artefact removal, mean tracer intensity
across each whole brain slice masked by a common threshold
was calculated using Python (v.3.11.5). All analysis codes are openly
available online: https:/github.com/kswanberg/Osv/blob/main/
20240419_Image_Processing Methods.pdf.

Mice were anaesthetized with isoflurane (2.5%-3.5% in O, for induc-
tion, 1.5%-2.5% in O, for maintenance, 0.8-1 I/min flow rate) and posi-
tioned in a stereotactic frame. The body temperature was maintained
using a heating pad. After exposing the dorsal skull, a burr hole was
drilled at the designated coordinates. A glass capillary connected to
a Hamilton syringe (Hamilton Company) was inserted slowly into
the target brain structure. After injection, the capillary was left in
place for 5 min to minimize backflow before being slowly withdrawn.
The incision was subsequently closed using Histoacryl® surgical glue
(B. Braun Medical AB), and bupivacaine (Marcain® 5 mg/ml, Aspen
Nordics) was applied subcutaneously for local analgesia. Mice were al-
lowed to recover in a heated cage until fully awake.

For intracerebroventricular injection of Ap, the lateral ventricle
was targeted at anteroposterior —0.2 mm; mediolateral —1.0 mm,;
dorsoventral —2.0 mm from the dura. A total volume of 6 ul aCSF
or AB;_4o-HiLyte™ Fluor 647 (AS64161, Anaspec) or non-fluorescent
AB1-45 (AS20276, Anaspec) was injected at 1 ul/min. The AB;_4, pep-
tide was reconstituted using 1.0% NH,OH in aCSF as the solvent fol-
lowing the manufacturer’s instructions and was prepared as a
0.5 ug/ul working solution.

For intracerebroventricular injection of liposome to deplete brain
macrophages, the lateral ventricle was targeted at anteroposterior
—0.2 mm; mediolateral —1.0 mm; dorsoventral —2.0 mm from the
dura. A mannosylated macrophage depletion kit (m-Clodrosome® +
m-Encapsome®, SKU# CLD-8914, Encapsula) was used. A total volume
of 8 ul of m-Clodrosome or m-Encapsome (control liposome) was in-
jected at a rate of 1 pl/min.

For intraparenchymal tracer injections, the striatum was tar-
geted at anteroposterior +0.6 mm; mediolateral —2.0 mm; dorso-
ventral -3.3mm from the skull. A total of 1ul of fluorescent
tracer mixture was injected at a rate of 0.2 pl/min. The fluorescent
tracer mixture contained Alexa Fluor™ 647-conjugated 67 kDa
BSA (3.3 mg/ml in aCSF) and Texas Red™-conjugated 3 kDa dextran
(D3328, Invitrogen; 3.3 mg/ml in aCSF). Forty-eight hours after in-
jection, mice were anaesthetized with ketamine and xylazine and
transcardially perfused with PBS and 4% paraformaldehyde.
Brains were post-fixed by immersion in 4% paraformaldehyde over-
night before further processing and analysis.

To achieve optical clearing of the brains, a modified
immunolabelling-enabled 3D imaging of solvent-cleared organs
(iDISCO+) protocol was performed as previously described.?®*
Briefly, samples were dehydrated in a graded series of methanol/
H,0 solutions (20%, 40%, 60%, 80% and 100%; 1.5 h each) followed
by another 100% methanol overnight. Delipidation was performed
using methanol:dichloromethane (33%:66%) for 6 h, then washed
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twice with 100% dichloromethane (30 min each). Samples were
subsequently immersed in ethyl cinnamate (ECi, 100%) for
>7 days before imaging. Cleared brains were imaged using a
LaVision UltraMicroscope Blaze light-sheet microscope (Miltenyi
Biotec) controlled by ImSpectorPro software (Miltenyi Biotec).
Imaging was performed with a 1.1x objective (Miltenyi Biotec MI
PLAN 1.1x, numerical aperture 0.1) and 6 um step size. Filter sets
used included: excitation at 488 nm with emission at 525/50 nm
for structure reference; excitation at 640 nm with emission at 680/
30nm for injected BSA-647 imaging, and excitation at 561 nm
with emission at 595/40 nm for injected 3kDa Dextran-Texas
Red™ imaging. The image stacks were imported into Arivis
Vision4D v.3.5 (Zeiss Arivis) for 3D reconstruction and analysis.
3D reconstructed brains were analysed using the built-in Analysis
Pipeline of Arivis Vision4D. The sum intensity and sum volume of
all voxels with an intensity value above a constant threshold
were calculated to assess glymphatic clearance from the brain as
previously described.*!

Immunostaining was performed on 100-um thick brain sections.
Briefly, sections were first blocked for 3h at room temperature
(RT) under gentle shaking in a blocking solution containing 1%
BSA, 5% normal donkey serum, 0.5% Triton X-100 and 0.5%
Tween-20 in PBS. After blocking, sections were incubated with pri-
mary antibodies overnight at 4°C under gentle shaking. Following
primary antibody incubation, sections were washed, then incu-
bated with appropriate secondary antibodies (1:500) for 2 h at RT
under gentle shaking. Before final mounting, slices were counter-
stained with 4’,6-diamidino-2-phenylindole (DAPI) (1:1000, D1306,
Invitrogen).

The primary antibodies used in this study included: rabbit-anti-
Lyvel (1:300, PA5-19620, Invitrogen), rabbit-anti-Laminin (1:1500,
L9393, Merck), rat-anti-CD206 (1:300, MCA2235, Bio-Rad),
rabbit-anti-AQP4 (1:250, AB3594, Millipore), rabbit-anti-Af; 4,
(H31L21) (1:750, 700254, Invitrogen) and rabbit-anti-Af; 40 (1:500,
IBL #18580). The secondary antibodies used in this study included:
donkey-anti-rabbit Alexa Fluor® 568 (A10042, Invitrogen), donkey-
anti-rat Alexa Fluor® 568 (ab175475, Abcam), donkey-anti-rabbit
Alexa Fluor® 488 (A21206, Invitrogen) and donkey-anti-rat Alexa
Fluor® 488 (10123952, Invitrogen).

For staining with rabbit-anti-Af;4, (H31L21) and
rabbit-anti-Af; 40, slices were incubated in 85% formic acid at RT
for 10 min before blocking. For staining with rabbit anti-laminin,
slices were incubated with pepsin (R2283, Merck) at 37°C for 10—
15 min before blocking. Lectin staining (Lycopersicon esculentum,
1:200, L0401, Sigma-Aldrich) was performed together with DAPI
staining by incubating slices for 20 min at RT under gentle shaking.

Confocal images were acquired using a Nikon A1RHD confocal
scanning microscope with a Plan Apo 20x A objective (N.A. 0.75)
and a Nikon Alplus camera. Image analysis and quantification
were performed using Image] software (v.1.53c). Confocal images
of the leptomeninges covering the dorsal cortex were acquired for
quantification of leptomeningeal macrophages. For quantification
of PVMs, all macrophages along vessels within the defined regions
of interest were included, regardless of vessel diameter. AQP4 po-
larization along cerebral blood vessels was quantified as previously
described.*"*? Briefly, blood vessels were selected randomly from
confocal images and analysed cross-sectionally using the line plot
tool in Image]. The line was drawn to include both the AQP4 signal
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at the vascular endfeet and the surrounding parenchymal region.
The AQP4 polarization index was calculated as the ratio of the aver-
age peak fluorescence intensity at the vascular endfeet to the aver-
age intensity in the adjacent parenchyma.

Mice were anaesthetized with intraperitoneal ketamine and xyla-
zine and transcardially perfused with PBS before brain collection.
Brain tissue suspensions were prepared using the Neural Tissue
Dissociation Kit (130-092-628, Miltenyi Biotec) according to the
manufacturer’s protocol. CD11b" cells, containing brain macro-
phages, were enriched by magnetic-activated cell sorting (MACS)
using CD11b microbeads (130-093-634, Miltenyi Biotec). Fc receptor
blocking was performed before staining using anti-mouse CD16/32
(1:100, 156604, BioLegend). Cells were analysed using a FACS Aria™
Il cytometer (BD Biosciences) with FACS Diva software (BD
Biosciences). Viable cells were identified using propidium iodide
(PI) staining (1:1000, 421301, BioLegend), and PI-negative cells
were gated for further analysis. Antibodies used included: anti-
mouse CD38-PE-vio770 (1:50, 130-102-374, Miltenyi Biotec), anti-
mouse MHCII-PE (1:50, 130-102-186, Miltenyi Biotec), anti-mouse
CD206-PerCP-eFluor™ 710 (1:100, 46-2061-82, Invitrogen) and anti-
mouse CD45-APC-Vio® 770 (1:100, 130-118-559, Invitrogen). CD38
was used as a substitute for Lyvel in flow cytometry according to
a previous study.>® Data were analysed with Flowjo software
v.10.4.0 (Becton Dickinson and Company).

For in vitro phagocytosis assays, CD11b" cells, including brain
macrophages, were incubated with Af; 4,-HiLyte™ Fluor 647
(AS64161, Anaspec, 2.5 uM) and 1.0 um FluoSpheres™ Polystyrene
Microspheres (505/515nm yellow—green fluorescent, F13081,
Invitrogen, ~200 microspheres/cell) at 37°C for 30 min in a cell incu-
bator. After incubation, the cells were thoroughly washed and
stained with appropriate antibodies before analysis with a FACS
Aria™ III cytometer.

Male and female homozygous 20-week-old App™" mice were used

in this experiment. The recombinant antibodies RmAb158>*%° (tar-
geting aggregated A) and RmAbSyn023**” (targeting aggregated
alpha-synuclein, used as a control IgG) were generated as previous-
ly described. Antibody (10 mg/kg) was administered intraperitone-
ally in PBS solution once a week for 5 weeks consecutively. Seven
days after the final dose, end-point experiments were conducted
on the mice.

Mice were anaesthetized with intraperitoneal ketamine and xyla-
zine. After loss of the toe-pinch reflex, each mouse was placed on
a small animal physiological monitoring device connected to a
head fixation frame (Harvard Apparatus). The CM was exposed as
previously described. A 30-gauge dental needle (SOPIRA®
Carpule®) was then inserted into the CM. The needle was connected
to a 1 ml syringe via PE-50 tubing (AgnTho’s). CSF was collected by
gently pulling back on the syringe plunger. Af concentrations in
CSF were quantified using the Mesoscale Discovery (MSD) platform
with the MSD V-PLEX 6E10 Kit (AB1_3s, AB1_0 and ABy_4p; K1200E-2),
following the manufacturer’s instructions. Plates were read with a
QuickPlex Q120 instrument, and data were analysed using MSD
Discovery Workbench software.
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Spontaneous alternation behaviour in the Y-maze was used to as-
sess spatial working memory performance, as previously de-
scribed.®® Briefly, mice were placed in one arm of a Y-shaped
maze, where the three arms (30 cm length x 15 cm height x5 cm
width) were arranged at 120° angles from each other. Mice were al-
lowed to explore the maze freely for 8 min, while being recorded
by a camera placed above the maze. The videos were analysed using
ANY-maze (Stoelting Europe). A spontaneous alternation was de-
fined as consecutive entries into all three different arms without
repetition. The percentage of spontaneous alternation was calcu-
lated as 100 x (number of alternations)/ (total number of arm entries
—2), providing a measure of spatial working memory performance.

All statistical analyses were conducted using GraphPad Prism v.10
(GraphPad Software). Data normality was assessed using the
Shapiro-Wilk test and the D’Agostino-Pearson omnibus (K?) test.
The specific statistical tests used for each dataset, along with the
corresponding sample size (n), are detailed in the respective figure
legends. Statistical significance was determined using Student’s
unpaired two-tailed t-test, the Mann-Whitney U-test (for non-
normal distributions) or Welch'’s t-test (for unequal variances)
when comparing two independent groups, and paired t-test when
comparing values from the same group. For comparisons involving
three independent groups, one-way ANOVA, Brown-Forsythe
ANOVA (for unequal variances) or the Kruskal-Wallis test (for non-
normal distributions) was used, followed by appropriate multiple-
comparisons tests. For comparisons involving two factors, two-way
ANOVA or repeated-measures two-way ANOVA was applied, with
appropriate multiple-comparisons tests. For the two-way ANOVA,
datasets that did not meet the assumption of normality were log,-
-transformed prior to statistical testing to satisfy the requirements
of parametric analysis. For correlation analyses, Pearson’s correl-
ation (n>20 and parametric) or Spearman’s correlation (n<20 or
non-parametric) was used. A P-value of <0.05 was considered stat-
istically significant for rejecting the null hypothesis.

Results

App"-SF mice exhibited apparent Ag plaque deposition as early as

2 months of age (Supplementary Fig. 1A, F and G) and displayed sig-
nificant spatial memory deficit at 12 months (Supplementary Fig. 2),
consistent with previous findings.”” To assess glymphatic influx func-
tion in these mice, CM injection with the fluorescent tracer BSA-647
was performed at 2, 4 and 12 months of age and compared with age-
matched WT mice (Supplementary Fig. 1A). Surprisingly, despite rapid
AR deposition, glymphatic influx in these mice remained comparable
to age-matched WT controls at all examined ages, based on both in
vivo and ex vivo CSF tracer imaging quantification (Supplementary
Fig. 1B-E). Furthermore, no correlation was observed between glym-
phatic influx and parenchymal AB; 4, burden of App™"°F mice at
any age (Supplementary Fig. 1H-J) or overall (Supplementary Fig. 1K).

Unlike App™-©F mice, App™** mice exhibit a slower pattern of
Ap accumulation?” and show only a minimal parenchymal AB;_4,
deposition at 6 months of age (Fig. 1A, I and ]). Interestingly, a sig-
nificant decrease in glymphatic influx was found in App™"F mice
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at 6 months of age compared with WT mice, as shown by both in
vivo and ex vivo CSF tracer imaging (Fig. 1B-E), which was confirmed
by brain slice quantification (Fig. 1F-H). Again, no correlation was
observed between glymphatic influx and AB; 4, burden across
ages (Fig. 1K), supporting that glymphatic impairment occurs inde-
pendently of parenchymal AB deposition in App knock-in models.

Two-way ANOVA also showed a significant main effect of age,
confirming an age-dependent decline in glymphatic influx, as re-
ported previously.>® However, the interaction between age and
genotype was not significant, indicating that the magnitude of
age-related decline did not differ between genotypes.

We also assessed Af;_40 expression in the mice. A4 levels were
much lower and were detectable only in 12-month-old App™-©*
mice. No correlation was found between glymphatic influx and par-
enchymal AB;_4 level in this group (Supplementary Fig. 3).

To assess whether glymphatic clearance was impaired in
App"“F mice, we performed intrastriatal injections of fluorescent
tracer. The tracer was allowed to circulate and be cleared for 48 h
before the mice were sacrificed. Residual tracer distribution
throughout the brain 48 h post-injection was quantified and used
as a measure of glymphatic clearance (Fig. 2A). Sum tracer volume
and intensity around the injection site were significantly higher in
App"“F mice than WT mice specifically at 6 months of age (Fig. 2B—
G), suggesting impaired clearance of the injected tracer and re-
duced glymphatic clearance function.

Together, these data suggest that glymphatic dysfunction
emerges selectively in App™"* mice at 6 months of age, a stage at
which parenchymal A plaque deposition is still minimal.

It is well established that polarization of AQP4 water channels to
the astrocytic endfeet is crucial for efficient glymphatic function.’
To investigate whether impaired AQP4 polarization contributes to
glymphatic dysfunction in App""* mice, we calculated their AQP4
polarization index. Our analysis revealed no significant difference
in AQP4 polarization between App™-F mice and WT mice at 4, 6
and 12 months of age (Supplementary Fig. 4), suggesting that the re-
duced glymphatic influx observed in App™F mice at 6 months is
not attributable to disrupted AQP4 polarization and that other me-
chanisms might be responsible for this effect.

It was reported recently that PBMs regulate CSF flow and glym-
phatic influx by affecting vascular pulsatility.”* Our own data also
confirmed that depletion of PBMs using clodronate liposome led
to a reduced glymphatic influx (Supplementary Fig. 5). We next in-
vestigated whether PBM populations are altered in App™-F mice.
Using CD206 immunostaining on brain sections, there was a signifi-
cant reduction in both leptomeningeal and perivascular macro-
phage populations in App™“F mice at 6 months of age, compared
with age-matched WT mice (Fig. 3A-E). Correlation analysis con-
firmed that the number of perivascular macrophages was positive-
ly correlated with glymphatic influx at 6 months of age (Fig. 3F-H).
In contrast, the number of PBMs was preserved in the App™"°F mice
(Supplementary Fig. 1L-N).

Both human and animal studies have shown that increased paren-
chymal A deposition is associated with reduced levels of AB in the
CSF.***1 Thus, Alzheimer’s disease models with slow and late-onset
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parenchymal A plaque formation, such as App™* mice, have a pro-

longed period of elevated CSF A levels. Meanwhile, in mouse mod-
els with rapid AB plaque accumulation, such as the App™°F mouse
model, the period with high levels of AB in the CSF is shorter.
Correspondingly, our data confirmed that the level of AB;_4, in the
CSF was significantly higher in App™“F mice than App™*¢* mice
(Supplementary Fig. 6A-C). We thus next investigated whether AB
in the CSF was sufficient to trigger a loss of PBMs.

To test this, AB1_4» Was introduced into the CSF of C57BL/6 mice
via lateral ventricular injection (Fig. 4A). The dynamic changes of
CSF concentration of AB;_4, after injection were validated by multi-
plex electrochemiluminescence immunoassay (Supplementary
Fig. 7A). The peak concentration at 3 h after injection in our experi-
ment was consistent with a previous study reporting a similar con-
centration at 30 min after injection.*? Similar concentrations were
observed in 7-month-old App™T mice in our experiments
(Supplementary Fig. 6A) and in cognitively unimpaired humans
(~500-1500 pg/ml), as previously reported.**** Flow cytometry re-
vealed a significant reduction in the number of PBMs at 24 h, but
not 3h after AB; 4, injection (Fig. 4B and C). Further analysis of
PBM subtypes indicated that the most notable decrease occurred
in CD38" macrophages (i.e. the Lyvel® macrophages) (Fig. 4D).
After intracerebroventricular injection of AB;4,, brain macro-
phages were found to phagocytose the injected Af; 4, (Fig. 4E-G
and Supplementary Fig. 7B). Subtype analysis confirmed that
CD38" macrophages were the primary population responsible for
ApBi_4p uptake (Fig. 4E). These findings suggest that the reduction
in macrophage numbers mainly affected the subset engaged in
AB1-4> phagocytosis. Moreover, macrophages were capable of de-
grading the phagocytosed Af; 4, as evidenced by a decrease in
both the percentage of AB; 4" macrophages and the median Af;_
42 signal intensity from 3 to 24 h post-injection (Fig. 4F and G).
Additional analysis showed that MHCII" macrophages were more
efficient at degrading AB;_4,, as indicated by lower levels of residual
AB142 in these cells 24 h after the injection (Fig. 4H).

We next asked whether these acute AB-induced changes in
PBMs were associated with impairment of glymphatic influx. We
found that AB;_4»-injected mice showed significantly reduced glym-
phatic influx and fewer PBMs in comparison to controls (Fig. 5SA-H).
Moreover, the abundance of PBMs was positively correlated with
glymphatic influx efficiency (Fig. 51-K).

Together, the data suggest that a high level of A in the CSF is
toxic to PBMs and that this is associated with subsequent glympha-
tic dysfunction.

Brain macrophages are professional phagocytes. A phagocytosis
and clearance are considered protective responses against the pro-
gression of Alzheimer’s disease.’®*” We next assessed the phago-
cytic function of macrophages from App™"F mice using in vitro
phagocytosis assays with fluorescently labelled AB;_4, and micro-
spheres (Fig. 6A). Flow cytometry analysis revealed that the phago-
cytic capacity for engulfing microspheres was similar among
macrophages from App"¢F, App™'T and age-matched WT mice
(Fig. 6B and C). However, macrophages from App™-¢ mice exhib-
ited augmented phagocytosis of AB; 45, Which was accompanied
by upregulated MHCII expression (Fig. 6D-F). Macrophages from
App"~F mice failed to upregulate their Ag-specific phagocytic cap-
acity, in contrast to the App™-“F model, indicating specificity in
this compensatory response.
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Figure 2 Decreased glymphatic clearance in 6-month-old App™ - mice. (A) Schematic representation of experimental design. Created with BioRender.
com. Liu, N. (2026) https:/BioRender.com/r7h0iOt. (B) Representative 3D reconstructed images of optically cleared brains showing the distribution of
injected fluorescent 3 kDa dextran: dorsal view (left), left lateral view (middle) and close-up anterior view (right). (C) Quantification of fold change ininter-
stitial 3 kDa dextran sum volume remaining around the injection site (Student’s unpaired two-tailed t-test or Mann-Whitney U-test, n=6-9). (D)
Quantification of fold change in interstitial 3 kDa dextran sum fluorescence intensity remaining around the injection site (Student’s unpaired two-
tailed t-test or Mann-Whitney U-test, n=6-9). (E) Representative 3D reconstructed images of optically cleared brains showing the distribution of in-
jected fluorescent 67 kDa BSA: dorsal view (left), left lateral view (middle) and close-up anterior view (right). (F) Quantification of fold change in interstitial
67 kDa BSA sum volume remaining around the injection site (Student’s unpaired two-tailed t-test or Mann-Whitney U-test, n = 6-9). (G) Quantification
of fold change in interstitial 67 kDa BSA sum fluorescence intensity remaining around the injection site (Student’s unpaired two-tailed t-test or Mann—
Whitney U-test, n = 6-9). Box plots show the median, interquartile range and full data range. Each point represents data from one animal; circles denote
female mice, and triangles denote male mice. *P < 0.05; ns = not significant. BSA =bovine serum albumin; m = month; WT = wild-type.

Figure 1 Continued

Scale bar = 1000 um; 250 um in inset. (G) Quantification of mean fluorescence intensity of CSF tracer influx in coronal brain slices by location (-2, -1, 0, +1
and +2 mm from bregma) (repeated measures two-way ANOVA with $iddk’s multiple comparisons test, n = 13, 13). (H) Quantification of CSF tracer in-
flux in coronal brain slices averaged across all five brain slices collected (Student’s unpaired two-tailed t-test, n=13, 13). (I) Representative confocal
images of ABi_4, staining in the dorsal cortex. Scale bar=100 um. (J) Quantification of percentage area of Af; 4, plaque in dorsal cortex (Brown-
Forsythe ANOVA test with Dunnett’s T3 multiple comparisons test, n=13-14). (K) Spearman correlation analysis between CSF tracer influx and
AB1-4> deposition level at different ages. Box plots show median, interquartile range and full data range. Each point represents data from one animal;
circles denote female mice, and triangles denote male mice. *P < 0.05, *P < 0.01 and ***P < 0.0001; ns = not significant. BSA = bovine serum albumin; MCA
=middle cerebral artery; m = month; rs = non-parametric Spearman correlation coefficient; WT = wild-type.
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Figure 3 Glymphatic influx impairment in App™"¥ mice is correlated with loss of parenchymal border macrophages. (A) Representative images of

CD206" leptomeningeal macrophages in 6-month-old App™*"f and WT mice. Scale bar = 50 um. (B) Quantification of the number of CD206"* leptomen-
ingeal macrophages in each group (two-way ANOVA with $idak’s multiple comparisons, n = 11-14). (C) Representative images of CD206* PVM in cortex
and hippocampus of App™*F and WT mice at 6 months old. Scale bar = 50 um. (D) Quantification of the number of cortical CD206* PVMs in each group
(two-way ANOVA with $idak’s multiple comparisons, n = 12-14). (E) Quantification of the number of hippocampal CD206* PVMs in each group (two-way
ANOVA with $idak’s multiple comparisons, n = 12-14). (F-H) Pearson correlation analysis between CSF tracer influx and the number of cortical CD206*
PVMs at 6 months old. (n=25-26). Box plots show the median, interquartile range and full data range. Each point represents data from one animal,
circles denote female mice, and triangles denote male mice. *P <0.05, **P<0.01 and ***P <0.001; ns =not significant. BSA =bovine serum albumin;
m =month; MCA = middle cerebral artery; PVM = perivascular macrophage; r = Pearson correlation coefficient; WT = wild-type.

with Alzheimer’s disease.**® To investigate whether PBMs contrib-
ute to this therapeutic effect by modulating the glymphatic system,
we treated App™"F mice systemically with the recombinant murine
version of anti-Af antibody lecanemab (RmAb158) for 5 weeks,
Recent clinical trials have demonstrated promising effects of starting at 4 months of age, prior to the onset of parenchymal Af
anti-Af immunotherapy in slowing cognitive decline in patients deposition (Fig. 7A). This anti-AB antibody treatment significantly
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Figure 4 Acute A injection into the CSF impairs brain macrophages. (A) Schematic representation of experimental design. Created with BioRender.
com. Liu, N. (2026) https:/BioRender.com/ela2ppp. (B) Representative flow cytometry plots of CD45*CD206* macrophages in each group from live cells.
(C) The percentage of CD206* macrophages in the total CD11b* live cell population in each group (two-way ANOVA with ${d4k’s multiple comparisons,
n=6-7). (D) Representative flow cytometry plots of CD206" macrophages subtypes in each group and quantification of the percentages of CD206*
macrophage subtypes in the total CD11b" live cell population in each group (two-way ANOVA with 5idak’s multiple comparisons, n =6, 6). (E) The per-
centage of AB* macrophages in each CD45*CD206" macrophages subtype population (repeated-measures two-way ANOVA with $idak’s multiple com-
parisons, n=6-7). (F) The percentage of A" macrophages in the total CD45"CD206" macrophage population in each group (Student’s unpaired
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reduced parenchymal AB deposition (Fig. 7G and H). However, it
failed to restore glymphatic function in App™-F mice (Fig. 7B-F).
Correlation analysis confirmed that glymphatic influx function
was independent of parenchymal AB;4, burden (Fig. 7I).
Consistent with human trials,*®* reduced parenchymal A levels
were accompanied by a trend towards an increased concentration
of AB in the CSF (Supplementary Fig. 6D-F) after anti-AB

immunotherapy. Notably, the treatment restored leptomeningeal
macrophage numbers (Fig. 7J-L). However, the PVM population
was not rescued; instead, their numbers were further reduced in
the hippocampus (Fig. 7M-R). These findings suggest that although
anti-Ap therapy can restore leptomeningeal macrophages, it is in-
sufficient to reverse glymphatic dysfunction, probably owing to
persistent and exacerbated deficits in the PVM population.
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Figure 5 Acute A injection into the CSF reduces glymphatic influx and is associated with loss of parenchymal border macrophages. (A) Schematic
representation of experimental design. Created with BioRender.com. Liu, N. (2026) https:/BioRender.com/axqmé6tt. (B) Representative in vivo images

of CSF tracer distribution at the dorsal skull 30 min after injection. Scale bar =

1000 pm. (C) Quantification of mean fluorescence intensity of CSF tracer

influx (in vivo) at different brain regions (Student’s unpaired two-tailed t-test or unpaired t-test with Welch’s correction, n=9, 9). (D) Representative
images of CD206"Lyvel* leptomeningeal macrophages in each group. Scale bar =50 pm. (E) Quantification of the number of CD206* leptomeningeal
macrophages in each group (Student’s unpaired two-tailed t-test, n=9, 9). (F) Quantification of the number of CD206*Lyvel* leptomeningeal macro-
phages in each group (Student’s unpaired t-test with Welch’s correction, n=9, 9). (G) Representative images of CD206* perivascular macrophages in
the cortex of each group. Scale bar =25 um. (H) Quantification of the number of CD206" perivascular macrophages in each group (Student’s unpaired
two-tailed t-test, n=9, 9). (I-K) Spearman correlation analysis between CSF tracer influx and number of brain macrophages (n = 18). Box plots show the
median, interquartile range and full data range. Each point represents data from one animal. *P <0.05 and ** P <0.01. aCSF = artificial CSF; BSA =bovine
serum albumin; MCA = middle cerebral artery; rs = non-parametric Spearman correlation coefficient.

Discussion

This study revealed that glymphatic impairment during the pro-
gression of Alzheimer’s disease is not correlated with parenchymal
Ap burden or AQP4 polarization but is instead associated with the
loss of PBMs. Acute exposure to AB;_4, in the CSF impaired brain

macrophages and decreased glymphatic influx, supporting a direct
role for CSF A toxicity.

In this study, we observed impaired glymphatic functionin App
mice, but not in App™-¢* mice. App™- ¢ mice, carrying the additional
Arctic mutation, exhibit accelerated AB aggregation and subsequent
pathology, with plaque deposition beginning as early as 2 months.

NL-F

920z AInr 60 uo 3s8nb Aq 501.2058/22¥2/ /61 L/2101E/UleIq/WOd dNo"olWapede//:sdRy Wolj papeojumoq



2432 | BRAIN 2026: 149; 2422-2437 N. Liu et al.
A WT \ CD45*CD206* Brain Macrophages

) B wi Cc i

_APPNL_G_F Microsphere Microsphere

-App"L-F ara— —— " wT

pp 50 2.0 _APPNLGF

(6-7 months) 0030 | .

_AppNL-r

N
@

]
>

%Phagocytic cells

8 8 & &
T I
@

Unit Area

0.020

(Fald change)
-
°

0.010 —|

[
<

-AB1.42
(HiLyte™ Fluor 647-labelled)

%Phagocytic cells

Median Fluorescence Intensity

7103 (1] lﬂ! 10 10

Microsphere

& &
C [ F

i )

X 30min :

(Fold change)

Fluor

>

Median Fluorescence Intensity

13

12 ©
= j
g <
E’ 14 =
[+ 3
210
£

0.9

0.8 T le jl

£ v
RN 3
S
0015
WT
" -ApphteF
. 1A A NL-F

o 0010 PP

g ]

<

E

2

0005

ey
MHCII

Figure 6 Enhanced A phagocytosis in brain macrophages of App™""°F but not App™"F mice. (A) Schematic representation of experimental design.
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In contrast, App"*F mice demonstrate a slower Ag accumulation start-

ing at ~6 months of age. This differential progression is mirrored by
CSF Ap dynamics, in that App™~“F mice show a sharp (>50%) decline
in the Ag level in the CSF between 1 and 6 months, whereas App™'*
mice exhibit only a modest reduction from 3 to 9 months.*>>* Our
study also confirms significantly higher CSF Ag levels in App""F
mice compared with App™*"°F mice. We therefore propose the possi-
bility that prolonged exposure to elevated CSF AB, rather than plaque
burden, drives glymphatic dysfunction of App™-* mice, at least in part
via AB-driven toxicity in PBMs.

Glymphatic function has previously been studied in transgenic
mouse models of Alzheimer’s disease. In 2016, Penget al.*” first de-
monstrated impaired glymphatic influx in APPswe/PSEN1dE9
mice at both early (3-4 months) and later (12 months) stages of

AB pathology. Similar findings were subsequently reported by
other laboratories using the same model at 3 months," 5
months®*°? and 9 months of age.’° Notably, APPswe/PSEN1dE9
mice typically begin to develop AB deposition at ~6 months of
age, similar to the App™F mice.>® ** In contrast, studies on
SxFAD mice, which exhibit early and rapid parenchymal Af de-
position beginning as early as 1.5 months of age,> are limited
and have yielded inconsistent results; one study reported in-
creased CSF tracer influx in the prefrontal cortex at 5 months,*®
whereas another found decreased tracer influx across the brain
at 4-5 months.” Collectively, these findings suggest that glym-
phatic impairment is observed more consistently in models with
slower AB accumulation, supporting our hypothesis that pro-
longed CSF AP elevation, rather than parenchymal A plaque
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mice but not glymphatic influx. (A) Schematic representation of experi-

mental design. Created with BioRender.com. Liu, N. (2026) https:/BioRender.com/3jcl3eb. (B) Representative images and quantification of CSF tracer
distribution (in vivo) of each group 30 min after injection. Scale bar = 1000 um (Student’s unpaired two-tailed t-test, n=9, 9). (C) Representative images
and quantification of CSF tracer distribution (ex vivo) of each group. Scale bar=1000 pm (Student’s unpaired two-tailed t-test, n=9, 9). (D)
Representative images of CSF tracer distribution (ex vivo) in coronal brain slices. Scale bar =: 1000 um. (E) Quantification of CSF tracer influx in coronal
brain slices averaged across all five brain slices collected (Student’s unpaired two-tailed t-test, n =9, 9). (F) Quantification of mean fluorescence intensity
of CSF tracer influx in coronal brain slices by location (-2, -1, 0, +1 and +2 mm from bregma) (repeated-measures two-way ANOVA with 5iddk’s multiple
comparisons, n=9, 9). (G) Representative confocal images of Af;_4, staining in the dorsal cortex. Scale bar = 100 um; 25 um in inset. (H) Quantification of
ABy_4, plaque in dorsal cortex (Student’s unpaired two-tailed t-test, n=9, 9). (I) Spearman correlation analysis between CSF tracer influx and AB;_4, de-
position level. n=18. (J) Representative images of CD206" leptomeningeal macrophages in each group. Scale bar=25um. (K) Quantification of

(Continued)
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load, plays a more crucial role in driving glymphatic dysfunction
during the progression of Alzheimer’s disease.

Another important factor to consider when revisiting the glym-
phatic findings from transgenic APP models is that these models can
exhibit glymphatic alterations driven not only by Af pathology but
also by APP-derived metabolites. Transgenic APP models often in-
volve non-physiological overexpression of mutant APP, leading to
excess production not only of AB but also of various APP-derived
fragments. Several studies have shown that non-Af APP fragments
can affect AQP4 polarization, suggesting a potential mechanistic
link between APP overexpression and glymphatic dysfunction. For
instance, secreted amyloid precursor protein alpha (sAPPa) has
been shown to downregulate dystrophin in astrocytes, a key regula-
tor of AQP4 polarization.*®*” Overexpression of f-site amyloid pre-
cursor protein cleaving enzyme 1 (BACE1) has also been reported
to reduce AQP4 polarization in mice.>® Additionally, APP/PS1 mice
with locomotor hyperactivity, a phenotype that has been linked to
changesin APP metabolism,>® exhibit pronounced AQP4 depolariza-
tion compared with normally active counterparts.>*® In contrast,
the App™“f mice in our study retained normal AQP4 polarization,
supporting the possibility that glymphatic dysfunction found in
APP-overexpression models might be influenced by APP-derived
metabolites that affect astrocytic function.

As professional phagocytic immune cells, PBMs play a key role
in surveying the brain borders for exogenous and endogenous anti-
gens, including AB.>* Previous studies have demonstrated the toxic
effects of A on macrophages both in vitro and in vivo, particularly in
relationship to apoptotic pathways.®>®? Our data further confirmed
that acute AB exposure leads to PBM loss, which is associated with
subsequent glymphatic dysfunction. We therefore speculate that
PBM loss in 6-month-old App™** mice might be attributed to the
prolonged elevation of CSF Af levels in these mice. In contrast,
brain macrophages remained intact in the App™-“* mice, a model
with a rapid decrease in CSF AB. Surprisingly, PBM reduction in
App™“F mice did not persist as disease advanced. At 12 months,
no decrease in PVMs was observed, and leptomeningeal macro-
phages even increased in comparison to age-matched controls.
Notably, this rebound of PBMs coincided with the stabilization of
its glymphatic function at this stage, despite continued parenchy-
mal AB accumulation. This further supports our hypothesis that
glymphatic dysfunction in App knock-in mice is not driven by par-
enchymal Ag burden but rather more closely linked to macrophage
abundance, which appears to be influenced greatly by CSF Af levels
during the early stages of disease. Importantly, PBMs are long-lived,
yolk sac-derived macrophages that are minimally replaced by bone
marrow-derived cells,®>®* even in Alzheimer’s disease.®® Thus, it
would be particularly interesting for future studies to explore the
mechanisms that promote PBM self-renewal at this later stage,
when CSF A levels are substantially lower. In addition, a recent
study has shown that following pexidartinib (PLX3397)-induced

Figure 7 Continued
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depletion of brain macrophages, PBMs can be replaced by
monocyte-derived cells. However, these replacements are tran-
scriptionally distinct from their embryonically derived counter-
parts.®®%” Therefore, it would also be valuable for future research
to investigate whether the rebound of PBMs observed in
12-month-old App™"F mice is functionally equivalent to the original
population in roles beyond the regulation of glymphatic function.

In our study, we observed a trend towards increased CSF AB;_4»
levels following systemic anti-Af treatment in App™"* mice, a phe-
nomenon also reported in human anti-Ag clinical trials.*®*° These
trials were conducted in symptomatic patients with confirmed
amyloid positivity, in whom post-treatment increases in CSF AB;_
42 have been associated with improved cognitive outcomes.®® In
contrast, our intervention was performed at a presymptomatic
stage, when App™-F mice exhibit minimal parenchymal plaque de-
position but relatively high baseline CSF A4, levels. In our study,
the biological effects of anti-Af treatment appear complex. On the
one hand, anti-Ap-treated mice exhibited slower accumulation of
parenchymal plaques, suggesting effective limitation of AB aggre-
gation. On the other hand, the treatment induced region-specific
effects on PBMs. We observed a further reduction in hippocampal
PVM density, supporting the notion that elevated CSF AB;_4, levels
after treatment might impose additional challenges on PBMs.
However, PVM density in the cortex was not affected, and lepto-
meningeal macrophages exhibited the opposite trend. The increase
in leptomeningeal macrophages is in line with a previous report
showing elevated numbers of brain macrophages 3 days after intra-
cranial anti-Af antibody administration.®® However, how anti-Ap
immunotherapy might specifically stimulate macrophage renewal
in the leptomeningeal compartment, despite the elevated CSF AB;_
12 levels observed in our study, remains unclear. An alternative ex-
planation is that elevated CSF AR levels might promote the migra-
tion of brain macrophages towards the leptomeningeal
compartment. Supporting this hypothesis, a previous gene ontol-
ogy analysis identified significant enrichment of pathways related
to macrophage migration following anti-Af immunotherapy.”
Nonetheless, the precise mechanisms underlying these regional ef-
fects remain to be elucidated. Overall, the treatment failed to res-
cue glymphatic dysfunction in App™F mice. The inability to
restore the PVM population might partly account for this outcome.
Alternatively, a longer treatment duration might be required to
achieve glymphatic recovery. Further studies are needed to eluci-
date the mechanisms underlying these region-specific effects,
which might ultimately help to optimize anti-Af therapeutic
strategies.

Our findings might have important clinical implications.
Although CSF Ag levels are known to decline in patients with symp-
tomatic Alzheimer’s disease,*® growing evidence also suggests a bi-
phasic pattern, with an initial increase in CSF Ap levels at the early
stages of the disease. Elevated CSF A levels have been reported in

the number of CD206"* leptomeningeal macrophages in each group (Student’s unpaired two-tailed t-test, n=9, 9). (L) Spearman correlation analysis
between CSF tracer influx and the number of CD206"* leptomeningeal macrophages, n = 18. (M) Representative images of CD206"* perivascular macro-
phages in the cortex of each group. Scale bar = 25 um. (N) Quantification of the number of CD206" perivascular macrophages in the cortex of each group
(Student’s unpaired two-tailed t-test, n=9, 9). (O) Spearman correlation analysis between CSF tracer influx and the number of cortical CD206" perivas-
cular macrophages, n=18. (P) Representative images of CD206" perivascular macrophages in the hippocampus of each group. Scale bar =25 ym. (Q)
Quantification of the number of CD206" perivascular macrophages in the hippocampus of each group (Student’s unpaired two-tailed t-test, n=9, 9).
(R) Spearman correlation analysis between CSF tracer influx and the number of hippocampal CD206" perivascular macrophages, n=18. Box plots
show the median, interquartile range and full data range. Each point represents data from one animal; circles denote female mice, and triangles denote
male mice. *P <0.05 and ** P <0.001. aCSF = artificial CSF; BSA =bovine serum albumin; MCA = middle cerebral artery; rs = non-parametric Spearman

correlation coefficient.
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several transgenic mouse models, including APP23,”* APP24,”*
APP51,”* APP/PS17? and 3xTg AD mice,’” prior to the onset of paren-
chymal plaque deposition. In humans, an early increase in CSF Af
levels has been observed during the preclinical phase, from young-
er (<50 years) to older (<60 years) individuals.”* Another cohort
study demonstrated that Ag level in the CSF in ApoE4-negative in-
dividuals was predicted to rise between 25 and 50 years of age.””
Additionally, increased CSF A levels have been detected in young
adults carrying autosomal dominant familial Alzheimer’s disease
mutations more than two decades before the onset of clinical
symptoms.’® Although larger longitudinal cohort studies including
younger participants are needed to confirm these findings, current
evidence supports the existence of an initial period of an elevated
level of AB in the CSF, which might represent a critical window of
vulnerability for brain macrophages during development of
Alzheimer’s disease. Failure or loss of brain macrophages during
this window could subsequently induce glymphatic dysfunction
and accelerate Ap-associated progression, forming a vicious cycle.
Moreover, other conditions, such as sleep disturbance or depriv-
ation and traumatic brain injury,””®® have also been reported to
elevate CSF A levels, thereby imposing additional A-related stress
on brain macrophages.

Conclusion

In summary, our study highlights that glymphatic impairment in
App knock-in models is not directly correlated with parenchymal
AB burden but is instead closely associated with the number of
PBMs, which appears highly influenced by CSF Af dynamics during
the early stages of disease. These findings suggest that therapeutic
strategies aimed at preserving or enhancing brain macrophage
function, particularly during the early stages, might offer additional
opportunities to prevent or delay glymphatic dysfunction and the
progression of Alzheimer’s disease.
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