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and attenuates Alzheimer-associated phenotypes in an APP/PS1
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Abstract Clearance of amyloid-beta (AB) from the brain
is an important therapeutic strategy for Alzheimer’s disease
(AD). Current studies mainly focus on the central approach
of AP clearance by introducing therapeutic agents into the
brain. In a previous study, we found that peripheral tissues
and organs play important roles in clearing brain-derived
AP, suggesting that the peripheral approach of removing
AP from the blood may also be effective for AD therapy.
Here, we investigated whether peritoneal dialysis, a clini-
cally available therapeutic method for chronic kidney dis-
ease (CKD), reduces brain AP burden and attenuates AD-
type pathologies and cognitive impairments. Thirty patients
with newly diagnosed CKD were enrolled. The plasma AR
concentrations of the patients were measured before and
after peritoneal dialysis. APP/PS1 mice were subjected to
peritoneal dialysis once a day for 1 month from 6 months
of age (prevention study) or 9 months of age (treatment
study). The AP in the interstitial fluid (ISF) was collected
using microdialysis. Behavioural performance, long-term
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potentiation (LTP), AP burden and other AD-type patholo-
gies were measured after 1 month of peritoneal dialysis.
Peritoneal dialysis significantly reduced plasma A levels
in both CKD patients and APP/PS1 mice. A levels in the
brain ISF of APP/PS1 mice immediately decreased after
reduction of AP in the blood during peritoneal dialysis. In
both prevention and treatment studies, peritoneal dialysis
substantially reduced AP deposition, attenuated other AD-
type pathologies, including Tau hyperphosphorylation, glial
activation, neuroinflammation, neuronal loss, and synaptic
dysfunction, and rescued the behavioural deficits of APP-
swe/PS1 mice. Importantly, the Ap phagocytosis function
of microglia was enhanced in APP/PS1 mice after perito-
neal dialysis. Our study suggests that peritoneal dialysis is
a promising therapeutic method for AD, and AP clearance
using a peripheral approach could be a desirable therapeu-
tic strategy for AD.
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Introduction

Alzheimer’s disease (AD) is the most common neurode-
generative disease. Extracellular senile plaques comprising
amyloid-beta protein (AP) are the neuropathological hall-
marks of AD [11, 12, 28]. It has been suggested that exces-
sive AP production or deficits in AB clearance play pivotal
or causative roles in AD pathogenesis [37]. AD comprises
familial AD and sporadic AD. Familial AD afflicts approxi-
mately 1% of total AD patients and is caused by mutations
in APP, PS1 or PS2 genes, leading to the overproduction of
A, whereas sporadic AD affects over 99% of AD patients
in which impaired AP clearance in the brain is one of pri-
mary contributing factors [29]. Therefore, the enhancement
of brain AP clearance is one of the most promising strate-
gies for AD prevention and treatment [37].

Current Af clearing strategies mainly focus on enhanc-
ing brain A clearing capacities by introducing agents into
the brain [27]. However, introducing exogenous substance
into the brain likely causes adverse effects [17, 23]. For
example, in clinical trials of immunotherapy, which target
AP clearance, the entry of therapeutic antibodies leads to
various adverse effects, such as neuroinflammation, vaso-
genic oedema [35], microhaemorrhage [30], neuronal
hyperactivity [5] and the increasing conversion of Ap fibrils
to more toxic AP oligomers [23]. Thus, to avoid these
adverse effects, using a peripheral approach to clear brain
AP, which reduces brain-derived AP in the blood, would be
a safer strategy [24].

In previous studies, we revealed that the physiological Af
clearance capacity in peripheral organs and tissues plays a
significant role in the clearance of brain AP [44], suggest-
ing that clearing blood AR may be a potential approach to
removing brain AP. In the clinic, dialysis, including hae-
modialysis and peritoneal dialysis, is an effective method to
remove metabolites and wastes from blood to maintain the
homeostasis of the internal environment of the body. Dialy-
sis can also recover the homeostasis of the microenvironment
in the brain, as indicated by the effectiveness of dialysis in
treating encephalopathies due to liver and kidney failures or
toxicosis [32]. Previous clinical studies have suggested that
dialysis reduces blood Af levels [22, 25, 34, 39]. Thus, we
investigated whether peritoneal dialysis can reduce brain A
and exert therapeutic benefits to AD in the present study.

Materials and methods
Subjects

A total of 30 patients newly diagnosed with chronic kid-
ney disease (CKD) were enrolled in the study. The blood
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was sampled before and immediately after the first time
peritoneal dialysis, and the peritoneal dialysis solution
was also collected after dialysis. Plasma was separated
and stored with the dialysis solution within 2 h after sam-
pling at —80 °C for future analysis. The present study
was approved by the Institutional Review Board of Dap-
ing Hospital.

Surgery for peritoneal dialysis of mice

The transgenic mouse line expressing APPswe/
PSENI1dE9 transgenic mice was obtained from the Jack-
son Laboratory (Bar Harbor, ME, USA). Female mice
were used in the present study to exclude the influence
of gender on AD pathologies in the brain [19]. Peritoneal
dialysis surgery was performed as previously described
[38]. Briefly, the mice were anaesthetized with ketamine
(100 mg/kg), xylazine (20 mg/kg), and acepromazine
(3 mg/kg). An “open” permanent system was selected.
First, tubing was subcutaneously tunnelled from the
abdomen to the neck after pre-operative skin prepara-
tion. Subsequently, the abdomen was opened and tubing
was placed in the peritoneal cavity. Next, the abdomen
was closed using a purse—string suture. Post-operation
mice were recovered in a warm and clean husbandry
area. Prophylactic antibiotic treatment (enrofloxacin
5 mg/kg) was initiated 1 day prior to surgery and con-
tinued for 1 week. All animals received analgesic/anti-
inflammatory treatment (acetylsalicylic acid, 5 mg/kg)
for 2 weeks. For peritoneal dialysis, 2 ml of 2.5% dialy-
sis solution (Baxter Healthcare Corporation, Guangzhou,
China; 100 ml of solution contains 2.5 g of dextrose
hydrous, 538 mg of sodium chloride, 448 mg of sodium
lactate, 18.3 mg of calcium chloride and 5.1 mg of mag-
nesium chloride) at 37 °C was injected into peritoneal
cavity via tubing and collected 2 h later under sterile
conditions. The recovery efficiency of peritoneal dialy-
sis was approximately 60% (1.2 ml of dialysis solution).
All mouse husbandry procedures were approved through
the Third Military Medical University Animal Welfare
Committee.

Prevention or treatment experiments were conducted.
Mice aged 6 months (prevention group, n = 9), upon
the initiation of AP deposition in the brain, and mice
aged 9 months (treatment group, n = 8), when abun-
dant deposits were formed in the brain, were subjected
to daily peritoneal dialysis for 30 days. Age-matched
AD mice with the same surgical procedures and antibi-
otic treatment but without peritoneal dialysis were used
as controls (prevention control group, n = 7; treatment
control group, n = 8).
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Microdialysis

The parameters for the microdialysis probes used for
in vivo experiments were 220-um OD membrane which
is made of hydrophilic cellulose and does not absorb AB
(MBR-1-5 brain microdialysis probe: length of mem-
brane was 1 mm, length of cannula was 5 mm, 35 kDa
molecular weight cut-off; Bioanalytical Systems, West
Lafayette, USA). Guide implantation surgery was per-
formed as previously described [9, 26]. Briefly, a separate
group of 9-month-old AD mice (n = 7) was anaesthe-
tized, and the skin was removed to expose the skull. Bore
holes (0.75 mm) were made above the left hippocampus
(bregma —3.1 mm, 2.4 mm lateral, —0.6 mm relative to
dura mater). MBR-5 guide cannulas were stereotactically
inserted into the hippocampus (12° angle) and cemented
using binary dental cement. The solution circle system,
including a CMA 402 Syringe Pump, CMA 120 System for
Freely Moving Animals and CMA 142 Microfraction Col-
lector, was connected using fluorinated ethylene propylene
(FEP) tubing. As ISF AP levels decrease approximately
14% under anaesthetic conditions [31], the mice were kept
awake during microdialysis. The constant flow rate was
1 wl/min. Microdialysis samples were collected hourly
using a refrigerated fraction collector.

The recovery rate of AP in microdialysis was estimated
following the previously described protocols [2]. In brief,
1 ml of Tris-buffered saline (TBS) extract of brains from
10-month-old AD mice was used as the external medium
of microdialysis. Flow rate of dialysis solution was ran-
domly changed over six different values (0.1, 0.2, 0.3, 0.5,
1 and 2 wl/min). The concentration of AB40 and AB42 in
TBS extracts and microdialysis fractions was measured
with ELISA. The effects of flow rate on recovery rate was
calculated as per the interpolated zero flow method [18].
The AP recovery rates from external media with different
dilutions of brain TBS extracts (1:1, 1:2, 1:4, 1:9) at the
same flow rate (1 pl/min) were also calculated, to confirm
the recovery rate estimated from interpolated zero flow
method.

Brain sampling

The brains were sampled and weighed. The left hemi-
spheres were fixed in 4% paraformaldehyde (pH 7.4) for
24 h, followed by incubation with 30% sucrose for 24 h.
The right hemispheres were snap frozen in liquid nitro-
gen and stored at —80 °C for future biochemical analysis.
For the animals of the treatment group, a part of the fresh
right hemisphere containing the hippocampus, which corre-
sponds to the brain region from bregma —1.5 to —2.5 mm,
was dissected coronally for future Golgi staining.

AD-type pathology and quantification

Brain sections were cut coronally at a thickness of 35 um
and stored at 4 °C in phosphate-buffered saline (PBS) con-
taining 0.1% sodium azide. A series of five equally spaced
brain sections (~1.3 mm apart) were used for each type of
stain. Congo red staining was used for compact Ap plaques,
and total AP plaques containing both compact and diffuse
AP plaques were visualized using antibody 6E10 immuno-
histochemistry as previously described [45, 46]. The apop-
tosis of neuronal cells was detected using NeuN and Cas-
pase-3 double immunofluorescence staining. Neuronal loss
and neurite degeneration were detected using NeuN and
microtubule-associated protein (MAP)-2 double immuno-
fluorescence staining. Immunohistochemistry of anti-CD45
antibody detecting activated microglia, and anti-glial fibril-
lary acidic protein (GFAP) antibody detecting astrocytes
were used to visualize astrocytosis and microgliosis. The
area fraction and/or density of positive staining and the
number of cells were quantified using ImageJ software.

Double immunofluorescence staining of Iba-1 and 6E10
was performed to verify the phagocytic ability of microglia.
Orthogonal function of confocal microscope (ZEISS LSM
880, Germany) was used for three-dimensional construc-
tion to measure co-localization of Ibal and AP staining. A
series of three sections containing CAl region were used
for the staining. The part of CAl containing the axons,
not the cell body, were imaged for the quantification. The
diameter of Ibal+ cell bodies was quantified using ImageJ
software. Percentage of microglia co-localized with AP
was quantified by an investigator who was blinded to group
information. In this co-localization study, diameter of at
least 10 wm was used to judge the positive AP staining fol-
lowing a previous study [16].

Golgi staining was performed as per the manufacturer’s
protocols (FD rapid Golgi Stain kit, Fdneurotech, Colum-
bia, MD, USA). The numerical density of spines was
assessed in CA1l pyramidal neurons. Spines were counted
in one 50-um segment per cell, located in the middle of
one of the secondary dendrites that protrude from the apical
dendrite. The number of dendritic spines was estimated at
high magnification (1000 x) in a blinded manner.

ELISA assays

Frozen brains were homogenized in liquid nitrogen
and extracted with TBS, 2% sodium dodecyl sulfonate
(SDS), and 70% formic acid (FA) solutions as previously
described [20]. The omentum was extracted with RIPA
buffer, which contains 50 mM Tris (pH 7.4), 150 mM
NacCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1%
SDS, with supplement of sodium orthovanadate, sodium
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fluoride and ethylenediaminetetraacetic acid (EDTA).
The levels of AB40 and AB42 in brain and omentum
extracts, plasma, peritoneal dialysis solution and micro-
dialysis fluid were measured using ELISA Kkits (Invitro-
gen, cat no. KHB3481 which detects human Af1-40, and
cat no. KHB3544 which detects human AP1-42). The
concentrations of the pro-inflammatory cytokines IL-6,
IL-1B, IFN-y, TNF-a and anti-inflammatory cytokines
IL-4, IL-10 were quantitatively measured using ELISA
kits (eBioscience, Vienna, Austria). All experiments were
performed per the manufacturer’s instructions.

Western blotting

Western blotting was used to analyse the levels of mol-
ecules or enzymes involving AP metabolism, phospho-
rylated Tau, and synapse-related proteins. Proteins in
the animal brain homogenate were extracted using RIPA
buffer. The samples were loaded onto SDS-PAGE (4-10%
acrylamide) gels. The separated proteins were transferred
to nitrocellulose membranes. The blots were probed with
the following antibodies: anti-APP C-terminal antibody
(Cat. no. 171610, Millipore, Billerica, MA, USA) to
detect C-terminal fragment (CTF)-a (CTF-a) and CTF-8,
anti-Af antibody (Cat. no. 6E10, Sigma, St. Louis, MO,
USA) was used to detect AP, full-length APP (APPf]),
secreted APP (sAPP)-a (sAPPa), anti-sAPP antibody
(Cat. no. 22C11, Millipore) to detect SAPPa and sAPPg;
anti-p-secretase (BACE)-1 antibody (Cat. no. ab108394,
Abcam, Cambridge, UK); anti-insulin-degrading enzyme
(IDE) antibody (Cat. no. 3862, Epitomics, California,
USA); anti-neprilysin (NEP) antibody (Cat. no. AB5458,
Millipore); anti-receptor for advanced glycation end
products (RAGE, Cat. no. AB9714, Millipore); anti-low-
density lipoprotein receptor-related protein 1 (LRP-1)
(Cat. no. 5A6, Calbiochem, LaJolla, CA); anti-phospho-
rylated-Tau antibodies, including anti-PS396 (Cat. no.
11102, Signalway, Maryland, USA) and anti-PS199 (Cat.
no. ab81268, Abcam); anti-total tau (Cat. no. MAB361,
tau-5; Abcam); anti-Synaptophysin (Cat. no. ab108990,
Abcam); anti-Synapsin-1 (Cat. no. AB1543, Millipore);
anti-PSD95 (Cat. no. MAB1599, Millipore); anti-PSD93
(Cat. no. Jan-74, Epitomics); anti-p-actin (Sigma). The
membranes were incubated with IRDye 800 CW second-
ary antibodies (LiCOR) and scanned using the Odyssey
fluorescent scanner. The band density was normalized to
B-actin for analysis.

Behavioural tests

Mice from both prevention and treatment studies, as well
as the age- and gender-matched wild-type mice (n = 9 for
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prevention controls, n = 8 for treatment controls), were
subjected to behavioural tests. Y-maze and open-field tests
were performed following as previously described [20].
In a spontaneous alternation test, the mice were allowed
to move freely through a Y-maze during a 5-min session.
Alternation was defined as successive entries into the
three arms on overlapping triplet sets. The percentage of
alternation was calculated as the total number of alterna-
tion x 100/(total number of arm entries — 2). A novel arm
exploration test was also performed in the Y-maze. One
arm was blocked (defined as the novel arm), and the mice
were allowed to explore the other two arms (home arm and
familiar arm) for 5 min. After a 2-h interval, the mice were
allowed to freely explore all three arms for 5 min. The num-
ber of novel arm entries and time spent in the novel arm
were recorded. In the open-field test, the mice were placed
in the centre of the open-field apparatus for 3 min. Rear-
ing, grooming, defecation, and urination were recorded per
mouse. The paths were tracked using a computer tracking
system (Limelight, ActiMetrics, Wilmette, IL, USA) and
the distance travelled was recorded.

Electrophysiology

A separate group of AD mice treated with peritoneal dialy-
sis for 1 month from 9 to 10 months of age (n = 8), age-
matched AD mice without peritoneal dialysis (n = 7) and
wild-type mice (n = 8) were subjected to electrophysiol-
ogy tests as described previously [7, 43]. In brief, the mice
were deeply anaesthetized with 30% chloral hydrate (3 ml/
kg, i.p.) and transcardially perfused with N-methyl-p-glu-
camine (NMDG) artificial cerebral spinal fluid (ACSF)
prior to decapitation. The brains were rapidly sampled from
the skull and placed for sectioning in ice-cold cutting solu-
tion (NMDG ACSF) aerated with 95% O, and 5% CO.,.
Acute coronal hippocampal slices (400-pm thick) were
sectioned from the middle third of the hippocampus using a
vibratome (VT1000S, Leica Microsystems, Bannockburn,
IL, USA) in cutting solution. The slices were incubated in
oxygenated HEPES ACSF for 1 h at 30 °C. Subsequently,
the slices were gently transferred into a recording chamber
filled with normal ACSF. The fEPSPs evoked through the
stimulation of the Schaffer collateral/commissural path-
ways were recorded in the hippocampus using pipettes
(1-2 M) filled with ACSF. Test fEPSPs were evoked at a
frequency of 0.033 Hz and at a stimulus intensity adjusted
to approximately 50% of the intensity that elicited the max-
imal response. After a 20-min stable baseline, long-term
potentiation (LTP) was induced by high-frequency stimula-
tion (HFS, 100 pulses at 100 Hz). All recordings were con-
ducted at room temperature (approximately 25 °C) using a
Multiclamp EPC 10 amplifier (HEKA Electronics, Lam-
brecht/Pfalz, Germany).
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Statistical analysis

All data represent the mean & SEM. Statistical analysis
included two-tailed Student’s ¢ test and paired ¢ test for
the comparison of two groups, and one-way ANOVA and
Tukey’s test for the comparison of multiple groups when
required. Normality and equal-variance testing was per-
formed for all assays. P < 0.05 was considered significant.
All analyses were completed using SPSS software, version
19.0.

Results

Peritoneal dialysis decreases plasma A in both human
and mice

Compared with plasma AP levels before perito-
neal dialysis, plasma AP levels after peritoneal dialy-
sis significantly decreased (AP40: 141.35 £ 76.15 pg/
ml vs. 181.61 £ 109.14 pg/ml, P = 0.0014; Ap42:
35.78 £ 6.88 pg/ml vs. 46.53 £ 8.33 pg/ml, P < (0.0001) in
patients with CKD (Fig. 1a—c). The average levels of AB40
in the recovered dialysis solution was 37.16 £ 9.90 pg/
ml and AP42 in the recovered dialysis solution was
28.50 £ 2.83 pg/ml. An estimated 131.33 ng of AP was
extracted into the dialysis solution each time, calculated

Fig. 1 Peritoneal dialysis a
reduces A in blood and

interstitial fluid (ISF) of brain.

a—c The alteration of plasma

AB after peritoneal dialysis in

patients with CKD, the green

points represent the AP levels

before peritoneal dialysis, and

the red points represent Ap
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We further investigated the dynamic interaction between
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dialysis fluid were used to estimate ISF AP levels. The
recovery rates of AP in microdialysis solution at flow rate
of 1 pl/min were estimated as 18.22% for AB40, 15.99%
for AB42 and 16.98% for total A with interpolated zero
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«Fig. 2 Peritoneal dialysis reduces brain amyloid burden of AD mice.
a, b Representative images of Congo red and 6E10 immunohisto-
chemical staining in the neocortex and hippocampus of 10-month-old
controls and 10-month-old peritoneal dialysis-treated mice. Insets
show the representative morphology at a higher magnification. Scale
bars 500 pm. ¢ Comparison of AB40, AB42 and AB40 + 42 levels
measured with ELISA in TBS, 2% SDS and 70% FA fractions of
brain extracts between peritoneal dialysis-treated mice and controls.
d Western blotting and quantitative analysis for APP and its metabo-
lites in brain homogenates. e Western blotting and quantitative analy-
sis for BACEI, AB-degrading enzymes and AP-transporting recep-
tors in the blood-brain barrier (BBB). Con control, PD peritoneal
dialysis. n = 8 per group, two-tailed ¢ test, *P < 0.05, **P < 0.01,
*#%P < 0.001, n.s. non-significant. Error bar SEM

ml for AB40, 597.55 pg/ml for AB42 and 1396.17 pg/ml for
total AP (Supplemental Fig. 6).

We observed that the levels of AB40 and AB42 in blood
decreased after initiating peritoneal dialysis, and reached
the lowest levels at 3—4 h after beginning dialysis, and
gradually increased and returned to baseline levels at 5 h
after ending dialysis. Interestingly, the changes of the AB40
and AB42 levels in microdialysis fluid paralleled those in
the blood (Fig. 1d). The regression analysis showed that the
AP levels in microdialysis were positively correlated with
those in the blood (Fig. 1e). The ratio of the changes of AB
concentrations in ISF to blood was 1:3. These results sug-
gest that the changes of AP levels between the brain ISF
and blood are dynamically correlated in AD mice.

Peritoneal dialysis reduces brain Af burden

We investigated whether long-term peritoneal dialysis
reduces brain Af. In a prevention study, compared with
control mice, mice treated with peritoneal dialysis had a
significantly lower area fraction of both compact plaques
stained with Congo red and total plaques stained with 6E10
in neocortex, and lower area fraction of total plaques in the
hippocampus (Supplemental Fig. 2a, b). The levels of AB40
and AB42 in the brain homogenates were also significantly
reduced in mice treated with peritoneal dialysis relative to
control mice (Supplemental Fig. 2c).

We next investigated whether peritoneal dialysis is
effective in reducing brain A after abundant deposition of
APB. In a treatment study, peritoneal dialysis-treated mice
had significantly less Congo red and 6E10-positive AR
plaques in the neocortex and hippocampus than control
mice (Fig. 2a, b). The levels of AP in the brain homogen-
ates were also significantly reduced by 21.44% for AB40,
19.49% for AP42 and 20.44% for total AB in peritoneal
dialysis-treated mice compared with control mice (Fig. 2c).

We next investigated the potential mechanisms under-
lying the reduction of Af deposition after peritoneal dial-
ysis. There were no significant differences in APP and
its metabolites, including APPfl, CTF-a, CTF-f sAPPa,

sAPPa/B, BACE-1, and AB-degrading enzymes IDE and
NEP, between the peritoneal dialysis treatment group and
the control (Fig. 2d, e; Supplemental Fig. 7), suggest-
ing that decreased AP deposition after peritoneal dialysis
may not reflect a reduction in Ap production and enhance-
ment of AP degradation. Levels of AP transport receptors
across the blood-brain barrier (BBB) (LRP-1 and RAGE)
were also measured. Interestingly, higher levels of LRP-1
and lower levels of RAGE in homogenates were detected
in peritoneal dialysis-treated mice compared with control
mice (Fig. 2e), suggesting that peritoneal dialysis enhances
the receptor-mediated efflux of AP through the BBB. In
addition, AP levels in the omentum of the treated mice
were approximately 3.20-fold higher than those in control
mice, suggesting that AR entrapment in the omentum also
contributed to the reduction of brain AP (Supplemental
Fig. 4a—c).

Peritoneal dialysis attenuates neuroinflammation
and enhances A phagocytosis by microglia

Compared with control mice, peritoneal dialysis-treated
mice had a lower area fraction of activated astrocyto-
sis (GFAP positive) and microgliosis (CD45 positive) in
both the neocortex and hippocampus. Peritoneal dialy-
sis also significantly reduced levels of pro-inflamma-
tory cytokines, including TNF-a, IFN-y and IL-6, and
increased levels of anti-inflammatory cytokine IL-10,
in brain homogenates (Fig. 3a, b, d). Interestingly, there
were more microglial cells containing intercellular AP in
the CA1 of the hippocampus of peritoneal dialysis-treated
mice compared with control mice (Fig. 3c). These find-
ings suggest that peritoneal dialysis attenuates neuroin-
flammation and enhances AB phagocytosis by microglia
in the brain.

Peritoneal dialysis alleviates neurodegeneration in the
brain

The levels of phosphorylated Tau (PS396) were sig-
nificantly reduced in the brains of mice after peritoneal
dialysis (Fig. 4g, h). Compared with control mice, the
neuronal apoptosis was also significantly reduced in the
peritoneal dialysis-treated mice compared with the control
mice, as detected by caspase-3 staining in the hippocam-
pus (Fig. 4a—d). The levels of synapse-associated protein
expression, including PSD93, PSD9S5, synapsin-1, and
synaptophysin, in the brain homogenates, and the number
of dendritic spines detected via Golgi staining in the hip-
pocampus were increased in the peritoneal dialysis-treated
mice compared with control mice (Fig. 4e, f). These data
suggest that neurodegeneration was attenuated in the brains
of AD mice after peritoneal dialysis.
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«Fig. 3 Peritoneal dialysis attenuates neuroinflammation and
enhances AP phagocytosis by microglia in the brain of AD mice. a
Immunostaining and quantification of activated microgliosis and
b astrocytosis (Scale bar 500 pm). ¢ Representative images and
three-dimensional reconstruction of microglia and AP plaques in the
CAL region of the hippocampus stained with anti-Ibal and anti-Af
(6E10) immunofluorescence, and quantification of the diameter of
Ibal-positive microglia cell bodies and percentage of AP-positive
microglia (indicated with white cycle) in 10-month-old peritoneal
dialysis-treated mice and control mice. Insets show the morphology
of microglia marked with asterisk (*) at a higher magnification (Scale
bars 50 um). d Comparison of TNF-a, IFN-y, IL-1p, IL-4, IL-6 and
IL-10 levels in the brain homogenates of 10-month-old peritoneal
dialysis-treated mice and control mice. Con control, PD peritoneal
dialysis. n = 8 per group, two-tailed ¢ test, *P < 0.05, **P < 0.01,
*##%P < 0.001, n.s. non-significant. Error bar SEM

Peritoneal dialysis rescues LTP and cognition
impairment

AD mice treated with peritoneal dialysis (9—10 mon) and
their age-matched controls were subjected to cognitive
tests. In the open-field test, a higher number of rearing and
a longer distance travelled were observed for peritoneal
dialysis-treated mice compared with the controls. How-
ever, no difference in the number of grooming behaviours
was observed between the two groups (Fig. Se, f). In the
Y-maze test, peritoneal dialysis-treated mice had better per-
formance than controls, reflected by a higher spontaneous
alternation percentage, increased number of total entries
into the three arms in alternation tests, and increased num-
ber of entries and time spent in the novel arm (Fig. Sa—d,
Supplemental Fig. 3). These results indicate that peritoneal
dialysis can prevent or halt cognitive decline in AD mice.

High-frequency stimulation (HFS) induced reliable LTP,
the cellular mechanism underlying learning and memory,
in wild-type mice, whereas the strength of LTP was sig-
nificantly decreased in AD mice compared with wild-
type mice, suggesting that the plasticity of the synapse is
impaired in the brains of AD mice. Notably, a higher LTP
was observed in peritoneal dialysis-treated mice compared
with control mice, indicating that peritoneal dialysis can
substantially rescue impaired hippocampal LTP induction
in AD mice (Fig. 5h).

Discussion

In the present study, peritoneal dialysis effectively
decreased blood AP and brain ISF-soluble AP levels.
After 1 month of peritoneal dialysis, brain A burden,
neuroinflammation, neurodegeneration and cognitive
deficits in AD mice were significantly alleviated, suggest-
ing that peritoneal dialysis might enhance the AB efflux
from brain to blood, attenuate the brain inflammatory

microenvironment, and improve the phagocytosis of AP
by microglia.

Previous anti-Ap therapeutic strategies have primarily
focused on reducing AP production, inhibiting AB deposi-
tion and facilitating AP clearance, all of which depend on
AP clearing agents entering the brain through the BBB.
The BBB restricts the entry of peripheral blood proteins
into the brain to maintain the homeostasis of the brain
internal environment [13]. Thus, the entry of therapeutic
agents into the brain may disrupt the brain internal environ-
ment and induce various adverse effects. Numerous studies
have shown that the Ap antibodies used in AD clinical trials
cause neuroinflammation, vasogenic oedema, microhaem-
orrhage and neuronal hyperactivity [5, 23], likely reflecting
the entry of antibodies into the brain. Therefore, clearing
blood AP and accelerating the efflux of AB from the brain
into the periphery would be a better strategy for clearing
brain AP [23, 24]. Previous studies have tested the thera-
peutic efficacy of clearing blood AP for AD. For example,
brain AR could be significantly reduced by increasing AP
degradation in the liver via the oral administration of With-
ania somnifera extracts [36], and the peripheral expression
of the AP-degrading enzyme neprilysin was also effective
in clearing blood and brain AP [14], despite conflicting
findings suggest that the peripheral injection of neprilysin
only reduces blood AP but not brain Ap [15, 41]. In the pre-
sent study, peritoneal dialysis effectively decreased both
blood AP and blood AP burden in CKD patients and in AD
mice, indicating that enhancing the clearance of Af from
the periphery is a promising approach for reducing brain
AP burden.

The most important prerequisite to peripheral Ap clear-
ance is the efflux transport of Ap across the BBB. Previous
studies have shown that BBB transporters were changed in
AD in a pattern that decreases AP efflux and/or increases
AP influx across the BBB and contributes to AD pathogen-
esis [6, 8, 10], and a contrasting view has been suggested
in a recent study which indicates that there is not the lack
of widespread disruption of BBB in AD mouse models
[1]. In the present study, we conducted the first investiga-
tion of the dynamic effects of decreasing A levels in blood
on the soluble AP levels in ISF. The compelling finding of
the present study was that the ISF-soluble AP levels were
decreased with the reduction of the blood Af levels during
peritoneal dialysis. Our findings suggest that the transport
of AP across the BBB is functional in AD mice, and this
lays the foundation for therapeutic development focusing
on peripheral AP clearance approaches to reduce brain Ap
burden.

Is the removal of blood AP by peritoneal dialysis the
only explanation for the reduction of AB from the brain?
To address the question, we calculated the total Ap removal
via peritoneal dialysis. Total A burden in the brain of
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«Fig. 4 Peritoneal dialysis alleviates neuronal degeneration and loss
in the hippocampus of 10-month-old AD mice. a Representative
images of the neurons and dendrites in the CA1 region of the hip-
pocampus stained with anti-NeuN and anti-MAP-2 immunofluores-
cence in peritoneal dialysis-treated and age-matched control mice
(Scale bars 100 pm). Comparison of the area fractions of NeuN,
MAP-2 b and caspase-3 ¢ staining between peritoneal dialysis-treated
and control mice. d Representative images of neuronal apoptosis in
the CA3 region of the hippocampus as illustrated with activated cas-
pase-3 immunofluorescence (Scale bars 100 um). e Western blotting
and quantitative analysis of synapse-associated proteins, including
PSD93, PSD95, synapsinl (SYN-1), and synaptophysin (Synap), in
the brain homogenates of peritoneal dialysis-treated and control mice.
f Representative photomicrograph and quantification of dendritic
spine intensity of basal segment of CA1 hippocampal neurons, n = 8
per group (Scale bar 10 pm). g PS396 immunohistochemical staining
in the hippocampus of peritoneal dialysis-treated and control mice.
Insets show the representative morphology at a higher magnification
(Scale bars 100 pm). Comparison of the PS396-positive area fraction
in the hippocampus of peritoneal dialysis-treated and control mice.
h Western blot and quantification for phosphorylated Tau at multiple
sites, including PS396-Tau, PS199-Tau, and total Tau (Tau5), in brain
homogenates. Con control, PD peritoneal dialysis. n = 8 per group,
two-tailed 7 test, *P < 0.05, **P < 0.01, ***P < 0.001, n.s. non-sig-
nificant. Error bar SEM

10-month-old AD mice is approximately 360 ng as calcu-
lated by brain AB concentration (1 ng/mg) x brain weight
(360 mg). The total brain AP at the end of peritoneal dialy-
sis is composed of the existing Af at the beginning of peri-
toneal dialysis and newly produced AB during the 30 days
of peritoneal dialysis. The total Af removal in dialysis
solution is 7.2 ng as calculated by the AP concentration in
dialysis solution (200 pg/ml) x the volume of recovered
dialysis solution (1.2 ml) x dialysis duration (30 day),
while the total reduction of brain A after peritoneal dial-
ysis = brain AP concentration (1 ng/mg) x brain weight
(360 mg) x the percentage decrease in brain Af burden
(20.44%) = 72 ng. Thus, AB removal in dialysis solution
was only 10% of the reduction in brain AB burden, sug-
gesting that other AP clearing pathways may be enhanced
through peritoneal dialysis. In our present study, chronic
peritoneal dialysis increased the expression of LRP-1 and
decreased the expression of RAGE in the brain of AD mice;
these changes could favour the net efflux of AB across BBB
from the brain into the blood. In addition to the removal of
AP, the convection between dialysate and blood produced
by hypertonic dialysis solution can also promote the efflux
of other metabolites into the peritoneal dialysate through
the peritoneum and omentum. Thus, peritoneal dialysis
could significantly improve the internal environment of
the brain, as reflected by the decreased pro-inflammatory
cytokines and increased anti-inflammatory cytokines in the
brain, suggesting that there might be a shift of microglia
polarization state from M1 to M2. Enhancement of the AP
phagocytic ability of microglial cells reflects the improve-
ment of microglia functions in the brain after peritoneal

dialysis. Furthermore, as the level of AP in the omentum in
the peritoneal dialysis-treated mice was much higher than
the controls, entrapment of Af in omentum also contributes
to the reduction of brain AR burden. Taken together, peri-
toneal dialysis clears brain A through multiple pathways.

Previous studies suggest that Af levels in the blood are
not correlated with that in the brain and disease severity of
AD, partially due to the difference in the AP solubility and
the many confounding factors which influence the brain-
derived A levels in the blood such as binding of Af with
albumin, blood cells and catabolism of A in the periph-
ery by enzymes, tissues and organs [31]. But in the present
study the changes of soluble AP levels in ISF were closely
correlated with that in blood during peritoneal dialysis,
suggesting that the soluble brain AP pool and blood AP
pool are communicative. Our recent study suggests that the
physiological AP clearance in the periphery plays a signif-
icant role in removing brain AP, and the clearance of Af
in the periphery is a potential route for brain A clearance
[44]. In addition, previous studies suggest that AP can also
deposit in the peripheral tissues, such as intestine, skin and
heart, of AD patients [21, 40]. In our present study, we pro-
vided the evidence that AP also accumulates in the omen-
tum in AD mice. The higher levels of AB42 over Ap40 in
the omentum might be because that AB42 is more prone
to deposit in tissues than AB40. Moreover, previously we
found that blood AP levels were significantly increased in
patients with peripheral disorders, such as hepatic and renal
failures [25, 42], chronic obstructive pulmonary disease
[3], and systemic infection [4, 40]. These findings suggest
that the disturbance of AP clearance in the periphery may
contribute to AD pathogenesis, and AD may be a disor-
der related not only to the brain but also to the peripheral
system.

It is worthy to note that CKD patients are different from
AD mice in the present study. The first difference is that
patients were suffering from chronic renal failure while
renal functions of AD mice were normal. Our previous
study suggests that the AP clearance capacity of the kid-
ney is impaired in CKD patients [25]. In the present study,
we found that peritoneal dialysis is potent in removing
AP from the blood in CKD patients. While in AD mice,
the blood AP levels were dramatically higher than that of
wild-type mice, suggesting that the renal function in AD
mice is not sufficient to remove Af in blood. In this regard,
enhancement of AB clearance from blood is a necessary
therapeutic approach for AD, even though their renal func-
tions are normal. The second difference between CKD
patients and AD mice is different procedures of peritoneal
dialysis. CKD patients usually received continuous ambu-
latory peritoneal dialysis (CAPD) which consists of three
daytime exchanges (i.e. 4—6-h dwell-time) and one nightly
(i.e. 8—12-h dwell-time) in clinical settings. While in our
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Fig. 5 Peritoneal dialysis improves behavioural performances and
long-term potentiation (LTP) of 10-month-old AD mice. a, b Percent-
age of alternation and number of entries. ¢, d Novel arm entry and
time spent in the novel arm in the Y-maze test. e, f Distance travelled
and number of rearing in the open-field test. g Representative trac-

study AD mice received only 2 h of dialysis per day. Even
with this shorter time of dialysis, significant reduction of
brain AP burden was also achieved in AD mouse, suggest-
ing that CAPD would be more potent in removing brain
AB if it is applied for AD patients. It is of importance to
note that brain AB deposition is lower in CDK patients who
received hemodialysis than those who did not, suggesting
that reducing blood AP by dialysis would be a promising
and effective therapeutic approach for AD [34].

In conclusion, the efficacy of peritoneal dialysis for
clearing brain AB in our present study provides proof-
of-concept evidence that the restoration of the AD brain
microenvironment and the clearance of brain AB could be
realized via peripheral approaches. The findings of the pre-
sent study could also provide implication for the prevention
and treatment of other neurodegenerative diseases, such as
Parkinson’s disease, Huntington’s disease and amyotrophic
lateral sclerosis, through peripheral approaches.
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