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Abstract
Accumulation of pathological tau is the hallmark of Alzheimer’s disease and other tauopathies and is closely correlated with 
cognitive decline. Clearance of pathological tau from the brain is a major therapeutic strategy for tauopathies. The physiologi-
cal capacity of the periphery to clear brain-derived tau and its therapeutic potential remain largely unknown. Here, we found 
that cisterna magna injected 131I-labelled synthetic tau dynamically effluxed from the brain and was mainly cleared from the 
kidney, blood, and liver in mice; we also found that plasma tau levels in inferior vena cava were lower than those in femoral 
artery in humans. These findings suggest that tau proteins can efflux out of the brain and be cleared in the periphery under 
physiological conditions. Next, we showed that lowering blood tau levels via peritoneal dialysis could reduce interstitial fluid 
(ISF) tau levels in the brain, and tau levels in the blood and ISF were dynamically correlated; furthermore, tau efflux from 
the brain was accelerated after the addition of another set of peripheral system in a parabiosis model. Finally, we established 
parabiosis mouse models using tau transgenic mice and their wild-type littermates and found that brain tau levels and related 
pathologies in parabiotic transgenic mice were significantly reduced after parabiosis, suggesting that chronic enhancement 
of peripheral tau clearance alleviates pathological tau accumulation and neurodegeneration in the brain. Our study provides 
the first evidence of physiological clearance of brain-derived pathological tau in the periphery, suggesting that enhancing 
peripheral tau clearance is a potential therapeutic strategy for tauopathies.
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Introduction

Tauopathies are progressive neurodegenerative disorders 
that include, but are not limited to, Alzheimer’s disease 
(AD), progressive supranuclear palsy (PSP), corticobasal 
degeneration (CBD), Pick’s disease, certain forms of fronto-
temporal lobar degeneration (FTLD), and chronic traumatic 
encephalopathy [18, 29]. Tau is an abundant, highly soluble 
intracellular protein that binds to microtubules and promotes 
their stability [12]. However, in tauopathies, tau aggregates 
and accumulates in hyperphosphorylated neurofibrillary tan-
gles (NFTs) that occur in neurons and dystrophic neurites 
[28]. The amount of abnormally hyperphosphorylated tau, 
or tau pathology, is well correlated with neuronal loss, syn-
aptic dysfunction, and cognitive decline [5, 22, 44]. Unfor-
tunately, effective therapies for tauopathies are lacking [7].

It is suggested that intracellular pathogenic tau can be 
released into the intercellular space and then enter adjacent 
cells, where it seeds further tau aggregation and propagates 
the pathology [15, 16, 25, 33]. Blocking this transmission 
process by removal of pathogenic tau from the intercellu-
lar space represents a promising therapeutic approach for 
tauopathies [7]. Recent studies suggest that brain-derived 
pathological tau can flow into the bloodstream [35, 45]. 
However, the subsequent consequences of tau efflux from 
the brain remain largely unknown. In the present study, 
we found that tau could flow from the brain into the blood 
stream and be physiologically cleared in peripheral tissues 
and organs; enhancement of peripheral tau clearance is 
able to reduce brain pathological tau levels, suggesting that 
peripheral tau clearance represents a potential therapeutic 
strategy for tauopathies.

Materials and methods

Participants and blood sampling

The human study protocol was approved by the Ethics 
Committee of Daping Hospital affiliated with Third Mili-
tary Medical University. This study enrolled a total of 20 
patients (8 females and 12 males) who suffered from atrio-
ventricular re-entrant tachycardia (AVRT) and underwent 
radiofrequency catheter ablation (RFCA) from Daping Hos-
pital and The Third Affiliated Hospital of Chongqing Medi-
cal University (Supplemental Table 1). The average age of 
these patients was 52.4 years old (35–75 years). Blood was 
collected from the inferior vena cava (IVC) proximal to the 
hepatic vein and right femoral artery (FA) within a time 
frame of 5 min. Six millilitres of blood were collected at 
each site, and plasma was separated within 2 h after collec-
tion and stored at − 80 °C until use.

Animals

P301L tau transgenic (pR5) mice on a C57BL/6 background 
were provided by Professor Juergen Gotz from Queensland 
Brain Institute, Queensland University (Australia) and raised 
in Daping Hospital Animal House. The pR5 mouse model 
expresses the longest human tau isoform (2N4R) with the 
FTDP-17 mutation P301L in neurons and is characterized 
by hyperphosphorylation of tau at certain phosphorylation 
sites, which occurs in AD and other tauopathies [10, 20]. 
All animal experiments were approved by the Third Military 
Medical University Animal Welfare Committee.

Biodistribution of 131I‑tau after intravenous 
or cisterna magna injection

Radiolabelling of 131I-tau was performed following the pre-
vious protocols. Synthetic human Tau441 was iodinated 
with Na131I using the chloramine T (Ch-T) method [47]. 
The radiochemical purity of radioiodinated tau was > 95%.

For experiments assessing tau clearance in the periphery, 
wild-type (Wt) mice were used, and 6.7 MBq of 131I-tau in 
0.3 ml of normal saline was injected into the tail vein or 
9.3 MBq of 131I-tau was injected into the cisterna magna 
under anaesthesia. At 15, 30 min, 1, 4, or 8 h after injection 
(n = 3 per timepoint), blood was collected via retro-orbital 
bleeds, and brain, skin, intestine, lung, heart, liver, spleen, 
kidney, bone, and muscle were collected and weighed after 
transcardiac perfusion. In experiments assessing effects 
of parabiosis on tau clearance in the brain and periphery, 
9.3 MBq of 131I-tau was injected into the cisterna magna of 
one parabiotic Wt mouse (Wt–Wt pair) and of singular Wt 
mice. Brain and peripheral tissues and organs were collected 
and weighed at different time intervals of 15 min, 1, and 
4 h (n = 3 per timepoint). The radioactivity (CPM values) of 
samples was measured, and the resulting counts/min values 
were normalized per gram of tissue. The radioactivity values 
are shown as counts/min/g of tissue.

Peritoneal dialysis

Six-month-old male pR5 mice were subjected to peritoneal 
dialysis (n = 5). The peritoneal dialysis surgery was per-
formed following previously described procedures [21]. An 
“open” permanent system was subcutaneously tunnelled 
from the neck to the abdomen, and one end was placed in the 
peritoneal cavity. For peritoneal dialysis, 2 ml of 2.5% dialy-
sis solution (Baxter Healthcare Corporation, 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 magnesium chloride) was 
injected into the peritoneal cavity via tubing and collected 
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2 h later. The recovery efficiency of peritoneal dialysis was 
approximately 50% (1 ml of dialysis solution).

Microdialysis

Microdialysis experiments were performed as described 
elsewhere [43]. A guide cannula (Eicom, Japan) was stereo-
tactically implanted in the left hippocampus (A/P: − 3.1 mm, 
M/L: − 2.5 mm, D/V: − 1.2 mm, 12°) and cemented using 
binary dental cement. After a recovery period of at least 
3 days, a 2-mm 1000-kDa cutoff AtmosLM microdialysis 
probe (Eicom, Japan) was inserted through the guide can-
nula. The probe was connected to a microdialysis peri-
staltic pump (MAB20, SciPro), which was operated in the 
push–pull mode. Artificial cerebral spinal fluid (ACSF) con-
taining 4% human albumin solution was used as perfusion 
buffer for ISF collection. For ISF collection, a flow rate of 
1 μl/min was used. ISF samples were collected hourly in a 
refrigerated fraction collector.

Parabiosis

pR5 mice and their sex-matched Wt littermates were 
selected for parabiosis (n = 8 per group, half female, and 
half male). Parabiosis surgery was performed as previously 
described [3, 41]. Opposing scapulae, femurs, muscle layers, 
and skin of the pairs of mice were fixed together. Parabiosis 
was performed at 3 months of age when the level of abnor-
mal phosphorylated tau is low and NFTs have not formed in 
the brain; samples were collected for analysis at 6 months 
of age when abnormal phosphorylated tau is abundant and 
behavioural deficits have emerged (Supplemental Fig. 2a). 
Age-, sex-, and weight-matched Wt and pR5 mice without 
parabiosis were used in parallel as controls.

Electrophysiology

In the parabiosis experiment, a designated group of parabi-
onts and their Wt and pR5 controls (n = 6) were subjected 
to electrophysiology tests as described previously [3, 21]. 
Test fEPSPs were evoked at a frequency of 0.033 Hz and at 
a stimulus intensity that was adjusted to approximately 50% 
of the intensity that elicited the maximal response. After 
a 20-min stable baseline, long-term potential (LTP) was 
induced by high-frequency stimulation (HFS, 100 pulses at 
100 Hz). All recordings were conducted at room temperature 
using a Multiclamp EPC 10 amplifier (HEKA Electronics, 
Lambrecht/Pfalz, Germany).

Immunohistochemistry and immunofluorescence

A series of five equally spaced tissue sections (~ 1.3-
mm apart) spanning the entire brain were stained for 

phosphorylated tau (rabbit anti-pS396-tau, Signalway, USA; 
AT100, mouse anti-PHF-tau, Invitrogen, USA) using free-
floating immunohistochemistry methods [34, 46]. Briefly, 
selected brain sections were treated with 0.3% H2O2 mixed 
with 0.5% Triton X-100 in PBS for 30 min at room tempera-
ture, followed by blocking with 3% BSA for 30 min, and 
then incubated overnight with primary antibody at 4 °C. On 
day 2, sections were incubated with secondary antibodies 
conjugated with HRP for 1 h at 37 °C, followed by visualiza-
tion with DAB solution for immunohistochemistry staining. 
Apoptosis of neuronal cells was detected by double immuno-
fluorescence staining for NeuN (mouse anti-NeuN, Abcam, 
UK) and caspase-3 (rabbit anti-caspase-3, Millipore, USA). 
Neuronal loss and neurite degeneration were detected by 
double immunofluorescence staining for NeuN and microtu-
bule-associated protein (MAP)-2 (rabbit anti-MAP-2, Milli-
pore, USA). The fraction of positive staining as a proportion 
of total area was quantified with the ImageJ software.

Measurements of human plasma tau

A Simoa assay was used to measure total tau levels in human 
plasma collected from the inferior vena cava and femoral 
artery according to the manufacturer’s protocol (Simoa™ 
Neurology 3-Plex A Advantage kit, Quanterix Simoa-HD1 
Platform, Hangzhou, China) [8]. Plasma samples were ana-
lysed at a 1/4 dilution. Each batch was analysed using six 
standard replicate curves and by applying a four-parameter 
logistic fit with 1/Y2 weighting.

ELISAs

For ELISAs, powdered brain samples were weighed, and 
protein was sequentially extracted in Tris buffer solution 
(TBS) and 2% sodium dodecyl sulfonate (SDS). The lev-
els of human pT181-Tau, pT231-Tau, and total tau in the 
TBS and SDS fractions and microdialysis fluids, as well as 
the total tau concentrations in plasma, were measured using 
ELISA kits according to the manufacturer’s instructions 
(Invitrogen, USA). Inflammatory factors, including TNF-α, 
IFN-γ, IL-1β, and IL-6, in brain homogenates and blood 
were measured using corresponding ELISA kits (R&D sys-
tems, USA).

Western blotting

For Western blotting analysis, brain powder was suspended 
in RIPA buffer, and proteins were extracted. Identical 
amounts of RIPA-extracted protein were separated by SDS-
PAGE (4–10% acrylamide) and transferred to nitrocellulose 
membranes. The blots were probed with antibodies against 
the following targets: pT181, pT231, pS199, pS404 (Signal-
way, USA), tau5 (Abcam, UK), glycogen synthase kinase 
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3 beta (GSK3β; Abcam, UK), pS9-GSK3β (Abcam, UK), 
synaptosomal-associated protein 25 (SNAP-25, Millipore, 
USA), vesicle-associated membrane protein 1 (VAMP-1, 
Abcam, UK), postsynaptic density protein 93 (PSD-93, 
Abcam, UK), PSD-95 (Millipore, USA), the major syn-
aptic vesicle protein p38 synaptophysin (SYP, Millipore, 
USA), doublecortin (DCX, Abcam, UK), neuron-specific 
enolase (NSE, Abcam, UK), and β-actin (Sigma-Aldrich). 
The membranes were incubated with IRDye 800CW sec-
ondary antibodies (Li-COR) and scanned using an Odyssey 
fluorescence scanner. The band density was normalized to 
β-actin for analysis.

Statistical analysis

The results are presented as the mean ± SEM. Statistical 
analysis included a two-tailed Student’s t test, a Mann–Whit-
ney U test, or a paired t test, as applicable, to compare two 
groups; one-way ANOVA and Tukey’s test were used to 
compare three groups, and two-way ANOVA was used 
to compare two groups at multiple timepoints. Normality 
and equal-variance testing were performed for all assays. 

p < 0.05 was considered significant. All analyses were con-
ducted with the GraphPad Prism 5.0 software.

Results

Tau efflux from the brain and its clearance 
in the periphery in mice and humans

To explore whether tau can efflux out of the brain into the 
blood and the physiological clearance of brain-derived tau 
in the periphery, we investigated the dynamic distribution of 
131I-tau in the brain and the periphery. After cisterna magna 
injection, high radioactivity levels were detected in whole 
blood 15 min after injection, while radioactivity in the brain 
declined sharply (Fig. 1a), suggesting that tau effluxed from 
the brain into the blood within minutes. The radioactivity 
in the periphery was primarily distributed in the blood and 
kidney, with a moderate presence in the liver, and declined 
over time in the blood and kidney (Fig. 1a), indicating that 
tau was cleared from these locations. Similarly, after intra-
venous injection, the radioactivity was mostly located in the 

Fig. 1   Dynamic distribution of 131I-labelled tau after cisterna magna 
or intravenous injection and tau concentrations at different locations 
in human systemic circulation. a–d Dynamic changes in radioactiv-
ity levels in the brain and periphery after injection of 131I-labelled 
synthetic tau (n = 3 each timepoint, two-way ANOVA). a Dynamic 
changes in radioactivity levels in the brain and periphery after injec-
tion of 131I-tau in the cisterna magna. b Dynamic changes in radio-
activity levels in the brain and periphery after intravenous injection 
of 131I- tau. c Dynamic changes in radioactivity levels in the brain 
and periphery of parabiotic mice. Wt mice were connected as Wt–
Wt parabiotic pairs. 131I-tau was injected into the cisterna magna of 

one parabiotic wild-type mouse (ipsilateral), and radioactivity levels 
were measured in the contralateral parabiotic mouse. d Comparison 
of dynamic radioactivity changes in the brain of ipsilateral parabi-
onts or singular Wt mice after cisterna magna injection of 131I-tau. 
For parabiotic mice, 131I-tau was injected into the cisterna magna of 
one parabiotic wild-type mouse (ipsilateral), and radioactivity levels 
were measured in the ipsilateral parabiotic mouse. e Comparison of 
total tau levels between plasma samples from the femoral artery and 
inferior vena cava in humans (n = 20, paired t test). IVC inferior vena 
cava, FA femoral artery. Error bar, SEM. *p < 0.05, **p < 0.01, and 
***p < 0.001
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kidney and blood, and moderate amounts were observed in 
the liver (Fig. 1b), further verifying that these tissues and 
organs are the primary sites of tau clearance in the periph-
ery. In addition, blood 131I-tau exhibited a prolonged half-
life of 4.8 h after cisterna magna injection in comparison 
with that of 3.4 h after intravenous injection (Supplemental 
Fig. 1a, b). We also injected free 131I into the cisterna magna 
as control. At 1 h after injection, the radioactivities of free 
131I were extremely low, while that of 131I-tau remained at 
a high level in the brain. Meanwhile, the radioactivities of 
free 131I were mainly distributed in the blood, whereas those 
of 131I-tau were primarily distributed in the blood, liver, and 
kidney (Supplemental Fig. 1c, d). The different patterns of 
dynamic biodistribution between free 131I and 131I-tau sug-
gest that the radioactivities we detected in the periphery after 
131I-tau injection represent tau protein but not disassociated 
131I molecules from 131I-tau.

The above results indicate that the kidney and liver are 
the main organs for peripheral tau clearance in animals. To 
investigate peripheral tau clearance by viscera in humans, 
we measured plasma tau levels at the femoral artery, which 
collects blood before flowing through viscera, and at the 
inferior vena cava proximal to the hepatic vein, which col-
lects blood after it flows through the viscera. We found that 
total tau levels in blood from the inferior vena cava were 
lower than those in blood from the femoral artery (Fig. 1e, 
Supplemental Table 1), suggesting that tau protein in the 
blood was cleared when it went through the peripheral vis-
cera under physiological conditions in humans.

Enhancing peripheral tau clearance facilitates tau 
efflux from the brain

To investigate whether lowering blood tau levels can lead to 
a reduction in tau levels in the brain, we conducted a short-
term peritoneal dialysis experiment with male, 3-month-old 
pR5 mice and examined the dynamic interaction between 
the blood tau and brain ISF tau levels. ISF tau levels were 
reflected by the tau levels in microdialysis fluid. As shown in 
Fig. 2, total tau (t-tau) levels in the blood decreased imme-
diately after peritoneal dialysis was started and reached 
the lowest levels 2–3 h later, followed by a slight and slow 
increase after peritoneal dialysis was stopped. Interestingly, 
the changes in tau levels in ISF paralleled those in the blood, 
indicating that the tau levels in ISF and blood were dynami-
cally correlated. These findings suggest that lowering tau 
levels in the blood could induce a reduction in tau levels in 
the brain.

Next, to investigate whether enhancement of peripheral 
tau clearance can facilitate tau efflux from the brain, isoch-
ronic parabiosis was established between two sex-matched 
Wt mice at 3 months of age. After 1 month of recovery, 
the circulatory systems of the two parabionts were joined 

together. We injected 131I-tau into the cisterna magna of one 
parabiotic mouse (ipsilateral parabionts) and observed the 
dynamic distribution of tau in the brain, kidney, blood, and 
liver of both ipsilateral and contralateral parabiotic mice. 
Singular Wt mice were used as the control. As shown in 
Fig. 1c, at 15 min after injection, radioactivity was mainly 
detectable in the blood of contralateral mice. During the 
following 4 h, radioactivity levels in the blood, kidney, and 
liver increased remarkably over time (Fig. 1c). These results 
indicate that tau effluxed from the brain into the blood and 
was then transferred to contralateral mice via circulation, 
finally being cleared in the peripheral tissues and organs 
of contralateral mice. In ipsilateral parabionts, radioactivity 
in the brain, blood, and kidney declined faster than in sin-
gular mice (Fig. 1d, Supplemental Fig. 1e), suggesting that 
the addition of another set of peripheral tissues and organs 
accelerated tau efflux from brain and its clearance in the 
periphery.

Parabiosis alleviates tau pathologies in the brain

To investigate the effects of physiological tau clearance 
in the periphery on tau pathologies in the brain, we uti-
lized isochronic parabiosis between pR5 mice and their 
sex-matched Wt littermates. After 3 months of parabiosis, 

Fig. 2   Dynamic changes in tau levels in brain ISF and blood from 
pR5 mice treated with peritoneal dialysis. To explore whether lower-
ing tau levels in the blood could affect central tau levels, peritoneal 
dialysis was performed in 3-month-old male pR5 mice, and dynamic 
changes in tau levels in brain ISF and blood were measured. PD 
peritoneal dialysis. n = 5 each timepoint. Error bar, SEM. *p < 0.05, 
**p < 0.01, and ***p < 0.001, paired t test
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blood t-tau levels in the parabiotic pR5 mice were sig-
nificantly lower than those in control pR5 mice and were 
comparable to those in parabiotic Wt mice (Supplemental 
Fig. 2b). In addition, t-tau levels in the kidney were signifi-
cantly reduced, and t-tau in the liver also tended to decrease 
(Supplemental Fig. 2c, d). These findings suggest that the 
parabiosis models were successfully established and that 
the additional viscera from parabiotic Wt mice took up tau 
proteins from pR5 mice.

Next, we compared phosphorylated tau levels between 
parabiotic pR5 mice and control pR5 mice 3 months after 
parabiosis. Immunohistochemical assays showed that phos-
pho-Tau(pS396)-positive staining in the hippocampus and 
neocortex of pa(3–6 mo) pR5 mice decreased by approxi-
mately 25% (Fig. 3a). Similarly, AT100-positive staining 
was also reduced in the amygdala after parabiosis (Fig. 3a). 
Using Western blot assays, we measured the levels of tau 
phosphorylation at additional epitopes and found that the 
levels of tau phosphorylation at the Ser404 (pS404), Thr231 
(pT231), Ser199 (pS199), and Thr181 (pT181) epitopes 
were also reduced in pa(3–6 mo) pR5 mice, whereas total 
tau (tau5) showed a tendency to decline, but the decrease 
was not statistically significant (Fig. 3b). One possible expla-
nation is that the majority of total tau was normal tau pro-
tein bound to microtubules and thus would not influenced 
by physiological peripheral clearance. Next, we examined 
p-tau levels in different solubility fractions and found that 
the levels of both pT231-tau and pT181-tau were reduced 
in the TBS fraction (soluble) as well as in the SDS frac-
tion (insoluble) in parabiotic pR5 mice relative to controls 
(Fig. 3c), with a total reduction (including both soluble and 
insoluble tau species) of 23.44% for pT231 and 21.03% for 
pT181.

We investigated mechanisms underlying the reduc-
tion of tau phosphorylation other than direct tau clear-
ance after parabiosis. GSK-3β is a critical enzyme that 
induces tau phosphorylation. We found that the brain pS9-
GSK3β:GSK3β ratio was elevated in pa(3–6 mo) pR5 mice, 
suggesting that the activity of GSK3β was reduced after 
parabiosis (Fig. 3d).

Parabiosis alleviates neurodegeneration 
and neuroinflammation

Compared with control pR5 mice, pa(3–6 mo) pR5 mice 
exhibited an increased proportion of staining for Map-2 in 
the hippocampal CA1 region (Fig. 4a, c) and a decreased 
proportion of activated caspase-3 in the hippocampus CA3 
region (Fig. 4b, c). Then, using Western blot assays, we 
found that the immunoreactivities of synapse-related pro-
teins, including SYP, SNAP-25, and VAMP-1, and pro-
teins associated with neural regeneration, including NSE 
and DCX, were significantly elevated after parabiosis 

(Fig. 4e–g). These findings suggest that parabiosis alleviated 
neurodegeneration in the brain of pa(3–6 mo) pR5 mice.

We measured pro-inflammatory factors in both the brain 
and blood (Fig. 4d, Supplemental Fig. 3). The results showed 
that both IFN-γ and TNF-α, but not IL-1β or IL-6, were 
significantly reduced in the brains of pa(3–6 mo) pR5 mice 
compared with control pR5 mice, which were comparable 
to Wt mice (Fig. 4d). These findings suggest that parabiosis 
protected against neuroinflammation in the brain.

Finally, we measured the LTP of the hippocampal CA1 
region. As shown in Fig. 4h, HFS induced reliable LTP in 
Wt mice, but the LTP was significantly weaker in pR5 mice 
than in Wt mice, indicating that the plasticity of the exam-
ined synapses is impaired in the brains of pR5 mice. How-
ever, no significant difference in LTP was observed between 
parabiotic and control pR5 mice. This may be because the 
limited reduction of phosphorylated tau (< 25%) was insuf-
ficient to improve LTP.

Discussion

In the present study, we showed that tau in the brain can 
efflux into the blood and is cleared in the periphery; acute 
enhancement of peripheral tau clearance facilitates tau efflux 
from the brain; and chronic enhancement of peripheral tau 
clearance alleviates pathological tau accumulation, neurode-
generation, and neuroinflammation in the brain. Our findings 
provide the first evidence that physiological tau clearance 
occurs in the periphery, which makes a significant contribu-
tion to pathological tau clearance from the brain.

The prerequisite for physiological tau clearance in the 
periphery is that tau in the brain can efflux into blood. We 
found that synthesized human tau was detectable in the 
blood within minutes after injection into the cisterna magna 
of Wt mice, and these findings are consist with the previous 
studies [35, 45] and provide compelling evidence that tau 
in the brain can egress to the periphery. However, the efflux 
mechanism is not yet well understood. To date, specific tau 
transporters across the blood–brain barrier have not been 
identified. Instead, tau is thought to egress into blood via the 
glymphatic system or CSF absorption from the arachnoid 
villi and blood–CSF barrier or from the lymphatic system 
[17, 27, 37, 42]. These efflux pathways need to be verified, 
and other pathways need to be identified in the future. Where 
does brain-derived tau go after efflux out of the brain? We 
found that tau can be cleared in the periphery, particularly in 
the blood, kidney, and liver, under physiological conditions 
in mice and humans. These are also the main tissues and 
organs for clearance of Aβ, a major causative molecule of 
AD [39, 41]. In the circulation, tau might be phagocytized 
by monocytes, which are suggested to have tau clearance 
capacity in the brain [13], as well as by other immunocytes 
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[31]. Like Aβ, tau might also be bound and transported by 
albumin, erythrocytes, or other blood components [39]. In 
the kidney and liver, tau may be degraded and/or excreted 
with urine or bile. These speculations need to be verified in 

future studies. It has been proposed that there is an equilib-
rium between intracellular tau and extracellular tau [4]. In 
our study, peritoneal dialysis removed blood tau and further 
induced a reduction in tau levels in ISF, suggesting that there 

Fig. 3   Parabiosis reduces abnormally phosphorylated tau in the pR5 
mouse brain. a Representative images of pS396-tau and PHF-tau 
(AT100) immunohistochemical staining in the hippocampus, neocor-
tex and amygdala in 6 mo pR5 and pa(3–6 mo) pR5 mice; the propor-
tion of area stained positive for pS396 in the hippocampus and neo-
cortex and that for AT100 in the amygdala were reduced in pa(3–6 
mo) pR5 mice relative to control pR5 mice. Scale bars 50  μm. b 
Western blot assays of total tau (tau5) and phosphorylated tau at mul-

tiple sites, including Ser404, Thr231, Ser199, and Thr181, in brain 
homogenates from 6 mo pR5 and pa(3–6 mo) pR5 mice. c Quanti-
tative comparison of pT231-tau and pT181-tau levels, measured via 
ELISA, in TBS and 2% SDS fractions of brain extracts between 6 mo 
pR5 and pa(3–6 mo) pR5 mice. d Western blot assays of pS9-GSK3β 
and total GSK3β levels in the two pR5 groups. n = 8 per group; error 
bar SEM. *p < 0.05, and **p < 0.01, Student’s t test
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is also an equilibrium between brain extracellular tau and 
blood tau levels. Taken together, our findings suggest that 
there is an equilibrium among intracellular and extracellu-
lar tau pools in the brain and tau pools in peripheral blood; 
depletion of peripheral blood tau shifts the equilibrium 
between the brain and blood tau pools, thereby leading to 

removal of extracellular tau in ISF and then of intracellular 
tau, thus inducing clearance of pathological tau in the brain 
(Fig. 5).

Our findings reveal the occurrence of physiological tau 
clearance in the periphery. How competent this process is in 
removal of brain tau remains unknown. We used a parabiosis 

Fig. 4   Parabiosis rescues neurodegeneration and neuroinflammation. 
a Representative images of neurons and dendrites in the CA1 region 
of the hippocampus stained with anti-NeuN and anti-Map-2 immuno-
fluorescent antibodies in pa(3–6 mo) pR5, control pR5 and wild-type 
(Wt) mice. Scale bars 50  μm. b Representative images of neuronal 
apoptosis in the CA3 region of the hippocampus stained with acti-
vated caspase-3 immunofluorescent antibody in pa(3–6 mo) pR5, 6 
mo pR5 and 6 mo Wt mice. Scale bars 50 μm. c Quantitative compar-
ison of the proportion of area stained positive for NeuN, Map-2 and 
caspase-3 among pa(3–6 mo) pR5 mice, 6 mo pR5 mice and 6 mo Wt 
mice. d Quantitative comparison of pro-inflammatory factor levels in 
brain homogenates among pa(3–6 mo) pR5, 6 mo pR5 and 6 mo Wt 

mice. e Western blot assays of synapse-associated proteins, including 
PSD-95, PSD-93, SYP, SNAP-25, and VAMP-1, in brain homogen-
ates from the three groups of mice. f Western blot assays of neuro-
genesis biomarkers, including NSE and DCX, in brain homogenates 
from the three groups of mice. g Quantitative comparison of the den-
sities of the PSD-95, PSD-93, SYP, SNAP-25, VAMP-1, NSE, and 
DCX bands among pa(3–6 mo) pR5, 6 mo pR5 and 6 mo Wt mice. h 
Hippocampal CA1 long-term potentiation (LTP) in pa(3–6 mo) pR5, 
6 mo pR5 and 6 mo Wt mice. a–g n = 8 per group; h n = 6 per group; 
error bar, SEM. *Represents comparison with 6 mo Wt mice, and # 
represents comparison with 6 mo pR5 mice; *p < 0.05, **p < 0.01, 
***p < 0.001, and #p < 0.05, one-way ANOVA
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model to calculate the contribution of a singular peripheral 
system to brain tau clearance. On the basis of our results, 
the brain pathological tau burden in a transgenic mouse is 
defined as 100%, and the reduction by an additional periph-
eral system is 23.44% as reflected by ELISA analysis of 
pT231. Thus, the total pathological tau in the brain of a 
transgenic mouse without peripheral clearance should be 
100 + 23.44%. Using the following equation: clearance rate 
of a singular periphery = reduction of brain pathological tau 
in a parabiotic transgenic mouse/total pathological tau in the 
brain of a transgenic mouse without an additional periph-
eral system, we calculate that a singular peripheral system 
can remove approximately 19% of pathological tau from the 
brain in a pR5 mouse. The amount of hyperphosphorylated 
tau cleared from the brain by the peripheral system is much 
less than that of Aβ, which was found to be approximately 
40% in our previous study [41]. This might be because Aβ 
is mainly accumulated extracellularly, while hyperphospho-
rylated tau mainly accumulates intracellularly, and thus, 
removal through the peripheral clearance pathway is harder.

It is worth noting that in addition to direct removal of 
tau, other mechanisms may also contribute to the reduction 
of tau pathologies in the brain after parabiosis. GSK3β is 
an extensively studied tau phosphorylation enzyme, and 
its activation leads to tau phosphorylation. In our study, 
the activity of GSK3β was reduced after parabiosis. There 
might be a feedback loop between GSK3β activation and 
tau phosphorylation: reduced phosphorylated tau leads to 
less GSK3β activation, and in turn, reduced GSK3β acti-
vation may further lead to decreased tau phosphorylation 
[38]. Inflammation is suggested to exacerbate tau patholo-
gies [1, 19, 26]. In our present study, parabiosis decreases 
inflammatory factors, such as TNF-α and IFN-γ, in the 

brain of parabiotic pR5 mice, which can regulate the activ-
ity of GSK3β and thus may influence tau phosphorylation 
[14, 30]. How competent does the reduced inflammation 
contribute to tau reduction after parabiosis? In pR5 mouse 
brains, we observed rare activated microglia, which are 
abundant in AD mouse models, suggesting that pR5 mice 
have lower neuroinflammation levels than AD mice. The 
levels of TNF-α and IFN-γ in the blood were not signifi-
cantly different between pR5 and Wt mice, implying that 
parabiosis between pR5 and Wt mice may not be suffi-
ciently potent to directly reduce inflammatory cytokines 
in the blood and then in the brain of parabiotic pR5 mice. 
Thus, the reduced brain tau levels after parabiosis might 
be mainly due to tau clearance, although alleviated neu-
roinflammation might also play a role in this process. The 
above findings suggest that parabiosis reduces tau patholo-
gies in the brain through multiple pathways.

Our findings provide insight into the pathogenesis of 
tauopathies. In our previous study, we put forward the 
systemic view of AD that systemic abnormalities not only 
develop secondary to brain dysfunction, but also affect AD 
progression and proposed that systemic factors might inter-
act with brain-related factors to modify the AD development 
process [39]. Here, we found that tau could also be cleared 
in the periphery. It is intriguing to speculate that compro-
mised peripheral function might impede tau clearance from 
the brain and thereby contribute to disease pathogenesis. A 
recent study reported that peripheral administration of tau 
aggregates can trigger brain tau pathology in tau transgenic 
mice [6]. Whether the peripheral pool of tau is associated 
with or causally linked to tauopathies, and whether and how 
the brain and periphery interact with each other to affect 
the progression of tauopathies are unknown. Elucidation of 

Fig. 5   Schematic mechanism of 
peripheral clearance. There is 
an equilibrium among intracel-
lular and extracellular tau pools 
in the brain and the peripheral 
blood; depletion of peripheral 
blood tau shifts the equilibrium 
between the brain and blood 
tau pools, thereby leading to 
removal of extracellular tau in 
ISF and then of intracellular 
tau, thus inducing clearance of 
pathological tau in the brain
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these questions could significantly improve our understand-
ing of the pathogenesis of tauopathies.

Tau-targeting therapies are important approaches for 
tauopathies. Most previous efforts to inhibit tau phospho-
rylation kinases, tau aggregation, or stabilize microtubules 
have been discontinued during or before clinical trials due 
to toxicity or lack of efficacy [2, 7, 32]. Currently, tau clear-
ance using immunotherapy has become more attractive, and 
some of these treatments have exhibited promising thera-
peutic potential in preclinical testing and have progressed 
to clinical trials [7, 23]. Our study provides evidence that 
enhancement of tau clearance in the periphery is a potent 
method to reduce tau pathologies in the brain, suggesting 
that peripheral tau clearance is a promising therapeutic strat-
egy for tauopathies.

Our present study has implications for understanding tau-
related pathogenesis and for development of treatments for 
other neurodegenerative diseases, such as Parkinson’s dis-
ease (PD), Huntington’s disease (HD), amyotrophic lateral 
sclerosis (ALS), and non-tau frontotemporal lobar degenera-
tion (FTLD). The pathogenic proteins associated with these 
diseases, such as α-synuclein, mutant huntingtin protein 
(mHtt), and TDP-43, and circulating constituents, such as 
exosomes and immune cells, which are likely derived from 
the brain, are elevated in patient plasma [9, 11, 24, 36, 40]. 
Therefore, clearance of brain-derived pathological proteins 
in the periphery seems to be a universal physiological pro-
cess, and enhancing peripheral clearance may be a potential 
approach to treating these neurodegenerative diseases.

In conclusion, our study reveals the physiological con-
tribution of the periphery to clearance of pathological brain 
tau and provides proof-of-concept evidence that therapies for 
tauopathies could focus on enhancing peripheral tau clear-
ance. Our study also implies that reduction of inflammatory 
factors via peripheral approaches may also help alleviating 
tau pathologies in the brain. In addition, our findings high-
light the importance of understanding the pathogenesis of 
neurodegenerative diseases and developing therapeutics for 
these diseases through a systemic approach.
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