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Abstract

INTRODUCTION: Blood phosphorylated Tau at threonine 217 (Tau-PT217) is a newly-

established biomarker for Alzheimer’s disease and postoperative delirium in patients. However, 

the mechanisms and consequences of acute changes in blood Tau-PT217 remain largely unknown.

METHODS: We investigated the effects of anesthesia/surgery on blood Tau-PT217 in aged mice, 

and evaluated the associated changes in B cell populations, neuronal excitability in anterior 

cingulate cortex, and delirium-like behavior using PET imaging, nanoneedle technology, flow 

cytometry, electrophysiology, and behavioral tests.

RESULTS: Anesthesia/surgery induced acute increases in blood Tau-PT217 via enhanced 

generation in the lungs and release from B cells. Tau-PT217 might cross blood-brain barrier, 

increasing neuronal excitability and inducing delirium-like behavior. B cell transfer and WS635, a 

mitochondrial function enhancer, mitigated the anesthesia/surgery-induced changes.

DISCUSSION: Acute increases in blood Tau-PT217 may contribute to brain dysfunction and 

postoperative delirium. Targeting B cells or mitochondrial function may have therapeutic potential 

for preventing or treating these conditions.

Keywords

Tau; Tau phosphorylation; Tau-PT217; anesthesia; surgery; delirium

2. Background.

Postoperative delirium is one of the most common postoperative complications in older 

patients [1], and is associated with postoperative complications [2], extended hospital 

stays [3], a higher chance of institutional discharge [4, 5], and increased morbidity [5-8] 
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and mortality [9, 10]. The annual healthcare costs in the United States attributable to 

postoperative delirium are approximate $32.9 billion [11]. Moreover, there is a strong 

bidirectional association between Alzheimer’s disease (AD), AD Related Dementias 

(ADRD), and delirium [12]. Specifically, patients with underlying ADRD are 2.5 to 4.7 

times more likely to develop delirium, and patients with delirium face a 12.5-fold increased 

incidence of newly diagnosed ADRD [4, 13-15]. However, the underlying mechanism of 

postoperative delirium remains largely unclear.

While Tau, a microtubule-associated protein, is predominantly found inside neurons [16-18], 

it is also present in peripheral organs [18, 19]. A recent study by Balczon et al. showed that 

the capillaries of rat lungs expressed endothelial Tau which could be detected by tomato 

lectin [20]. Moreover, administration of amyloid and Tau immunopurified from rat blood led 

to cognitive impairment in the recipient rats [20]. These data suggest that non-brain Tau can 

cause neuronal dysfunction and neurobehavioral deficits.

Tau protein undergoes many posttranslational modifications, including acetylation and 

phosphorylation [21]. Hyperphosphorylated Tau is one of the pathological hallmarks of AD 

and dementia [18, 22, 23]. For example, Tau phosphorylated at threonine 217 (Tau-PT217) 

and 181 (Tau-PT181) are the newly identified AD plasma biomarkers [24-32]. In AD 

patients, the rise of plasma Tau-PT217 amounts has been observed at the early preclinical 

stage of disease when insoluble Tau aggregates are not yet detected by Tau positron emission 

tomography [31]. Employing nanoneedle technology, an ultra-sensitive method to detect 

proteins, recent clinical studies demonstrated that preoperative plasma Tau-PT217 and Tau-

PT181 are biomarkers for postoperative delirium [33] and anesthesia/surgery was associated 

with increases in plasma Tau-PT217 and Tau-PT181 amounts [34] in patients. However, 

despite extensive research on chronic changes in Tau metabolism, acute changes in blood 

Tau-PT217 are still poorly understood.

Whereas Tau binds to microtubules, the reduction of Tau does not change axonal transport, 

which critically depends on microtubules, in cultured primary neurons [35] or mouse optic 

nerve axons in vivo [36]. Rodents [37-42] and nonhuman primates [43, 44] well tolerate the 

genetic ablation of Tau. Other studies suggest that Tau can regulate many signaling pathways 

(reviewed in [21]), and enable neural network dysfunction and behavioral abnormalities 

caused by other pathogenic drivers in models of autism, depression, epilepsy, and stroke 

[37-39, 43-46]. Moreover, it is unknown whether anesthesia/surgery-induced delirium-like 

behavior in aged mice may involve acute increases in amounts of blood Tau-PT217, Tau-

PT181 or other phosphorylated Tau proteins.

A recent study demonstrated that AD transgenic (Tg) mice had higher amounts of activated 

B cells in the cervical lymph node than wild-type (WT) mice had, and reductions in 

circulating B cells could decrease immunoglobulin deposits in the brain and prevent the 

progress of AD-like symptoms in the AD Tg mice [47]. However, other studies showed 

that AD patients had reduced B cells in blood [48, 49]. We, therefore, hypothesized 

that anesthesia/surgery induced behavioral changes in mice also via altering blood B cell 

number.
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Combining PET imaging, nanoneedle technology, electrophysiology, and other methods, 

we demonstrated that anesthesia/surgery increased blood Tau-PT217 amounts potentially 

via increasing its generation in the lungs and releasing its binding from blood B cells. 

Administration of exogenous B cells from healthy mouse donors, or WS635, a non-

immunosuppressive inhibitor of cyclophilin D and mitochondrial function enhancer [50, 51], 

attenuated the anesthesia/surgery-induced increases in Tau-PT217 measured in both blood 

and brain, restored the action potential firing rate in the slices of the anterior cingulate cortex 

(ACC), and mitigated the postoperative delirium-like behaviors in aged mice.

3. Methods.

3.1 Mice and treatments

The Standing Committee on Animals approved the animal protocol at Massachusetts 

General Hospital, Boston, MA (Protocol number: 2006N000219). All experiments were 

performed per the National Institutes of Health guidelines and regulations. Efforts were 

made to minimize the number of animals used. The manuscript was written according to 

ARRIVE guidelines. We used aged (18 months old) wild-type (WT) C57BL/6J female 

mice obtained from the National Institute on Aging (Bethesda, MD), female adult mice (3 

months old, Jackson Lab, Bar Harbor, ME), and female Tau knockout (KO) mice (3 months 

old, Strain#: 007251, Jackson Lab) in the study. We only used female mice in the current 

studies because our previous studies showed that the female mice were more vulnerable to 

the development of cognitive impairment following anesthesia/surgery [52]. All mice were 

placed in the animal facility to adapt (12:12 h light: dark cycle with food and water available 

ad libitum) for three days before the study. The mice were randomly assigned into different 

groups by weight: (1) control condition plus vehicle treatment; (2) control condition plus 

anesthesia/surgery; (3) B cells or WS635 plus control condition; and (4) B cells or WS635 

plus anesthesia/surgery. We determined the behavior of mice 6 hours after the anesthesia/

surgery. Thus, conceptually, the studies aimed to determine the postoperative delirium of 

the perioperative neurocognitive disorder according to the new Recommendations for the 

Nomenclature of Cognitive Change Associated with Anesthesia and Surgery-2018 [53].

3.2 Anesthesia/surgery

Mice in the anesthesia/surgery group had a simple laparotomy under isoflurane anesthesia 

using the methods described in our previous studies [54-56] with a modification by using 

40% oxygen. Specifically, we anesthetized each mouse using 1.4% isoflurane in 40% 

oxygen in a transparent acrylic chamber. We moved the mouse out of the chamber fifteen 

minutes after the induction. Isoflurane anesthesia was maintained via a cone device, and 

one 16-gauge needle was inserted into the cone near the nose of the mouse to monitor 

the concentration of isoflurane. We then made a longitudinal midline incision from the 

xiphoid to the 0.5-centimeter proximal pubic symphysis on the skin, abdominal muscles, 

and peritoneum. We sutured the incision layer by layer with 5-0 Vicryl thread. We applied 

EMLA cream (2.5% lidocaine and 2.5% prilocaine) to the incision site at the end of the 

procedure. The procedure for each mouse usually lasted about 10 minutes. We put the mouse 

back into the anesthesia chamber to continue receiving the rest of the anesthesia consisting 

of 1.4% isoflurane in 40% oxygen for up to two hours. We maintained the rectal temperature 

Lu et al. Page 4

Alzheimers Dement. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of the mice at 37 ± 0.5 °C during the anesthesia/surgery using the D.C. Temperature Control 

System (FHC, Bowdoinham, Maine). After recovering from the anesthesia, we returned the 

mice to their home cage with food and water available ad libitum. The mice in the control 

group were placed in their home cages with room air for two hours, which is more clinically 

relevant that people without anesthesia/surgery breath room air. The blind procedure was not 

possible in the studies because of the appearance of the abdominal wound in the mice.

3.3 WS635 treatment

WS635 (sodium taurocholate hydrate) was provided by Waterstone Pharmaceutical company 

(Wuhan, China). WS635 dissolved in vehicle (0.2 ml corn oil with 10% DMSO), each of 

the mice was injected with WS635 solution in the dose of 40 mg/kg in 0.2 ml through 

intraperitoneal route at 30 minutes before the anesthesia/surgery.

3.4 Isolation of B cells and T cells from blood

Blood samples were harvested from aged mice. B cells and T cells were isolated from 

leukocytes using EasySep™ Mouse B cell Isolation Kit (Cat#19854, Stemcell™) and 

EasySep™ Mouse T cell Isolation Kit (Cat#19851, Stemcell™). Invitrogen™ CellTracker™ 

Green CMFDA Dye (1:1000 Cat# C7025, Invitrogen™, Waltham, MA) was incubated with 

purified B cells and T cells for 30 minutes. After washing with PBS, cells in the dishes were 

incubated with Cy3-link-peptide at 37 °C with 5% CO2 for 20 minutes. After incubation, 

cells were rewashed with PBS, and culture media were replaced with RPMI 1640 Medium 

(Cat# 11835030, ThermoFisher Scientific). Before confocal examinations.,4 μL of NucBlue 

Live ReadyProbes reagent (Hoechst 33342) (Cat# R37605, Invitrogen™) were incubated 

with cells for an additional 10 minutes for nuclear staining.

3.5 B cell treatment

We collected B cells from splenocytes of 3-month-old female mice using a Mouse B cell 

Isolation Kit (Cat#19854, Stemcell™ Cambridge MA). Mouse spleen was mashed through a 

70 μm nylon mesh in 10 ml PBS. The spleen cell suspension was incubated with red blood 

cell lysis buffer (Cat# 555899, B.D. Bioscience) at room temperature for 10 minutes. We 

injected 2 X 106 B cells in 200 uL sterile PBS into each of the 18-month-old mice via the 

tail vein 30 minutes prior to anesthesia/surgery, immediately after collecting the cells from 

the spleen.

3.6 Confocal microscopy for live cell imaging

B cells and T cells collected from blood were cultured in 35-mm glass-bottom dishes 

(Cat#:801002 NEST Scientific Inc. Woodbridge, NJ) before observations after staining with 

5-chloromethylfluorescein diacetate (CMFDA), NucBlue and Cy3. Cells were imaged with 

a PLAPON 60 X oil-immersion objective and 405 nm (blue), 488nm (green), and 594 nm 

(red) channels after incubation with Tau-PT217 peptide or Tau peptide (1 ug/200 ul). The 

Olympus FV1000 confocal microscopy system (Cat#: F10PRDMYR-1, Olympus, USA) and 

FV1000 software were used to acquire live cell images.
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3.7 Behavior tests

There is no ideal animal model to study delirium. Our previous studies used the Confusion 

Assessment Methods (CAM)-in-Mice model, including a battery of behavioral tests, to 

determine the delirium-like behavior in mice [54, 56-58]. We performed the behavioral 

tests in 3 mice per group at one time and finished them within 50 minutes, representing 

the certain features of clinical evaluation of delirium in patients. The battery of behavioral 

tests included the buried food test, Y maze test, and open field test to capture certain 

domains mimicking the delirium-like behavior in mice. The composite Z-scores to present 

the postoperative delirium-like behavior of each mouse were calculated using the methods 

described in previous studies [54, 59]. Specifically, the Z score was calculated using the 

formula described by Moller et al.: Z = [ΔX Anesthesia/surgery – MEAN(ΔX) control ]/

standard deviation (SD)(ΔX) control [59]. In the formula, ΔX control was the change score 

of mice in the control group at 6 hours after the control condition minus the score at the 

baseline; ΔX Anesthesia/surgery was the change score of mice in the anesthesia/surgery 

group at 6 hours after the anesthesia/surgery minus the score at baseline; MEAN(ΔX) 

control was the mean of ΔX control, and SD (ΔX) control was the standard deviation of ΔX 

control. We also used the method for calculating a composite Z score in patients [60, 61] 

to determine a composite Z score for each of the mice. Specifically, the composite Z score 

for the mouse was calculated as the sum of the values of 6 individual Z score (latency to 

eat food, time spent in the center, latency to the center, freezing time, entries in novel arm, 

and duration in novel arm) normalized with SD for that sum in the controls. Given that the 

reduction (rather than increase) in time spent in the center, the freezing time (open field test), 

the reduction in duration, and entries in the novel arm (Y maze test) indicate impairment of 

the behavior, we multiplied the Z score values representing these behaviors by −1 prior to 

calculating the composite Z score using these values in the mice.

3.8 Harvest of mice brain, lung, and spleen tissues

Mice were euthanized with CO2. We then harvested mouse lungs, hippocampus, and cortex 

at 6 hours after the anesthesia/surgery for the Western blot analysis.

3.9 Collection of blood, brain, and lungs of mice

Mice were euthanized with CO2. We exposed the heart and collected blood at 3 and 6 hours 

after the anesthesia/surgery with a one microliter syringe into an EDTA tube for the flow 

cytometry and nanoneedle studies. We harvested mouse lungs, hippocampus, and cortex at 

30 minutes, 3 hours and 6 hours after the anesthesia/surgery for the Western blot analysis.

3.10 Injection of WT mouse blood to Tau KO mice

We harvested 600 ul intracardial blood from a WT aged mouse that received the control 

condition and another WT aged mouse that received the anesthesia/surgery. The blood 

samples were centrifuged at 2000 g for 10 minutes, and the plasma was collected and placed 

into a tube. We then injected 200 ul of the plasma into each of the two Tau KO mice via 

the tail vein. Finally, we harvested the brain tissues of the two Tau KO mice and measured 

Tau-PT217 amounts in the harvested brain tissues using nanoneedle at 6 hours after the 

injection.
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3.11 Positron emission tomography (PET) study of mice.

The Standing Committee on Animals approved the animal protocol of the PET study 

at Massachusetts General Hospital, Boston, MA (Protocol number: 2020N000042). The 

general procedure for rodent PET/CT imaging studies was described previously [62, 63]. 

Briefly, aged mice (18 months old) were arranged in a carrier under anesthetized with 1% 

isoflurane (Patterson Vet Supply, Inc., Greeley, CO, USA) and 2 L/min medical oxygen 

for the duration of scanning. Mice were injected with the [18F]Flortaucipir (3.7– 7.4 Mbq 

per animal, prepared in house prior to each PET scan) via a tail vein catheterization before 

PET acquisition. Four mice were scanned by PET for two hours on the day before the 

anesthesia/surgery as the baseline. On the day of anesthesia/surgery, the mice had two 

hours of anesthesia/surgery, recovered for one hour, and were scanned by PET for two 

hours. Dynamic PET acquisition lasted two hours, followed by 10 minutes of computed 

tomography (CT) for anatomic co-registration. PET data were reconstructed using a 3D-

MLEM method, resulting in full width at a half-maximum resolution of 1 mm. These 

files were imported and analyzed using AMIDE44 (a medical imaging data examiner) 

software (an open-source software, Los Angeles, CA, USA) and PMOD (PMOD 4.01, 

PMOD Technologies Ltd., Zurich, Switzerland). The dynamic PET data were collected, and 

the corresponding images were reconstructed by the 3DMLEM method, resulting in full 

width at a half-maximum resolution of 1 mm. Volumes of interest (VOIs) were generated 

manually in the form of spheres under the guide of high-resolution CT structural images. 

Time-activity curves (TACs) were exported as decay-corrected activity per unit volume.

3.12 Measurement of Tau-PT217 by nanoneedles

Blood samples were centrifuged at 2000 g for 10 minutes, and plasma supernatant was 

collected into an EDTA tube. The Tau-PT217 was measured by nanoneedle (NanoMosaic, 

Waltham, MA) as described in our previous studies [33, 34]. Blank nanoneedle chips were 

supplied by NanoMosaic. Five μg/ml capture antibody was incubated with the nanoneedle 

chip overnight. It was then washed in PBS and incubated in the blocking solution for 1 

hour. Five μL of plasma samples were diluted 2 X into the dilution buffer provided by 

NanoMosaic. The diluted sample was incubated on the chip for 2 hours. After washing, 0.5 

ug/ml detection antibody was incubated on the chip. We used phospho-specific antibody 

to Tau-PT217 (Cat#44-744, ThermoFisher) as the detection antibody. We used Tessie™ 

instrument (NanoMosaic) to image the chip and the software provided by NanoMosaic 

to analyze the colors of all nanoneedles and reported the percentage of the color-shifted 

number of nanoneedles. The protein concentrations were reported in relative units specific to 

the nanoneedle technology (i.e., Nano Unit).

3.13 Flow cytometry

Single-cell suspensions from blood were prepared. Whole blood samples were incubated 

with red blood cell lysis buffer (Cat:555899, BD Bioscience, Woburn, MA) for 10 minutes 

at room temperature to allow the lysis of red blood cells, washed with flow cytometry stain 

buffer (Cat#554656, BD Bioscience) twice, and spun down at 500 g X 5 minutes at 4°C. 

Leukocytes were resuspended in 200 μL staining buffer. To perform single-cell suspensions, 

the cells were processed, and their viability was assessed using the eBioscience™ Fixable 
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Viability Dye eFluor™ 506 (Cat# 65086614, Invitrogen, Waltham, MA). After staining, the 

cells were washed with FACS buffer. Nonspecific binding to Fc receptors was blocked 

by incubation with a mouse FcR Blocking Reagent (Cat#130092575, Miltenyi Biotec, 

Cambridge, MA) at 4 °C for 15 minutes. Cells were washed and proceeded to stain 

with the following antibodies: anti-mouse CD45 APC/Cyanine7 (Cat#103116, Biolegend, 

Dedham, MA), anti-mouse Ly-6G BUV395(Cat#563978, BD Biosciences), anti-mouse 

CD3 APC (CAT#100236, Biolegend), anti-mouse CD11b BV421 (Cat#101236, Biolegend), 

anti-mouse CD19 PE/Cyanine7 (Cat#152408, Biolegend). MitoProbeTM TMRM Kit 

(Cat#M20036, ThermoFisher Scientific, Waltham, MA) was used to detect the amounts 

of TMRM-positive B cells. Samples were run on BD LSRFortessa™ with a UV laser cell 

analyzer. Results were analyzed by using FlowJo software 10.7.2.

3.14 Western blot

The harvested brain tissues were lysed using lysis buffer, immunoprecipitation buffer 

(Tissue Protein Extraction Reagent, Cat# 78501; ThermoFisher Scientific), protease and 

phosphatase inhibitor cocktail (Cat# A32959; ThermoFisher Scientific). The harvested lung 

tissues were lysed using Thermo Scientific™ RIPA Lysis and Extraction Buffer (Cat# 89900; 

Thermo Scientific, Waltham, MA, USA) plus protease and phosphatase inhibitor cocktail 

(Cat# A32959; ThermoFisher Scientific). Lysates were collected and centrifuged for 20 

minutes at 16000 g at 4°C. Total protein amounts were quantified using the Pierce™ protein 

assay kit (Cat# 23225, ThermoFisher Scientific). Total Tau and Tau-PT217 protein amounts 

were detected with anti-Tau 46 antibody (Cat# T9450, 1:1000; Sigma-Aldrich, St Louis, 

MO) and Phospho-tau-Ser217 antibody (Cat# 44744, 1:500; ThermoFisher Scientific) with 

incubation at 4 °C overnight. Antibodies β-actin (Cat# A5441, 1:5000; Sigma-Aldrich) 

and GAPDH (Cat# 2118S,1:5000, Cell Signaling Technology, Danvers, MA) served as the 

loading control. Images were taken in a Universal Hood II machine with corresponding 

ImageLab software (Bio-Rad, Hercules, CA). We quantified Western blots in two steps. 

First, we used β-Actin or GAPDH amounts to normalize (e.g., determine the ratio of Tau to 

β-Actin amount) and control for loading differences in the total protein amount. Second, we 

presented protein amount changes in mice in the treatment group as a percentage of those 

in the control group. One hundred percent of protein amount changes referred to control 

amounts for comparison of experimental conditions.

3.15 Peptide Synthesis, purification, and analysis

Peptides were synthesized on an automated robotic peptide synthesizer (Intavis, Model 

Multipep) by using Standard Fmoc solid-phase chemistry [64]. Phospho-Thr was 

incorporated using Fmoc-Phospho-Thr(OBzl)-O.H. Rink amide resin with MBHA linker 

was used to generate peptides containing C-terminal carboxamides. Subsequent amino acids 

were coupled using optimized (to generate peptides containing more than 90% of the desired 

full-length peptides) cycles consisting of Fmoc removal (deprotection) with 25% Piperidine 

in NMP followed by coupling of Fmoc-AAs using HBTU/HOBt/DIEA activation. Each 

deprotection or coupling was followed by several washes of the resin with DMF to remove 

excess reagents. After the peptides were assembled and the final Fmoc group removed, 

peptide resins were washed with dimethylformamide, dichloromethane, and methanol three 

times each and air dried. Peptides were cleaved from the solid support and deprotected using 
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odor free cocktail (TFA/triisopropyl silane/water/DODT; 94/2.5/2.5/1.0 v/v) for 2.5 hours 

at room temperature [65]. Peptides were precipitated using cold methyl tertiary butyl ether 

(MTBE). The precipitate was washed two times in MTBE, dissolved in a solvent (0.1% 

trifluoroacetic acid in 30%Acetonitrile/70%water), followed by freeze-drying. Purifications 

were performed using preparative reverse-phase HPLC. Microbore HPLC and Matrix 

characterized peptides Assisted Laser Desorption/Ionization Mass Spectrometry (MALDI-

MS). Cy3® Conjugation Kit (Fast) - Lightning-Link® (ab188287, Abcam, Cambridge, MA) 

provides a procedure for labeling the peptide with Cy3®. The synthesized Tau-PT217 

peptide consists of 14 amino acids and includes a portion of the PT217 sequence. The 

peptide sequence with Tau-PT217 is PGSRSRTPSLPPTPP, while the sequence without 

Tau-PT217 is PGSRSRTPSLPTPP.

3.16 Electrophysiology to measure action potential firing rate in ACC slices

Aged mice (18 months old female mice) were intraperitoneally injected with WS635 

dissolved in a vehicle or vehicle only. Half an hour later, mice from the experimental 

group went through the anesthesia/surgery. The control animals were left untreated. 6 hours 

later, the animals were sacrificed for electrophysiology recording. The mice were deeply 

anesthetized with 10 ml/kg body weight of 9 mg/ml ketamine and 1 mg/ml xylazine, and 

perfused with an ice-cold oxygenated cutting solution containing (in mM): 100 N-methyl-D-

glucamine (NMDG), 3 KCl, 1 NaH2PO4, 25 NaHCO3, 20 HEPES, 2 Thiourea, 3 Sodium 

Pyruvate, 12 N-acetyl-L-cysteine, 6 MgCl2, 0.5 CaCl2, 5 Sodium Ascorbate, 10 Glucose 

(pH: 7.25–7.4, adjusted using HCl). Brain slices with 300 μM thick containing the mouse 

ACC were cut on a vibratome and then recovered in the cutting solution at 32-34 °C for 

15 minutes. The slices were then moved to oxygenated recording artificial cerebrospinal 

fluid (ACSF) containing (in mM): 126 NaCl, 3 KCl, 1 NaH2PO4, 25 NaHCO3, 2 MgCl2, 

2 CaCl2, 10 Glucose. The slices were perfused with oxygenated recording ACSF at room 

temperature during recordings. Whole-cell recording pipettes (3–7 MW) were filled with 

an internal solution containing (in mM): 100 K-gluconate, 20 KCl, 10 HEPES, 4 Mg-

ATP, 0.3 Na-GTP, 10 Na-phosphocreatine, and 0.1% biocytin. Recordings of the action 

potential firing rate were amplified (Multiclamp 700B, Molecular Devices, San Jose, CA) 

and digitized at 10 kHz using Digidata 1332A (Molecular Devices) under the control of 

Clampex (Molecular Devices). All recordings were done in the current clamp. The liquid 

junction potential was not compensated. Neurons with high series resistance (>20 MW 

current clamp) or membrane potentials that changed by >10 mV were excluded. A series of 

step currents were applied, and the action potential was recorded.

3.17 Statistics and Reproducibility

Based on our previous studies, we determined that 10 - 12 mice per group for the behavioral 

studies and 4 - 6 samples per group for the biochemistry studies would provide sufficient 

statistical power. We present data from biochemistry studies and behavior studies as mean 

± standard deviation (SD). There were no missing data for variables of the behavioral 

tests. Two-way ANOVA (analysis of variance) and post-hoc analysis with Bonferroni were 

used to determine the interactions and differences between groups (e.g., control versus 

anesthesia/surgery) and treatments (e.g., vehicle versus WS635). Student's t-test was used to 

determine the differences in two-group comparison when data passed a normality test. One-
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way ANOVA and post-hoc analysis with Bonferroni were used to determine the differences 

between groups. P < 0.05 was considered statistically significant, and significance testing 

was two-tailed. Adjusted Bonferroni correction P-values were calculated by dividing real P-

values with experiment size, and adjusted P-values are reported in the manuscript. Statistical 

analysis was conducted using GraphPad Prism software (version 8.0) and SPSS statistics 

software (version 21.0).

4. Results.

4.1 Anesthesia/surgery increased Tau-PT217 amounts in the lungs, blood, and brain 
tissues of aged mice.

Our clinical studies revealed that preoperative blood Tau-PT217 concentration was a 

predictor of postoperative delirium [33], and anesthesia/surgery was associated with 

increased blood Tau-PT217 amounts in patients [34]. We, therefore, conducted a preclinical 

study to investigate the mechanism by which blood Tau-PT217 contributed to delirium-like 

behavior in aged mice after anesthesia/surgery. We found that anesthesia/surgery increased 

Tau-PT217 amounts in the lungs, blood, and brain tissues of aged mice, which was 

consistent with our clinical findings. PET imaging in mice (S-Video. 1) showed that the 

anesthesia/surgery increased the amounts of tracer representing Tau-PT217 in the lungs (Fig. 

1a, 1b, and 1c, S-Fig. 1a and 1b) and blood (Fig. 1a, 1d, and 1e) of aged mice compared 

to baseline, as evidenced by increases in standard uptake value (SUV) or standard uptake 

value ratio (SUVR) of the tracer. PET imaging of the brain also demonstrated increased 

amounts of tracer representing Tau-PT217 in whole brain tissues (Fig. 1f, 1g, and 1h, S-Fig. 

1c and 1d), cortex (Fig. 1f, 1i, and 1j) and hippocampus (Fig. 1f, 1k, and 1l) of aged mice. 

Notably, anesthesia/surgery-induced increases in Tau-PT217 occurred earlier in the blood 

and lungs of aged mice than in brain tissues (S-Fig. 1e). Between 30 to 120 minutes after the 

anesthesia/surgery, the amounts of Tau-PT217 appeared to be higher in lungs than in brain 

tissues (S-Fig. 1f).

We validated these findings using nanoneedle (Fig. 2a and 2b) and Western blotting 

techniques. Nanoneedle showed increased amounts of blood Tau-PT217 in the aged mice 

3 and 6 hours after the anesthesia/surgery compared to the control condition (Fig. 2c). 

Western blot analysis confirmed that the amounts of Tau-PT217 in the cortex (Fig. 2d 

and 2e) and hippocampus (Fig. 2f and 2g) of aged mice were increased 6 hours after 

the anesthesia/surgery compared to the control condition. Interestingly, greater increases of 

Tau-PT217 amounts were observed in the lungs than in the cortex 30 minutes after the 

anesthesia/surgery (Fig. 2h, 2i, and 2j), whereas more increases of Tau-PT217 amounts 

were detected in the cortex than in the lungs 3 hours after the anesthesia/surgery (Fig. 2k, 

2l, and 2m). There were no significant changes in total Tau amounts in both cortex and 

lungs (Fig. 2k, 2l, and 2m). These data suggest that the anesthesia/surgery may increase 

Tau-PT217 amounts in the lungs earlier than in the cortex of aged mice. By contrast, neither 

40% oxygen nor 1.4% isoflurane plus 40% oxygen significantly altered the amounts of 

Tau-PT217 in blood, cortex, and hippocampus of aged mice (S-Fig. 2a-e).

To test whether blood Tau-PT217 may spread to the brain parenchyma, we collected plasma 

from aged wild-type mice with or without anesthesia/surgery and administered the plasma 
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to a Tau knockout (KO) mice (S-Fig. 2f). Brain tissue analysis conducted six hours after 

plasma treatment revealed higher levels of Tau-PT217 in Tau KO mice that received plasma 

from mice subjected to anesthesia/surgery, compared to the control group (S-Fig. 2g), 

suggesting that blood Tau-PT217 may enter the brain of mouse or induce an increase in 

brain Tau-PT217 amounts.

4.2 Anesthesia/surgery decreased blood B cells in aged mice.

Previous studies have demonstrated a relationship between changes in blood B cells and the 

development of AD dementia [47-49]. Thus, we sought to investigate whether anesthesia/

surgery could induce significant changes in B cell amounts in aged mice. Using flow 

cytometry analysis (S-Fig. 3), we observed a marked decrease in the number of blood B cells 

in aged mice 6 hours after anesthesia/surgery compared to the control condition (Fig. 3a and 

3b). Additionally, we found that the mitochondrial membrane potential, as represented by 

the amounts of tetramethylrhodamine methyl ester (TMRM), was significantly lower 6 hours 

after anesthesia/surgery compared to the control condition (Fig. 3c and 3d). These results 

suggest that the anesthesia/surgery may reduce the number of B cells by compromising their 

mitochondrial function.

In light of the findings that anesthesia/surgery decreased blood B cell number and increased 

blood Tau-PT217 amounts in the aged mice, we aimed to investigate the potential interaction 

between B cells and Tau-PT217. Since commercial recombinant Tau-PT217 was not 

available, we synthesized 14 amino acid peptide containing a portion of Tau-PT217 (Tau-

PT217 peptide) and examined its interaction with B cells in vitro. Confocal imaging clearly 

revealed that the Tau-PT217 peptide specifically bound to B cells (first row of Fig. 3e 

and S-Video 2), but not to T cells (second row of Fig. 3e). Furthermore, the control Tau 

peptide, which had an identical amino acid sequence to the Tau-PT217 peptide but lacked 

phosphorylation of threonine 217, did not bind to B cells (third row of Fig. 3e). These 

results suggest that blood B cells can bind to Tau-PT217, potentially serving as a cellular 

mechanism to buffer acute increases in Tau-PT217 amounts in the blood of aged mice.

4.3 Treatment with B cells attenuated the anesthesia/surgery-induced changes in aged 
mice.

To investigate whether B cells can restore the blood B cell number and attenuate the 

anesthesia/surgery-induced increase in blood Tau-PT217 levels and delirium-like behavior, 

we treated the aged surgical mice with exogenous B cells harvested from donor mice 

30 minutes before the anesthesia/surgery (Fig. 4a). Six hours after adoptive cell transfer, 

flow cytometry analysis showed that the number of blood B cells in recipient mice was 

restored to levels comparable to those in control mice with vehicle treatment (Fig. 4b and 

4c). Additionally, B cell treatment attenuated the anesthesia/surgery-induced increases in 

blood Tau-PT217 levels (Fig. 4d) and the ratio of Tau-PT217/Tau in the cortex (Fig. 4e and 

4f). B cell treatment also mitigated the anesthesia/surgery-induced delirium-like behavior 

in the aged mice (Fig. 4g) and attenuated the anesthesia/surgery-induced increases in Z 

score, which represents delirium-like behavior (Fig. 4h and S-Fig. 4). These findings suggest 

that anesthesia/surgery may increase blood Tau-PT217 amounts by reducing blood B cell 

numbers, which can lead to delirium-like behaviors in aged mice, and that treatment with 
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B cells can restore blood B cell numbers and mitigate these anesthesia/surgery-induced 

changes.

4.4 Treatment with WS635 attenuated the anesthesia/surgery-induced changes in aged 
mice.

To investigate whether the anesthesia/surgery-induced reduction in blood B cell numbers 

was due to decreased mitochondrial function [66], we examined whether WS635, a non-

immunosuppressive inhibitor of cyclophilin D and mitochondrial function enhancer [50, 51], 

could attenuate the anesthesia/surgery-induced changes in blood, neuronal and behavioral 

changes in aged mice. As compared to treatment with vehicle, treatment with WS635 in 

the aged mice attenuated the anesthesia/surgery-induced decreases in blood B cell number 

(Fig. 5a and 5b), decreases in the mitochondrial function, e.g., mitochondrial membrane 

potential (represented by TMRM amounts), of the blood B cells (Fig. 5c and 5d), and 

increases in blood Tau-PT217 amounts (Fig. 5e). Immunoblotting of Tau-PT217 and Tau46 

showed that the treatment of WS635 mitigated the anesthesia/surgery-induced increases in 

Tau-PT217/Tau ratio in the cortex of aged mice compared to the treatment of vehicle (Fig. 

5f and 5g). The WS635 treatment mitigated the anesthesia/surgery-induced delirium-like 

behavior in the aged mice compared to the vehicle treatment (Fig. 5h and 5i, and S-Fig. 5).

We evaluated the effects of anesthesia/surgery on neuronal activity by measuring the action 

potential firing rate in the Anterior Cingulate Cortex (ACC) of aged mice through slice 

recording. We found that anesthesia/surgery increased the ACC neuronal excitability (the 

action potential firing rate) in the aged mice without pretreatment (Fig. 6a, 6b, and 6c) or 

the aged mice pretreated with corn oil, the vehicle of WS635 (Fig. 6d, 6e, and 6f). However, 

WS635 pretreatment attenuated the anesthesia/surgery-induced increase in ACC neuronal 

excitability in the aged mice (Fig. 6g, 6h, and 6i). These findings, along with the results 

of our biochemistry and behavioral studies, suggest that WS635 can mitigate the anesthesia/

surgery-induced elevation of blood Tau-PT217, neuronal hyperexcitability, and delirium-like 

behavior in aged mice.

5. Discussion.

Anesthesia/surgery increased blood Tau-PT217 amounts by promoting its generation in 

lungs and releasing its binding from B cells, which in turn may enter brain and increase 

excitability of ACC neurons, resulting in postoperative delirium-like behavior in aged 

mice (Fig. 7). Anesthesia/surgery may reduce blood B cell number by impairing their 

mitochondrial function, thereby releasing B cell-bound Tau-PT217. Treatment with B cells 

or the mitochondrial function enhancer WS635 mitigated the anesthesia/surgery-induced 

changes (Fig. 7). These findings demonstrate the contribution of acute increases in blood 

Tau-PT217 to postoperative delirium pathogenesis, which provide insights into the upstream 

mechanism and downstream consequences of the acute change of Tau metabolism in blood. 

These results also have important translational implications and suggest potential strategies 

for preventing and treating postoperative delirium.

Tau protein is not exclusively found in neurons, but also in non-neuronal cells such as 

the lungs [20, 67]. A previous study demonstrated that plasma levels of Tau-PT217 were 
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independently associated with brain loads of both β-amyloid and Tau in patients [68]. In 

present study, we observed an increase in Tau-PT217 in lungs, blood, and brain tissues of 

aged mice following anesthesia/surgery (Fig. 1 and 2). Notably, the increase in Tau-PT217 

occurred earlier in the lungs than in the brain tissues (Fig. 2h-2l and S-Fig. 1e and 1f), and 

Tau-PT217 might enter the brain of the mice (S-Fig. 2f and 2g). These findings suggest 

that the increased Tau-PT217 in the blood following anesthesia/surgery may enter the brain, 

leading to neuronal dysfunction. This conclusion is further supported by our observation that 

treatment with B cells or WS635 mitigated the anesthesia/surgery-induced increases of brain 

Tau-PT217 amounts, ACC neuronal excitability, and postoperative delirium-like behavior in 

aged mice.

At present, it is unclear whether the increased amounts of Tau-PT217 in the blood or brain 

are derived from the blood or brain. However, the aim of this study was to investigate 

whether the elevated levels of blood Tau-PT217 were responsible for postoperative delirium-

like behavior in aged mice. The results revealed a correlation between changes in blood Tau-

PT217 levels and postoperative delirium-like behavior in the aged mice. The future studies 

should develop antibodies that can differentiate between blood-derived and brain-derived 

Tau-PT217 in mice [69], and further define the contribution of blood and brain Tau-PT217 

to the disorder.

Kim et al. reported that AD Tg mice had increased amounts of B1a and B1b cells, but 

decreased amounts of B2 cells, in the cervical lymph nodes compared to age- and sex-

matched WT mice of the same strain [47]. Furthermore, depletion of B cells reduced the Aβ 
plaque burden and microglia activation in the hippocampus of AD Tg mice and improved 

AD symptoms, such as retarded locomotion, in the AD Tg mice [47].

The data from the present study suggest that anesthesia/surgery decreased the number of 

B cells in the blood (Fig. 3), and treatment with B cells attenuated the anesthesia/surgery-

induced increase in blood Tau-PT217 amounts and delirium-like behaviors in aged mice 

(Fig. 4). However, the previous study differs from the present study in several aspects: (1) 

the use of AD Tg mice without environmental modifications versus aged WT mice that 

received anesthesia/surgery; (2) changes in B cell numbers in cervical lymph nodes versus 

blood; (3) increases in B1a and B1b cells but decreases in B2 cells versus a decrease 

in B cells; and (4) a chronic condition versus acute changes following anesthesia/surgery. 

Moreover, other studies have reported that AD patients have a lower number of B cells 

in their blood [48, 49], and treatment with B cells may improve AD neuropathogenesis 

and cognitive impairment in AD Tg mice [70]. Nevertheless, further studies are needed to 

determine the role of B cells in the pathogenesis of postoperative delirium.

The confocal in vitro studies demonstrated that B cells (Fig. 3e and S-Video 2) could 

specifically bind to the Tau-PT217 peptide, while T cells (Fig. 3e) did not. These findings 

suggest that B cells may act as a buffer or reservoir to mitigate the anesthesia/surgery-

induced increases in blood Tau-PT217 levels by binding to Tau-PT217 in the blood. Since 

recombinant Tau-PT217 is not commercially available, this study only demonstrated the 

specific binding of B cells to the 14 amino acid Tau-PT217 peptide. Further studies will 

aim to generate recombinant Tau-PT217 and investigate the potential binding between the 
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recombinant Tau-PT217 and B cells. The B cell receptor, a transmembrane protein on the 

surface of B cells [71], may play a role in the binding between B cells and Tau-PT217. 

Future studies will also investigate this potential mechanism.

WS635, an analog of cyclosporine A, is a blocker of mitochondrial permeability pore 

(mPTP) opening [72, 73] but without immunosuppressive effects as cyclosporine A, another 

mPTP blocker [50, 51]. Our previous study showed that chronic treatment with WS635 

attenuated anesthesia/surgery-induced cognitive impairment in mice [74]. In this study, we 

demonstrated that acute treatment with WS635 mitigated the anesthesia/surgery-induced 

mitochondrial dysfunction of B cells, which in turn attenuated the anesthesia/surgery-

induced decreases in the amounts of blood B cells and increases of blood Tau-PT217 

amounts, leading to lesser postoperative delirium-like behavior in the aged mice. These 

findings suggest that WS635 may be a potential therapeutic strategy to attenuate peri-

operative neurocognitive disorder, including postoperative delirium, delayed neurocognitive 

recovery, and neurocognitive disorder in patients. Future randomized clinical trials are 

needed to determine the efficacy and safety of WS635 in patients undergoing anesthesia and 

surgery.

Due to constraints of anti-tau antibody, including the cost and potential failures of treating 

neurological disorders [75], we did not assess the effects of Tau-PT217 antibody on 

postoperative delirium-like behavior in aged mice. Instead, we chose to reduce blood Tau-

PT217 levels by administering WS635 or B cells, which effectively lowered Tau-PT217 

levels and mitigated postoperative delirium-like behavior in aged mice, providing strong 

evidence of the involvement of Tau-PT217 in postoperative delirium. While we expect 

that Tau KO mice, as previously demonstrated in our studies [76], would not display 

postoperative delirium-like behavior, this result alone does not definitively establish the 

contribution of blood Tau-PT217 to the observed postoperative delirium-like behavior in 

aged mice.

There has been no ideal animal model to study postoperative delirium-like behavior [77]. 

Despite the need for an ideal animal model to study postoperative delirium-like behavior, 

our lab has developed an animal behavioral test battery. This battery includes natural 

behaviors such as buried food and an open-field test to evaluate attention and awareness, 

as well as a learned behavior test (Y maze) to assess cognition [54, 56-58, 78]. These 

tests evaluate behaviors in mice that rely on intact attention, organized thinking, and 

consciousness. Notably, we have demonstrated that aged mice display greater susceptibility 

to these behaviors after anesthesia/surgery compared to adult mice [56], which parallels the 

clinical observation of a higher incidence of POD in senior patients relative to adult patients.

The study has some limitations that warrant further investigation. First, the study did 

not investigate the potential age- and sex-dependent effects of blood Tau-PT217 on the 

development of postoperative delirium-like behavior in mice. Future studies should consider 

these factors to gain a more comprehensive understanding of the relationship between 

blood Tau-PT217 and postoperative delirium-like behavior. In future studies, it may also be 

valuable to further investigate the impact of anesthesia alone on the levels of Tau-PT217 

in the blood and brain of aged mice. Second, the data obtained from the current study 
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could not definitively determine whether the transport of Tau-PT217 between blood and 

brain was passive or active. Additionally, it could not confirm whether brain Tau-PT217 

was solely derived from blood or whether it was increased via different mechanisms, such 

as inflammation and neuroinflammation. Therefore, future research should focus on further 

investigating the roles of blood Tau-PT217, brain Tau-PT217, and delirium-like behavior. 

Overall, while the present study sheds light on the association between blood pTau and 

postoperative delirium in aged mice, there is still much to be learned about the complex 

mechanisms underlying this relationship.

6. Conclusion.

Our study demonstrated that anesthesia and surgery led to an acute increase in the levels of 

Tau-PT217 in the blood by promoting its generation in the lungs and releasing its binding 

from B cells. This increase in Tau-PT217 might then enter the brain and increase the 

excitability of ACC neurons, ultimately leading to delirium-like behaviors in aged mice. We 

found that treatment of B cells or WS635 could attenuate the anesthesia/surgery-induced 

increase in Tau-PT217 levels in the blood, ACC neuronal excitability, and delirium-like 

behaviors in aged mice. These findings suggest that changes in blood Tau-PT217 levels may 

contribute to the development of postoperative delirium in mice and may have implications 

for the development of targeted interventions to improve postoperative outcomes in older 

patients. Further studies are needed to better understand the underlying mechanisms and 

to determine the potential clinical relevance of these findings. Ultimately, this work may 

contribute to the development of new strategies for the prevention and treatment of 

postoperative delirium.
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Fig. 1. PET study of A/S-induced increases in Tau-PT217 amounts in lungs, blood, and brain of 
mice.
a. Representative PET images of [18F]Flortaucipir focus on the whole body of the mouse 

for up to 120 minutes. Time-activity curves of [18F]Flortaucipir in the lungs (b and c) 

and blood (d and e) show significant differences in the distribution of [18F]Flortaucipir 

in lungs and blood between the time before A/S (baseline) and the time after A/S in the 

mice. f. Representative PET images of [18F]Flortaucipir focus on the mouse brain tissues 

(0-120 minutes; axial, sagittal, and coronal). Time-activity curves of [18F]Flortaucipir in 

the whole brain (g and h) between baseline and A/S in the mice. Standardized uptake 

value ratio (SUVR) of [18F]Flortaucipir in the cortex (i and j) and hippocampus (k and 

l), showing a significant difference of [18F]Flortaucipir brain uptake between baseline and 

A/S in the mice. Cerebellar gray matter was used as a reference region to yield SUVR for 

[18F]Flortaucipir. N = 4 mice in each group. Student’s t-test was used to analyze the data 
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presented in c, e, h, j, and i. The P values refer to the difference of [18F]Flortaucipir uptake 

between the baseline and the A/S in the mice. Error bar indicates standard deviation. PET, 

positron emission tomography; A/S, anesthesia/surgery; Tau-PT217, Tau phosphorylated at 

threonine 217; TACs, time activity curves; AUC, area under each TAC; SUV, standardized 

uptake value; SUVR, standardized uptake value ratio.
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Fig. 2. A/S increased Tau-PT217 amounts in the lungs, blood, and brain of mice.
a. Classical immunoassay monitors absorbance signal due to the increased amount of 

chromogen as the analyte concentration increases. b. Nanoneedle technology detecting 

spectrum shift from individual nanoneedles originated from additional mass deposition on 

each nanoneedle, forming an antibody-antigen sandwich complex. c. Low concentrations of 

plasma Tau-PT217 were detected with nanoneedle technology. Significant increases in Tau-

PT217 amount were observed 3 and 6 h after the A/S compared to the control condition in 

mice. Quantitative western blot showing A/S increased Tau-PT217 amount in the cortex (d 
and e) and hippocampus (f and g) compared to control condition in the mice. Comparisons 

of A/S-induced increases in Tau-PT217 amounts between lungs and brain tissues (cortex) 

30 minutes following A/S (h, i and j), demonstrating that the A/S caused more increases 

of Tau-PT217 and lesser decreases of total Tau in lungs compared to the cortex of mice. 

Comparisons of A/S-induced increases in Tau-PT217 amounts between lungs and brain 

tissues (cortex) 3 hours following A/S (k, l, and m), demonstrating that the A/S caused more 

increases of Tau-PT217 in the cortex compared to lungs of mice. N = 4 mice in each group, 

as demonstrated in each panel of the figure. One-way ANOVA and the post-hoc analysis 

with Bonferroni were used to analyze the data presented in c. Student’s t-test was used to 
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analyze the data presented in e and g. Two-way ANOVA and the post-hoc analysis with 

Bonferroni were used to analyze the data presented in i, j. l and m. The P values refer 

to the differences of Tau-PT217 between the control condition and A/S in the mice. Error 

bar indicates standard deviation. A/S, anesthesia/surgery; Tau-PT217, Tau phosphorylated at 

threonine 217.

Lu et al. Page 23

Alzheimers Dement. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. A/S decreased the percentage of blood B cells in aged mice.
Flow cytometry showed that A/S decreased the percentage of blood B cells (live CD45+ 

CD3− LY6G− CD11b− CD19+) compared to the control condition (a and b). Flow 

cytometry also showed that A/S decreased mitochondrial membrane potential (represented 

by TRAM amounts) of B cells in the blood of mice (c and d). e. Confocal microscope 

images showed that B cells (upper panel), but not T cells (middle panel), could bind to the 

14 amino acid peptide containing Tau-PT217, but not the 14 amino acid peptide without 

containing Tau-PT217 (bottom panel). N = 5 - 7 mice in each group, as demonstrated in each 

panel of the figure. The Student's t-test was used to analyze the data presented in b and d. 

The P values refer to the differences in the numbers of B cells or mitochondrial membrane 

potential between the control condition and A/S in the mice. Error bar indicates standard 

deviation. Tau-PT217, Tau phosphorylated at threonine 217; A/S, anesthesia, and surgery; 

TMRM, tetramethylrhodamine methyl ester; DAPI, 4',6-diamidino-2-phenylindole.
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Fig. 4. Treatment with B cells mitigated the A/S-induced delirium-like behaviors in mice.
a. Experimental scheme: B cells (6 x 106) were negatively sorted from donor mice (4 

months old female mice) using EasySep™ and injected (2 x 106) into recipient-aged 

mice, followed by control condition and A/S, and behavioral tests. b. Representative flow 

cytograms of B cells in the blood of recipient mice. c. B cell amounts in the mice with 

control condition plus vehicle treatment and the mice with A/S plus B cell treatment. d. B 

cell treatment attenuated the A/S-induced increases in blood Tau-PT217 amounts in the aged 

mice. Quantitative western blot showing that B cell treatment attenuated the A/S-induced 

increases in cortex Tau-PT217 in the mice (e and f). Treatment with B cells mitigated 

the A/S-induced delirium-like behaviors in mice demonstrated in individual tests (g) and 

composite Z score (h). N = 10 - 12 mice in each group of behavioral test, and N = 4 - 6 

mice in each flow cytometry, nanoneedle, and western blot study as demonstrated in each 
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panel of the figure. The Student's t-test was used to analyze the data presented in c. Two-way 

ANOVA and the post-hoc analysis with Bonferroni were used to analyze the data presented 

in d, f, and h. The P values refer to the difference in B cell amounts, Tau-PT217 amounts, 

and Z score between the control condition and A/S in the mice. Error bar indicates standard 

deviation. Tau-PT217, Tau phosphorylated at threonine 217; A/S, anesthesia and surgery.
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Fig. 5. WS635 mitigated the A/S-induced changes in B cells, Tau-PT217 amounts, and delirium-
like behaviors in mice.
Flow cytometry showed that WS635 attenuated the A/S-induced reductions in blood B 

cells (a and b) and mitochondrial membrane potential (represented by TRAM) (c and d). 

Nanoneedle analysis showed that WS635 attenuated the A/S-induced increases in blood Tau-

PT217 amounts in the mice (e). Quantitative western blot showing that WS635 attenuated 

the A/S-induced increases in cortex Tau-PT217 amounts in the mice (f and g). WS635 

rescued the A/S-induced delirium-like behaviors in mice, demonstrated in individual test (h) 

and composite Z score (i) in the mice. N = 10 - 12 mice in each group of behavioral test, 

and N = 4 - 6 mice in each group in flow cytometry, nanoneedle, and western blot study as 

demonstrated in each panel of the figure. Two-way ANOVA and the post-hoc analysis with 

Bonferroni were used to analyze the data presented in b, d, e, g, and i. The P values refer 

to the differences in B cells, Tau-PT217, and Z scores between the control condition and 
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A/S in the mice. Error bar indicates standard deviation. Tau-PT217, Tau phosphorylated at 

threonine 217; A/S, anesthesia, and surgery; TMRM, tetramethylrhodamine methyl ester.
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Fig. 6. WS635 mitigated the A/S-induced ACC neuronal excitability of the aged mice.
The whole cell patch-clamp recording sample trace of neurons action potential firing rate 

with 150 pA of current injection in ACC slice harvested from the aged mice following the 

control condition (a) and the aged mice following the A/S (b). c. Action potential firing 

rates of ACC neurons with different amounts of current injection were higher in mice that 

underwent the A/S compared to control condition (mixed two-way ANOVA, F = 9.23, p < 

0.01, control: n = 16, 3 mice, A/S: n = 16, 4 mice). The whole cell patch-clamp recording 

sample trace of neurons action potential firing rate with 150 pA of current injection in 

ACC slice harvested from the aged mice following the control condition (d) and the aged 

mice following the A/S (e) pretreated with the vehicle of WS635. f. The action potential 

firing rates of ACC neurons still increased after the A/S in the ACC slice of the aged mice 

pretreated with vehicle (mixed two-way ANOVA, F = 16.9, p < 0.01, control + vehicle: 

n = 40, 5 mice, A/S + vehicle: n = 37, 5 mice). The whole cell patch-clamp recording 

sample trace of neurons action potential firing rate with 150 pA of current injection in 

ACC slice harvested from the aged mice following the control condition (g) and the aged 

mice following the A/S (h) pretreated with WS635. i. The action potential firing rates of 

ACC neurons did not increase after the A/S compared to control condition in the aged mice 

pretreated with WS635 (mixed two-way ANOVA, F = 0.72, p = 0.32, control + WS635: n 

= 19, 3 mice, A/S + WS635: n = 21, 3 mice). Tau-PT217, Tau phosphorylated at threonine 

217; A/S, anesthesia, and surgery; ACC, anterior cingulate cortex.
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Fig. 7. The hypothesized pathway of the acutely increased blood Tau-PT217 and postoperative 
delirium-like behavior in aged mice.
The anesthesia/surgery increased the generation of Tau-PT217 potentially in the lungs of 

aged mice, leading to increased blood Tau-PT217 amounts in the mice. The mitochondrial 

function in B cells was impaired after the A/S, leading to fewer B cells in the blood. 

Moreover, B cells bind to Tau-PT217. Thus, the reductions in blood B cells result in 

the release of Tau-PT217, leading to more Tau-PT217 in the blood of mice. The acutely 

increased blood Tau-PT217 may then enter the brain, leading to increased Tau-217 amounts 

in the cortex and hippocampus, finally leading to an increased action potential firing rate 

in ACC of aged mice and postoperative delirium-like behavior in the mice. Tau-PT217, 

Tau phosphorylated at threonine 217; A/S, anesthesia, and surgery; ACC, anterior cingulate 

cortex.
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