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Purpose: Osmotic imbalance is a critical driving force of cerebral edema. Protein nanoparticles (PNs) amplify intracellular osmotic 
effects by regulating membrane potential and homeostasis of water and multiple ions. This study has investigated how PNs control the 
neuronal swelling through electromechanical activity.
Methods: The fluorescence resonance energy transfer (FRET)-based Vimentin force probe was used to real-time monitor the osmotic 
tension in neurons. Patch clamp and the living cell 3D imaging system were applied to explore the relationship between cell electro
mechanical activity and cell volume in different cytotoxic cell models. Cytoplasmic PN amount measured by the NanoSight instrument, ion 
contents detected by the freezing point osmometer and ion imaging were performed to investigate the role of PNs in regulating cell swelling.
Results: We observed a close association between neuronal swelling and changes in osmotic tension and membrane potential. The 
tension effect of biological osmotic pressure (OP) relies on electromechanical cooperation induced by intracellular PN and Ca2+ levels. 
PNs increment results from cytoplasmic translocation of intracellular various proteins. Alterations in Ca2+ content are involved in the 
membrane potential transition between depolarization and hyperpolarization in a PN-dependent manner. Chemical signals-mediated 
sensitization of ion channels has an indispensable effect on PN-induced ion increments. Notably, aquaporin-mediated water influx 
recovers membrane potential and enhances osmotic tension controlling neuronal swelling.
Conclusion: Our findings indicate that PNs, Ca2+, and water are pivotal in electromechanical cooperation and provide insights into 
the biological OP mechanisms underlying neurotoxic edema.
Keywords: protein nanoparticle, electromechanical cooperation, osmotic tension, membrane potential, neuronal swelling

Introduction
Cerebral edema is a secondary symptom of ischemic stroke, leading to intracranial hypertension and cerebral herniation.1 

Cytotoxic edema occurs in the early stages of cerebral edema, and it is characterized by excitatory toxicity and 
intracellular hyperosmosis-induced swelling of neurons and astrocytes.2 Excessive extracellular accumulation of the 
neurotransmitter glutamate can activate intracellular calcium overload and the abnormal accumulation of intracellular 
ions, leading to the occurrence of malignant edema. Therefore, osmotic imbalance induces extracellular ions and water 
flow, as the crucial driving forces of cytotoxic edema.3 Thus, investigating the mechanisms underlying the development 
of cytotoxic edema could facilitate the timely treatment of cerebral edema.

Our previous studies have shown that protein nanoparticles (PNs) generated in astrocytes and neurons can induce membrane 
potential changes and upregulate osmosis, which are significant pathogenic factors in cerebral edema.4,5 In neuronal cells, changes 
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in membrane potential require the transmembrane movement of charged ions. The number of ions that flow across the membrane 
to cause changes in membrane potential is small, so the total intra- and extracellular ion concentrations are not considerably 
affected.6 Notably, changes in membrane potential can activate various voltage-dependent ion channels, such as the calcium- 
activated non-selective cation channel SUR1-TRPM4 and chloride channel TMEM16A, facilitating massive ion flux and osmotic 
regulation.4 Glibenclamide (Gil), an inhibitor of SUR1-TRPM4 channel, reportedly prolongs the closed state of the channel and 
suppresses neurovascular expression of the channel protein, thereby alleviating cell swelling and cerebral edema.7–9 Similarly, 
TMEM16A channel inhibitors have been shown to alleviate cerebral infarction and nervous system impairment in ischemic stroke 
models.10,11 These findings suggest a complex electrophysiological–osmotic cascade regulation in cytotoxic edema.

Cell volume changes depend on imbalanced osmosis-induced water flux. Aquaporins (AQPs) are crucial in facilitating water flux 
across the membrane. AQP9 overexpression has been reported to accelerate the occurrence of cerebral edema in stroke models, while 
AQP9 knockdown can reduce the entry of interstitial fluid into cells and delay the formation of neurogenic edema.12 AQP9-positive 
neurons and astrocytes are widely present in the hypothalamus after brain injury,13,14 suggesting that AQP9 is important in water flux 
regulation in cytotoxic edema. At present, the regulatory factors of AQP activity remain unclear. Further investigation into the 
upstream and downstream events of AQP is pivotal for understanding the role of water influx in cell swelling.

Cytotoxic swelling is accompanied by mechanical force transduction.15 The cytoskeleton, with its network structure, 
generates mechanical stress. Intracellular tension is essentially derived from outward osmotic pressure (OP) and inward 
cytoskeletal tension, which participate in regulating cell volume by resisting mechanical or OP shocks.16,17 Mechanically 
sensitive cation channels, such as Piezo1, can sense mechanical force and convert it into electrical or chemical signals within 
cells. Piezo1 acts as a calcium-permeable ion channel, and its activation is associated with membrane depolarization,18–20 

neuronal activity, and cerebral edema.19,21–24 These findings suggest that mechanical force synergistically works with 
electrochemical signals in regulating cell volume, closely related to transmembrane ion balance and OP.

The amount of intracellular PNs is closely associated with osmosis. PNs can induce ion redistribution on both sides of the 
cell membrane, rather than simple colloid OP. PNs, sourced from the depolymerization of microfilaments and microtubules, 
and inflammasomes, can regulate membrane potential and further activate voltage-dependent ion channels.4,25 Therefore, we 
propose that PNs are key factors in controlling the disequilibrium of electrochemical-osmotic tension in cytotoxic edema.

Graphical Abstract
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Intermediate filament (IF), as an important part of the cytoskeleton, plays a role in supporting the cell shape. Transmembrane 
osmotic difference triggers changes in the IF pulling tension. Herein we used a fluorescence resonance energy transfer (FRET)-IF 
tension probe, whose tension is positively related to transmembrane OP in living cells.4,5,25–27 Combined with electrophysio
logical techniques, we observed the occurrence and equilibrium of electrochemistry and osmotic tension, revealing the 
interaction of PNs, calcium, water, membrane potential, osmosis, and IF tension in the progression of neuronal swelling. 
Understanding of how electrochemistry-tension disequilibrium regulates water transmembrane flux and biological OP may 
possibly have applications, in the treatment of ischemic stroke and cerebral edema. Considering the functional redundancy 
among multiple ion channels, we propose the upstream events of PNs can control membrane potential and the downstream 
multiple voltage-dependent ion channels. PN is hopefully developed as a new therapeutic strategy for the edema treatment.

Materials and Methods
Cell Culture and Reagents
The human neuroblastoma cell line SH-SY5Y was obtained from the American Type Culture Collection (Manassas, VA, 
USA). SH-SY5Y cells were cultured in DMEM/F12 media (Gibco, Grand Island, NY, USA) supplemented with 10% 
fetal bovine serum (Gibco) and 1% penicillin–streptomycin (Gibco) in a 5% CO2 incubator at 37°C. The growth medium 
was changed every 24 h. All buffer solutions were prewarmed at 37°C before treatment with cells. Cells on coverslips 
were mounted on a stage equipped with a Bioptechs temperature controller to keep the cells at 37°C.

Taxol (TAX), Sennoside A (Sen A), Nimodipine (Nimo), Cytochalasin D (Cyto D), and nocodazole (Noc) were purchased 
from Sigma-Aldrich (St. Louis, MO, USA). Heparin, tranilast (Tran), CoCl2, LPS, and 1.2-DCE were purchased from Shanghai 
Macklin Biochemical Co., Ltd. (Shanghai, China). Glibenclamide (Gil), Niclosamide (Nic), calcium-like peptide-1 (CALP1), 
and phorbol 12-myristate 13-acetate (PMA) were procured from MedChemExpress (Monmouth Junction, NJ, USA).

Probe Construction and Transfection
Following the principles of fluorescence resonance energy transfer (FRET), we constructed a vimentin–cpstFRET 
(cpVenus–7aa–cpCerulean) fluorescent tension probe.4,25,26 cpCerulean (cyan) was the donor and cpVenus (yellow) 
was the acceptor, and they were positioned parallel to each other in the absence of an external force. When stimulated by 
an external force, the angle of cpstFRET changed, decreasing FRET efficiency. The cells were transfected with the 
vimentin–cpstFRET plasmid (1 μg) using 3 μL Lipofectamine™ 2000 (Thermo Fisher, US).

cpstFRET Analyses
FRET efficiency was determined by the dipole angle between the donor/enhanced cyan fluorescent protein (eCFP) and the 
acceptor/enhanced yellow fluorescent protein (eYFP).28 The donor and acceptor were tested using argon lasers at 458 nm and 514 
nm, respectively. Images of the donor and acceptor emissions were captured using a Dual View 2 splitter (MAG biosystems at 
BioVision Technologies, Exton, PA, USA). FRET/acceptor emission ratios were calculated for each pixel in the clearest optical 
plane for each image field. The cells were applied with a binary mask using ImageJ. A donor mask was generated by applying 
a threshold to the donor image, and a similar mask was generated for the acceptor channel. CFP/FRET ratios (intensity of the CFP 
channel divided by that of the FRET channel) were calculated using the equation E = eCFPdonor/eYFPacceptor, negatively correlated 
with FRET efficiency but positively correlated with force. Pseudocolor was applied using ImageJ to generate the final images. As 
the strong autofluorescence from serum-containing media, the culture media was replaced with 37 °C prewarmed HEPES buffer, 
for all FRET and live fluorescence imaging.

siRNA Transfection and Primer Design
Piezo1-siRNA and NC-siRNA were designed and synthesized by GenePharma (Shanghai, China). The sense and 
antisense sequences of Piezo1-siRNA were 5′-AGAAGAAGAUCGUCAAGUATT-3′ and 5′-UACUUGACGAU 
CUCUUCUTT-3′, respectively, and those of NC-siRNA were 5′-GUGAGCGUCUAUAUACCAUTT-3′ and 5′-AUGG 
UAUAUAGACGCUCACTT-3′, respectively.
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For siRNA transfection, the cells were mixed in 100:3:1 (volume ratio) OPTI-MEM:plasmid:transfection reagent. 
After incubation in the dark, 100 μL of the mixture was added to 900 μL serum-free DMEM, and the cells were cultured 
at 37°C and 5% CO2 for 48 h before subsequent experiments.

Measurement of Cytoplasmic OP and Count Rate of PNs
Cells were cultured in a 100-mm culture dish. When the cultures reached approximately 95% confluence, the cells were 
washed twice with isotonic HEPES buffer and then treated with specific drugs. Cytoplasmic supernatants were obtained 
through digestion, centrifugation (14000 g, 4°C), ultrasonication (Sonics & Materials, Newtown, CT, USA), and re- 
centrifugation. Cytoplasmic OP (representing total ions) was measured with an Osmomat 3000 Freezing Point Osmometer 
(Gonotec, Berlin, Germany). The count of cytoplasmic nanoparticles was determined using a NanoSight NS300 instrument 
(Malvern Analytics, Malvern, UK) in the “Protein Size” mode, yielding the kilocycles per second (kcps) value.

Measurement of Intracellular Ca2+/Cl− Levels
Intracellular Ca2+ levels were detected using the calcium fluorescent indicator probe Fluo-4 AM (Beyotime, China). Fluo-4 AM 
(200 μg) was dissolved in 88.4 μL DMSO, and Pluronic F-127 was added; a working solution of 4 μM was prepared by diluting 
with HEPES-buffered saline solution. The cells were cultured in the probe working solution and HEPES buffer containing 1% 
fetal bovine serum. They were then washed with HEPES buffer and incubated, and Ca2+ fluorescence was detected under an 
inverted fluorescence microscope (Leica Microsystems, Wetzlar, Germany) at excitation and emission wavelengths of 488 nm 
and 516 nm, respectively.

Intracellular Cl− levels were measured using the N-[ethoxycarbonylmethyl]-6-methoxy-quinolinium bromide (MQAE) 
probe (Beyotime, China). A working solution was prepared using Kerbs-HEPES buffer, which contained 2.5 mM NaCl, 
2.5 mM KCl, 2.7 mM CaCl2, 20 mM HEPES, 1 mM MgCl2, and 16 mM glucose (pH 7.4). The cells were incubated in 
100 μL Kerbs-HEPES buffer containing 10 mM MQAE for 40 min and then washed five times. MQAE fluorescence was 
detected under an inverted fluorescence microscope (Leica Microsystems) at excitation and emission wavelengths of 355 nm and 
460 nm, respectively. An increase in intracellular Cl− levels led to a decrease in MQAE fluorescence intensity.

Holographic Label-Free Live Cell Imaging
SH-SY5Y cells were prepared and seeded in a 35-mm confocal culture dish and maintained at 37°C in an environment 
with 95% O2 and 5% CO2. At approximately 30% density, cell morphology was monitored using a 3D tomographic 
microscope with a 60× objective lens (Nanolive CXA, Switzerland) and STEVE software (Nanolive CXA).

Electrophysiology
Whole-cell recordings of SH-SY5Y cells were performed in either current- or voltage-clamp mode. The cells were seeded 
onto polylysine-coated slides. During the experiments, the cells were placed in a bath, and the required solution was perfused. 
Voltage and current were measured using a MultiClamp 700B amplifier and Digidata 1550B digital converter controlled by 
pClamp 10.6 (Molecular Devices, Sunnyvale, CT, USA). Glass electrodes (outer diameter 1.5 mm, inner diameter 0.86 mm, 
World Precision Instruments, USA) were pulled using a puller (P-1000, Narishige) to achieve resistance of 2–5 MΩ when 
filled with internal solution. Capacitive and series resistance compensations were adjusted before recording. The data 
sampling rate was set to 2 kHz for cell membrane potential recordings and 10,000 kHz for cell membrane current recordings.

For cell membrane potential recordings, a hypotonic solution was used, which contained (mM) 90 NaCl, 4.8 KCl, 5 
NaHCO3, 2.4 MgCl2, 2.5 CaCl2, and 10 HEPES. pH was adjusted to 7.4 with NaOH, and OP was adjusted to 220 mOsm/ 
kg with mannitol. The extracellular isotonic solution contained (mM) 90 NaCl, 4.8 KCl, 5 NaHCO3, 2.4 MgCl2, 2.5 
CaCl2, and 10 HEPES. pH was adjusted to 7.4 with NaOH, and OP was adjusted to 300 mOsm/kg with mannitol. The 
intracellular solution comprised (mM) 139 KCl, 2 MgCl2, Na2ATP, 1 CaCl2, 2 EGTA, and 5 glucose. pH was adjusted to 
7.4 with NaOH, and OP was adjusted to 300 mOsm/kg with mannitol.

SUR1-TRPM4 channel current was recorded within a voltage range of −100 to +100 mV. Starting from 0 mV clamping 
potential, a ramp voltage stimulation scheme of 300 ms was used to obtain a stable current–voltage relationship curve.4 For 
TMEM16A channel current recordings, a step voltage (20 mV) stimulation protocol was applied from −80 to +80 mV, starting 
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from 0 mV clamping potential and lasting for 1.1 s.4 Finally, for VGCC current recordings, a step voltage (10 mV) stimulation 
protocol was applied from −70 mV to +10 mV, starting from −90 mV clamping potential and lasting for 300 ms.29

To record SUR1-TRPM4 channel current, SH-SY5Y cells were perfused with an extracellular solution, which comprised 
(mM) 144 NaCl, 4.3 KCl, 2.5 CaCl2, 1.1 MgCl2, 10 HEPES, and 10 D-glucose. pH was adjusted to 7.4 with NaOH, and OP was 
adjusted to 300 mOsm/kg with mannitol. The intracellular solution contained (mM) 140 CsCl, 2 MgCl2, 9.8 CaCl2, 10 HEPES, 10 
EGTA, and 2 Na2ATP. pH was adjusted to 7.4 with CsOH, and OP was adjusted to 300 mOsm/kg with mannitol. To record 
TMEM16A channel current, SH-SY5Y cells were perfused with an extracellular solution, which contained (mM) 140 N-methyl- 
D-glucosamine, 10 tetraethylammonium chloride, 5 KCl, 2.5 CaCl2, 1 MgCl2, 10 HEPES, and 10 D-glucose. pH was adjusted to 
7.4 with HCl, and OP was adjusted to 300 mOsm/kg with mannitol. The intracellular solution comprised (mM) 140 CsCl, 9.8 
CaCl2, 2 MgCl2, 10 EGTA, 10 hEPES, and 2 Na2ATP. pH was adjusted to 7.4 with CsOH, and OP was adjusted to 300 mOsm/kg 
with mannitol. To record VGCC current, SH-SY5Y cells were perfused with an extracellular solution, which contained (mM) 145 
tetraethylammonium chloride, 5 CaCl2, 0.8 MgCl2, 10 HEPES, and 5 glucose. pH was adjusted to 7.4 with CsOH, and OP was 
adjusted to 300 mOsm/kg with mannitol. The intracellular solution comprised (mM) 135 CsCl, 1 CaCl2, 2 MgCl2, 2 Na2ATP, 11 
EGTA, and 10 HEPES. pH was adjusted to 7.4 with CsOH, and OP was adjusted to 300 mOsm/kg with mannitol.

Current density was calculated by dividing the current value obtained by compensating the capacitance and series 
resistance recorded by the patch clamp amplifier by the cell membrane capacitance.

LC–MS and Proteomic Data Processing
Cultured SH-SY5Y cells were washed twice with isotonic HEPES buffer and then subjected to specific treatments: 
(1) the control group, (2) co-treatment with microfilaments and microtubules depolymerizers (the CytoD+Noc group) for 
30 min, and (3) co-treatments with CytoD–Noc for 30 min, followed by replacement with DMEM/F12 medium and 
further culturing for 30 min (the CytoD+Noc-removal group). Cytoplasmic supernatants were obtained through digestion, 
centrifugation (14,000 g, 4°C), ultrasonication (Sonics & Materials), and re-centrifugation.

For filter-aided sample preparation, total protein concentration was determined using a Nanodrop microvolume spectro
photometer. Sample aliquots (100 μg) were used for all subsequent steps. Each sample was mixed with dithiothreitol and 
alkylated with iodoacetic acid, and then combined with urea. Filter-aided sample preparation filters were activated with NH4 

HCO3, followed by centrifugation. Peptides were eluted from the membrane, and samples were dried using a vacuum centrifuge.
For MS and data analysis, peptides were resolved on a C18 reverse phase column (Thermo Fisher Scientific EASY-nLC) and 

analyzed with a Q-Exactive Plus mass spectrometer (Thermo Fisher Scientific) using higher-energy collisional dissociation 
fragmentation. The mass spectrometer was operated in the Top 20 data-dependent mode with automated switching between MS 
and MS/MS. Raw data were processed using the MaxQuant search engine, mapped to UniProt/SwissProt. Spectra were searched 
against the UniProt human database. Target decoy analysis was performed by searching a reverse database with an overall false 
discovery rate of 1% at the protein and peptide levels. Label-free quantification was performed using the LFQ feature included in 
MaxQuant according to the default parameters.

Finally, the resulting data were subjected to GO and KEGG enrichment analysis. Pathways with a p-value of ≤0.05 
were considered significantly enriched and ranked by p-value.

Statistical Analyses
Values represent mean ± standard error of the mean (SEM). Data were analyzed using SPSS v.22.0 (IBM, Armonk, NY, USA). 
One-way analysis of variance was used for single-factor sample comparisons, and Bonferroni’s post-hoc test was used for 
comparisons between means. All experiments were repeated using at least three independent biological replicates.

Results
Membrane Potential Changes Regulate Osmotic Tension, Closely Associated with 
Intracellular PNs and Calcium Signaling
Intracellular PNs can induce membrane potential changes and intracellular hyperosmosis.4,25 To explore the effects of membrane 
potential on IF tension in neurons and the underlying regulatory mechanisms, we used three voltage-gated channel agonists: Bay 
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K8644 (L-type voltage-gated calcium channel, VGCC), lubiprostone (voltage-gated chloride channel), and Lu AE98134 
(voltage-gated sodium channel). These agents individually induce changes in cell membrane potential.30–32 We observed that 
IF tension increased within 30 min, with Bay K8644 promoting the most significant effect (Figure 1A and B). Besides, Bay 
K8644 treatment increased intracellular PN production (Figure 1D), cytoplasmic OP (Figure 1E), and intracellular Ca2+/Cl− 

levels (Figure 1F and G). To further investigate the association between membrane potential and osmotic tension, we induced 
membrane depolarization by setting the extracellular K+ concentration to 40 mm (under isotonic extracellular conditions) 

Figure 1 Continued.
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(Figure 1H and J), which increased IF tension (Figure 1I and K) and Ca2+/Cl− levels (Figure 1L and M). These data indicate that 
membrane potential changes are closely related to osmotic tension and OP regulation.

Our previous studies have shown that intracellular PNs, sourced from the depolymerization of microfilaments and 
microtubules under cytotoxic stimuli,4,25,27 are involved in membrane potential regulation. To assess whether PNs and 
Ca2+ contribute to higher IF tension and intracellular OP, we co-treated the cells with the microfilaments stabilizer 
sennoside A (Sen A)33 and microtubules stabilizer taxol (TAX),34 which significantly reversed Bay K8644-induced 
increases in IF tension, intracellular PN amounts, cytoplasmic OP, and intracellular Ca2+/Cl− levels (Figure 1A and C–G). 
Similarly, inhibiting intracellular Ca2+ with heparin [an inhibitor of inositol triphosphate receptor (IP3R)]35–37 and the 
absence of extracellular Ca2+ reversed these effects (Figure 1A and C–G). We thus believe that PNs and calcium 
signaling play a crucial role in membrane potential-regulated intracellular OP and ion levels.

Extracellular Hypotonicity Induces Membrane Potential Changes Dependent on PN 
and Calcium Levels
In living cells, IF tension is closely related to changes in transmembrane OP.5,27 To investigate the effects of osmotic 
tension on membrane potential, we exposed neuronal cells to extracellular hypotonic stress (220 mOsm/kg) to induce cell 
swelling.38 IF tension increased over time (Figure 2A and B), and the rate of change slowed from the 27th min, 
plateauing as cell volume increased (Figure 2C and D). This suggests that intracellular mechanical signals stabilized at 
this point, with water influx nulling. Hypotonic stress also upregulated cytoplasmic OP, amount of intracellular PNs, and 
Ca2+/Cl− levels (Figure 2E–H). Ion rearrangement between two sides of cell membrane could influence on the membrane 
potential. We next monitored membrane potential changes in neurons using whole-cell recording in current-clamp mode 
and found that hypotonic stress induced significant depolarization of membrane potential (Figure 2I), indicating a close 
correlation between IF tension changes and membrane potential.

Cell swelling can activate mechanically sensitive ion channels, converting mechanical stimulation into electrical or 
chemical signals.15 Piezo1, a non-selective cation channel, allows Ca2+, K+, and Na+ to pass through,39 generating inward 
depolarization currents.18–20 To explore the relationship between osmotic tension and electrical activity, we knocked 

Figure 1 Changes in membrane potential induce osmotic tension imbalance, closely associated with PNs and Ca2+. (A) After transfection with vimentin–cpstFRET probe, SH-SY5Y 
cells were treated with Bay K8644 (1 μM), Lu AE98134 (30 μM), lubiprostone (100 μM), Bay K8644 + Sen A (100 μM) + TAX (10 μM), Bay K8644 + 0 mm Ca2+ (no extracellular Ca2+), 
Bay K8644 + heparin (0.5 mg/mL), and Bay K8644 + 0 mm Ca2+ + heparin. Representative fluorescent images were captured within 30 min. Scale bar, 10 µm. The representative 
fluorescent calibration bar was set from 0.1 to 1.5. The dark-blue calibration bar indicates the smallest CFP/FRET ratio (0.10), whereas red indicates the largest CFP/FRET ratio (1.5). (B) 
Normalized CFP/FRET ratio of vimentin IF tension under different treatments. ****p < 0.0001, Bay K8644 was compared with the control. ***p < 0.001, Lu AE98134 or lubiprostone was 
individually compared with the Bay K8644 group. (C) Normalized CFP/FRET ratio of vimentin IF tension under different treatments. ***p < 0.001, the additional treatment of Sen A+TAX 
or 0 mm Ca2++heparin was individually compared with the Bay K8644 group. *p < 0.05, the additional treatment of 0 mm Ca2+ was compared with the Bay K8644+heparin group. (D) 
Number of cytoplasmic PNs under different treatments. (E) Cytoplasmic OP was detected using a freezing point osmometer. (F) Normalized F30/F0 ratio of intracellular Ca2+ and (G) 
Cl− fluorescent intensities. The significant differences were statistically analyzed between the Bay K8644 group compared with the control, the additional treatment of Sen A+TAX or 
0 mm Ca2++heparin individually compared with the Bay K8644 group. (H) Neuronal cells were treated with an isotonic solution (300 mOsm/kg) containing 40 mm KCl. Representative 
trace map of membrane potential was recorded using a whole-cell patch clamp. (I) Representative fluorescence images of vimentin IF tension. The calibration bar was set from 0.1 to 1.5. 
(J) Membrane potential changes after KCl treatment. Each line represents a single neuronal cell. Paired samples were analyzed by t-test. (K) Normalized CFP/FRET ratio of vimentin IF 
tension. (L) Normalized F30/F0 ratio of intracellular Ca2+ and (M) Cl− fluorescent intensities. Average of ≥3 biologically independent replicates ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001.
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down Piezo1 using siRNA under extracellular hypotonic conditions and assessed membrane potential and osmotic 
effects. Compared to the si-Con group, the si-Piezo1 group showed recovered hypotonicity-induced IF tension 
(Figure 3A and B) and membrane depolarization (Figure 3C–F), along with reduced intracellular Ca2+ (Figure 3G) 
and Cl− (Figure 3H) levels. Piezo1 has been reported to be involved in Ca2+ signaling regulation.40 Our results indicate 
that Piezo1-mediated transduction of osmotic tension modulates membrane potential and intracellular ion composition.

Furthermore, treatments with microfilaments/microtubules stabilizers, absence of extracellular Ca2+, and inhibition of 
intracellular Ca2+ could recover extracellular hypotonicity-induced IF tension, cell volume, amounts of PNs, cytoplasmic 
OP, and intracellular ion levels (Figure 2A–H). Regarding membrane potential, PN inhibition recovered the hypotonic- 

Figure 2 Extracellular hypotonicity induces IF tension and membrane potential changes dependent on PNs and Ca2+. (A) Neuronal cells were treated with hypotonic 
solution (Hypo, 220 mOsm/kg), Hypo + Sen A (100 μM) + TAX (10 μM), Hypo + 0 mm Ca2+, and Hypo + heparin (0.5 mg/mL). Representative fluorescent images of 
vimentin IF tension were captured within 30 min. Scale bar, 10 µm. The calibration bar was set from 0.1 to 1.5. (B) Normalized CFP/FRET ratio of vimentin IF tension. (C) 
Ratio of 27 min and 30 min CFP/FRET was analyzed by paired t-test. (D) Normalized ratio (Ft/F0) of cell volume within 30 min. (E) Number of cytoplasmic PNs. (F) 
Cytoplasmic OP was detected using a freezing point osmometer. (G) Normalized F30/F0 ratio of intracellular Ca2+ and (H) Cl− fluorescent intensities. An increase in 
intracellular Cl− levels led to a decrease in MQAE fluorescence intensity. The significant differences were statistically analyzed between the Hypo group compared with the 
control, the additional treatment of Sen A+TAX or 0 mm Ca2+ or heparin or 0 mm Ca2++heparin individually compared with the Hypo group (B, D–H). (I) Representative 
trace map and (J) variations in membrane potential measured using a whole-cell patch clamp. Average of ≥3 biologically independent replicates ± SEM. The significant 
differences were statistically analyzed between the additional treatment of Sen A+TAX or 0 mm Ca2+ or heparin or 0 mm Ca2++heparin individually compared with the 
Hypo group. ns, no significant, *p < 0.05, **p < 0.01, ***p < 0.001.

https://doi.org/10.2147/IJN.S503181                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2025:20 4152

Zheng et al                                                                                                                                                                          

Powered by TCPDF (www.tcpdf.org)



induced depolarization; the absence of both extracellular and intracellular Ca2+ resulted in the transition to the 
hyperpolarization state (Figure 2I and J). These findings suggest that extracellular hypotonicity induces PN- and calcium- 
dependent changes in cell membrane potential and intracellular osmosis. In summary, mechanical changes are closely 
related to electrical and chemical activity in neuronal cells. Their collaboration is key to maintaining biological OP and 

Figure 3 Piezo1 is associated with IF tension, membrane potential, and intracellular ion level regulation. Neuronal cells were transfected with siRNA-Control (si-Con) and siRNA- 
Piezo1 (si-Piezo1) under extracellular hypotonic conditions (220 mOsm/kg). (A) Representative fluorescent images (scale bar, 10 µm). The calibration bar was set from 0.1 to 1.5. 
(B) Normalized CFP/FRET ratio of vimentin IF tension. ***p < 0.001, the si-Con+Hypo group was compared with the si-Con group. *p < 0.05, the si-Piezo1+Hypo group was 
compared with the si-Con+Hypo group. (C and D) Representative trace map of membrane potential was recorded within 30 min using a whole-cell patch clamp. (E) Statistics of 
resting membrane potential before treatment. (F) Variations in membrane potential after treatment. (G and H) Normalized F30/F0 ratio of intracellular Ca2+ and Cl− fluorescent 
intensities. The significant differences were statistically analyzed between the si-Con+Hypo group compared with the si-Con group, the si-Piezo1+Hypo group compared with the 
si-Con+Hypo group. Average of ≥3 biologically independent replicates ± SEM. ns, no significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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water flow across the membrane. Electromechanical disequilibrium, rather than sole mechanical change, contributes to 
the occurrence of neuronal swelling.

Collaboration Between PN-Induced Activation and Chemical Signal-Induced Sensitization 
of Voltage-Dependent Ion Channels in Increasing PN-OP
To further investigate the effects of PNs on membrane potential and intracellular osmosis, we employed cytochalasin D (CytoD) 
and nocodazole (Noc) to depolymerize microfilaments and microtubules, respectively.41,42 Our previous research demonstrated 
that cytoskeletal depolymerization can induce to produce a mass of abnormal PNs in cytoplasm.4,27 Accompanying the increased 
number of intracellular PNs, we observed an increase in cytoplasmic OP and intracellular Ca2+/Cl− levels (Figure 4A–D). 
According to the Donnan effect, PN carrying negative charge can adsorb cations and triggered ion rearrangement near the cell 
membrane. Indeed, these led to membrane depolarization (Figure 4E and F), further confirming the involvement of intracellular 
PNs in electromechanical cooperation.

We hypothesized that PN-induced membrane depolarization and calcium signaling promote the opening of voltage- 
dependent ion channels. In this study, we focused on depolarization-dependent and Ca2+-activated ion channels: 
sulfonylurea receptor 1-transient receptor potential cation channel subfamily M member 4 (SUR1-TRPM4), transmem
brane protein 16 A (TMEM16A), and L-type voltage-gated calcium channel (L-VGCC). SUR1-TRPM4 channel is 
activated by increased intracellular Ca2+ levels and membrane depolarization,43 contributing to edema formation. The 
opening of TMEM16A channel, a voltage-dependent Ca2+-sensitive chloride channel, exacerbates cerebral infarction.44 

Rapid calcium influx during acute cerebral hypoxia causes neuronal damage and death associated with stroke,45 while 
blocking L-type VGCCs has beneficial effects on brain tissue post-ischemia.46

We investigated the effects of PNs on these ion channels by co-treating neurons with CytoD and Noc. Compared to 
the control group, CytoD–Noc co-treatment enhanced currents through SUR1-TRPM4 channel, TMEM16A channel, and 
VGCC, which were suppressed by the inhibitors glibenclamide (Gil), niclosamide (Nic), and nimodipine (Nimo), 
respectively (Figure 4G–L). The increased number of intracellular PNs, an increase in IF tension and cell volume was 
observed in the CytoD–Noc group (Figure 4M–O). These results indicate that cytoskeletal depolymerization-induced 
PNs activate voltage-dependent ion channels. Ion flux through various types of ion channels is responsible for PN- 
mediated regulation of biological OP and neuronal edema.

The degree of ion channel opening is crucial for regulating intracellular osmosis. Previous reports indicate that 
calmodulin (CaM) increases Ca2+ sensitivity of SUR1-TRPM4 channel.4,47 Protein kinase C (PKC)-induced phosphor
ylation also enhances TRPM4 current.47 PKC inhibition prevents ammonia-induced astrocyte swelling,48 PKC activity 
and expression are upregulated in cytotoxic edema.49 Our prior study showed that CaM and PKC regulate PN-induced 
ion increments via SUR1-TRPM4 and TMEM16A channel opening.4 In this study, we used CaM and PKC agonists 
[calcium-like peptide-1 (CALP1) and phorbol 12-myristate 13-acetate (PMA), respectively] in the CytoD–Noc-induced 
hyperosmotic PN model. Compared to the CytoD+Noc group, a significant increase in channel current was observed 
upon adding CALP1 or PMA (Figure 5A and B). Correspondingly, IF tension and cell volume showed a significant 
increase after CaM and PKC agonist treatments (Figure 5C–E).

Furthermore, we found linear positive correlations between cytoplasmic OP and intracellular PN concentrations or 
amounts (Figure 5F and G). PMA and CALP1 increased the slope of the linear correlation between intracellular PN 
amounts and cytoplasmic OP (Figure 5H and I). These data indicate that PN-induced hyperosmosis relies on CaM- and 
PKC-mediated sensitization of nonselective ion channels.

Neurotoxicity Induces Electromechanical Imbalance to Promote Neuronal Edema
Cobalt chloride (CoCl2), a neurotoxin mimicking hypoxia stimulus, induces nervous edema in ischemic stroke.50 

Lipopolysaccharide (LPS) activates pro-inflammatory pathways, enhancing transmembrane water permeability and 
cytotoxic edema.51 Dichloroethane (1,2-DCE) induces cerebral edema through oxidative stress, calcium overload, blood- 
brain barrier damage, and neurotransmitter changes.52 We established neurotoxic edema models by treating neuronal 
cells with these neurotoxins to investigate the electromechanical mechanism involving PNs, Ca2+, and water flux.
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CoCl2, LPS, and 1,2-DCE induced membrane depolarization and increased IF tension, intracellular PN amounts, cell 
volume and Ca2+/Cl− levels (Figures 6A, B, G; S1F–H; S2F–H; S3D–F). We investigated the roles of PN inhibition in 
these neurotoxin-induced electromechanical events. Besides being elicited by microfilaments/microtubules depolymer
ization, the NLRP3 inflammasome and downstream inflammatory cytokines are major sources of intracellular PNs in 

Figure 4 PNs contribute to intracellular hyperosmosis, membrane potential changes, and extent of opening of voltage-dependent ion channels. Neuronal cells were treated 
with 10 μM CytoD and 100 μM Noc. (A) Number of cytoplasmic PNs. (B) Cytoplasmic OP. (C and D) Normalized F30/F0 ratio of intracellular Ca2+ and Cl− fluorescent 
intensities. (E) Representative trace map of membrane potential was recorded using a whole-cell patch clamp. (F) Membrane potential changes after CytoD+Noc treatment. 
Each line represents a single neuronal cell; paired samples were analyzed by t-test. (G) Cells were treated with CytoD+Noc and CytoD+Noc+Gil (20 μM). Under the 
holding potential of 0 mV, cells were subjected to ramp voltage stimulation from −100 mV to +100 mV for 200 ms, and representative current trace of SUR1-TRPM4 channel 
was recorded. (H) Average current density of SUR1-TRPM4 channel induced at −80 mV. (I) Cells were treated with CytoD+Noc and CytoD+Noc+Nic (1 μM). Under the 
holding potential of 0 mV, a step voltage stimulation scheme of +20 mV was applied in the voltage range of −80 mV to +80 mV, and representative current trace of 
TMEM16A channel was recorded. (J) Average current density of TMEM16A channel was calculated at +80 mV. (K) Cells were treated with CytoD+Noc and CytoD+Noc 
+Nimo (10 μM). At the holding potential of −90 mV, cells were subjected to step voltage stimulation from −70 mV to +10 mV, and representative current trace of VGCCs 
was recorded. (L) Average current density of VGCCs. The significant differences were statistically analyzed between the Cyto D+Noc group compared with the control, the 
additional treatment of Gil or Nic or Nimo individually compared with the Cyto D+Noc group (H, J and L). (M and N) Representative fluorescent images (scale bar, 10 µm; 
the calibration bar was set from 0.1 to 1.5) and normalized CFP/FRET ratio of vimentin IF tension recorded within 30 min. (O) Normalized ratio (Ft/F0) of cell volume within 
30 min. Average of ≥3 biologically independent replicates ± SEM. ns, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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cerebral edema.4 Sen A, TAX, and tranilast (Tran, NLRP3 inhibitor)53 were used to stabilize the cytoskeleton and inhibit 
NLRP3 inflammasome assembly to reduce intracellular PN production. PN inhibition significantly attenuated CoCl2 

/LPS/1,2-DCE-induced IF tension (Figure 6A) and restored membrane potential (Figure 6C and F), amounts of PNs 
(Figure 6G), cytoplasmic OP (Figures S1E, S2E and S3C), cell volume (Figures S1F, S2F and S3D), and Ca2+/Cl− levels 
(Figures S1G and H, S2G and H and S3E and F).

Combined inhibition of intra- and extracellular Ca2+ significantly reduced CoCl2/LPS/1,2-DCE-induced IF tension 
(Figure 6A) as well as PN amounts (Figure 6G), cytoplasmic OP, cell volume, and Ca2+/Cl− levels (Figures S1–S3). 
Interestingly, the depolarization of membrane potential induced by CoCl2/LPS/1,2-DCE was reversed to hyperpolariza
tion (Figure 6D and F). Conversely, carbachol (an agonist of IP3R) induced an increase in Ca2+ levels that reversed NaN3 

-induced hyperpolarization to depolarization, and PN inhibition also attenuated NaN3-induced membrane potential 
changes (Figure S4). These findings suggest that Ca2+ is involved in converting membrane potential polarization states.

According to the electrical double-layer theory, high-valence ions (Ca2+) can be absorbed by PNs, displacing low- 
valence ions (Na+ and K+), thus increasing free monovalent cation levels and intracellular hyperosmosis. Beyond Ca2+, 
an isotonic solution with low Hg2+ concentrations or high Cd2+ and Mg2+ concentrations was found to increase IF tension 
and membrane depolarization (Figure S5), similar to the effects of high Ca2+ concentrations on electromechanical 
changes, suggesting a role of divalent cations in regulating membrane potential and biological OP.

Neuronal edema induced by CoCl2, LPS, and 1,2-DCE is driven by unbalanced water inflow, and AQP channel inhibition 
seems to reduce cytotoxic edema. Hg2+ (a pan-inhibitor of AQP channels) can reportedly prevent water inflow/outflow.54 

Herein we observed that high Hg2+ concentrations (200 μM) abolished the increase in IF tension and cell volume caused by 
CoCl2, LPS, and 1,2-DCE treatment (Figures 6A, S1F, S2F and S3D). Notably, mercuric chloride (HgCl2) failed to revoke the 
electrophysiological imbalance caused by CoCl2, LPS, and 1,2-DCE but instead caused stronger membrane potential 
depolarization (Figure 6E and F), consistent with the results of a previous study.55 In addition, HgCl2 did not decrease 
intracellular Ca2+/Cl− levels induced by neurotoxins (Figures S1G and H, S2G and H and S3E and F), and even resulted in 
more intracellular PNs and higher cytoplasmic OP (Figures 6G, S1E, 2E and S3C). These results suggest that AQP-mediated 

Figure 5 Sensitization of voltage-dependent ion channels is involved in PN-induced OP. (A) Neuronal cells were treated with CytoD+Noc, CytoD+Noc+CALP1, and 
CytoD+Noc+PMA. Under the holding potential of 0 mV, cells were subjected to ramp voltage stimulation from −100 mV to +100 mV for 200 ms, and representative current 
trace of SUR1-TRPM4 channel was recorded. (B) Average current density of SUR1-TRPM4 channel induced at −80 mV. (C and D) Representative fluorescent images and 
normalized CFP/FRET ratio of vimentin IF tension. Scale bar, 10 µm. The calibration bar was set from 0.1 to 1.5. (E) Normalized ratio (F30/F0) of cell volume. The significant 
differences were statistically analyzed between the additional treatment of CALP1 or PMA individually compared with the Cyto D+Noc group (B, D and E). (F) Linear 
relationship between cytoplasmic protein concentration and OP, corresponding to the concentration gradients (CytoD 10 μM + Noc 100 μM, CytoD 20 μM + Noc 200 μM, 
CytoD 30 μM + Noc 300 μM, and CytoD 40 μM + Noc 400 μM) (G, H and I) Linear relationship between the count rate of cytoplasmic PNs and OP, corresponding to the 
concentration gradients of CytoD + Noc. Average of ≥3 biologically independent replicates ± SEM. **p < 0.01, ***p < 0.001.
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water influx is independent of ionic OP regulation. In summary, electromechanical disequilibrium induced by CoCl2, LPS, and 
1,2-DCE facilitates neuronal edema, closely regulated by PNs, Ca2+, and water influx.

AQP-Mediated Water Influx Is Involved in Regulating Membrane Potential and 
OP-Induced Tension
AQP channels mediate water flux, playing a key role in water homeostasis and edema formation. AQP9 overexpression 
in cerebral stroke models has been found to aggravate cerebral edema.56 To investigate the impact of AQP9 on IF tension 
upon exposure to CoCl2, LPS, and 1,2-DCE, green fluorescent protein-tagged vimentin and red fluorescent protein- 
tagged AQP9 were co-transfected into neuronal cells. AQP9 overexpression aggravated CoCl2/LPS/1,2-DCE-induced 
increase in IF tension, whereas PN inhibition reversed these effects (Figure 7A and B), suggesting AQP-mediated water 
influx associated with PN-induced osmosis. Particularly, AQP9 overexpression also facilitated the recovery of CoCl2, 
LPS, and 1.2-DCE-induced membrane depolarization, eventually achieving a repolarization state (Figure 7C and D). This 
indicates that water influx through AQP9 channels plays a role in electrical activity regulation, alleviating the depolar
ization of cell membrane potential and promoting partial recovery of membrane potential.

Figure 6 Neurotoxins induce electromechanical imbalance dependent on intracellular PNs. Neuronal cells were treated with CoCl2 (200 μM), LPS (1 μg/mL), and 1,2-DCE 
(1.2 μg/mL), or combined with Sen A + TAX + Tran (20 μM), 0 mm Ca2+ + heparin, and HgCl2 (200 μM). (A) Normalized CFP/FRET ratio of vimentin IF tension. (B–E) 
Representative trace map of membrane potential was recorded within 30 min under different treatments. (F) Variations in membrane potential. The significant differences 
were statistically analyzed between the additional treatment of Sen A+TAX+Tran or 0 mm Ca2++heparin or HgCl2 individually compared with the CoCl2 group, the LPS 
group or 1,2-DCE group. (G) Number of cytoplasmic PNs. The significant differences were statistically analyzed between the individual CoCl2/LPS/1,2-DCE group compared 
with the control, the additional treatment of Sen A+TAX+Tran or 0 mm Ca2++heparin or HgCl2 individually compared with the CoCl2 group, the LPS group or 1,2-DCE 
group (A and G). Average of ≥3 biologically independent replicates ± SEM. ns, no significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Proteomic Analysis of PN Composition
To explore the generation of PNs in neuronal cells due to cytoskeletal depolymerization, we performed liquid chromato
graphy–mass spectrometry (LC–MS) to identify changes in cytoplasmic PNs in models treated with CytoD and Noc as 
well as models from which CytoD and Noc were removed. Compared to the control group, the expression of 94 and 78 
types of proteins was up- and downregulated, respectively, in the CytoD+Noc group (Figure 8A). Despite these changes, 
the total amount of PNs increased following CytoD–Noc co-treatment (Figure 4A). This indicates that cytoskeletal 
depolymerization induces widespread alterations in PN composition.

Further, to identify the pathways affected in the CytoD+Noc group, we performed subcellular localization analyses. 
Categories related to the endoplasmic reticulum, nucleus, mitochondria and vesicles were significantly enriched in the 
CytoD+Noc group compared to the control group (Figures 8C and S6A), suggesting PN translocation within the 
cytoplasm. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses revealed enrichment 
in pathways related to ribosome structure and pathway, vesicle organization and actin binding (Figures 8E and S6). In 
addition, the different types (40 and 106 types of proteins up- and downregulated) of PNs between the CytoD+Noc and 
CytoD+Noc-removal groups, mainly originated from the nucleus, mitochondria, vesicles (Figure 8B and D); however, 
the greatest number of PNs seem to recover in nucleus and vesicles, not endoplasmic reticulum (Figure S6B). Compared 
with the CytoD+Noc group, GO and KEGG enrichment in the CytoD+Noc-removal group focused on focal adhesion, 

Figure 7 AQP is involved in IF tension and membrane potential regulation. Neuronal cells were co-transfected with green fluorescent protein-tagged vimentin probe and 
red fluorescent protein-tagged AQP9. (A and B) Representative fluorescent images and normalized CFP/FRET ratio of vimentin IF tension under different treatments. Scale 
bar, 10 µm. The calibration bar was set from 0.1 to 1.5. The significant differences were statistically analyzed between the AQP9+CoCl2/LPS/1,2-DCE group individually 
compared with the corresponding CoCl2/LPS/1,2-DCE group; the additional treatment of Sen A+TAX+Tran individually compared with the corresponding AQP9+CoCl2 

/LPS/1,2-DCE group. (C) Representative trace map of cell membrane potential. (D) Cell membrane potential before treatment, max membrane potential after treatment, 
and the recovered plateau. Each line represents a single neuronal cell. Average of ≥3 biologically independent replicates ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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cell-substrate junction, RNA splicing, cadherin binding, ribosome, etc (Figures 8F; S6D–G). These indicate that some 
PNs were able to recover when cytoskeletal depolymerization was inhibited. In summary, the production of PNs results 
from the cytoplasmic translocation of various proteins induced by cytoskeletal depolymerization, and some PNs can 
reversibly recover through their translocation.

Discussion
Cytotoxic edema is a secondary symptom of ischemic stroke and is challenging to monitor in situ. Osmotic imbalance is 
widely accepted to be the primary driving force responsible for the swelling of astrocytes and neurons, which depends on 
ion maldistribution across the cell membrane and the resultant AQP-mediated water influx. Notably, we have found that 
changes in osmotic tension and electrophysiological activity accompany and mutually participate in neuronal swelling. 
Electromechanical cooperation, a key regulator of biological OP and water flux, heavily relies on intracellular PN and 
Ca2+ concentrations. Abnormal increased PNs resulted in the membrane potential changes and Ca2+ contributed to the 
transition between depolarization and hyperpolarization. Membrane depolarization-induced activation combined with 
CaM/PKC-induced sensitization of voltage-dependent cation and anion channels control the increase in intracellular ionic 

Figure 8 Proteomic analysis by label-free LC–MS. Identification of different proteins between (1) the control and CytoD+Noc groups and (2) the CytoD–Noc and CytoD– 
Noc-removal groups. (A and B) Volcano plot of nonredundant proteins. Red dots indicate upregulated proteins, blue dots indicate downregulated proteins, and grey dots 
indicate proteins with no significant change. (C and D) Classification of identified proteins by subcellular localization. The percentage in parentheses represents the enriched 
types of proteins. (E and F) GO enrichment analysis categorized by cellular components (CC), biological processes (BP) and molecular functions (MF). Top 20 enriched 
pathways were ranked by p-value. Pathways with p ≤ 0.05 were considered to be significantly enriched.
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OP. AQP-mediated water influx contributes to rebalancing the membrane potential and stabilizing osmotic tension, 
facilitating neurotoxic edema.

PN-induced OP depends on the activation and sensitization of ion channels. Voltage-dependent ion channels are 
crucial executors for membrane potential involved in OP regulation. PN-induced membrane potentials activate voltage- 
dependent non-selective ion channels. Meanwhile, chemical signal-mediated sensitization enhances ion channel 
function.57–59 Thus, increases in intracellular PNs can induce membrane potential changes and collaborate with chemical 
signals to facilitate the continuous opening of ion channels, exacerbating the abnormal flux of cations and anions.

PN-induced adsorption of cations is key to regulating membrane potential. PNs carrying a negative charge can absorb 
cations, leading to a decrease in free cations and a relative increase in anions near the cell membrane,60,61 promoting 
imbalanced electric potential across the membrane. Notably, Ca2+ plays a crucial role in regulating PN-induced membrane 
potential. According to the electrical double-layer theory,62,63 high-valence ions, such as Ca2+, Co2+, and Cs2+ (Figure S5), can 
be absorbed by PNs, replacing low-valence ions (Na+ and K+). Intracellular PN–Ca2+ absorption increases monovalent ions 
inside the cell membrane, creating a state of negative outside and positive inside, eventually promoting membrane depolar
ization. Therefore, PNs and Ca2+ play a central role in controlling the electrochemical effects in cytotoxic edema by altering 
the potential state.

In our previous studies, we focused on intracellular PNs principally derived from cytoskeletal depolymerization and the 
NLRP3 inflammasome.4,26,27 This proteomic analysis enhances our understanding of PN sources. Cytoskeletal depolymer
ization seems to promote the cytoplasmic translocation of PNs from the nucleus and mitochondria, particularly most PNs from 
endoplasmic reticulum. Since the endoplasmic reticulum is responsible for correct protein folding and modification in 
controlling protein homeostasis, pathological endoplasmic reticulum stress could induce the massive unfolded or misfolded 
proteins, which transfer and accumulate in the cytoplasm and further amplify the PNs effects in intracellular hyperosmosis. 
The new finding could provide the strategy to eliminate abnormal protein nanoparticles, such as the ubiquitin proteasome 
system and autophagy, potentially being the therapeutic strategy in the cerebral edema treatment. In addition, the number of 
PNs is decreased after the removal of cytoskeleton-depolymerizing stimuli, indicating the flexible and reversible regulation of 
some PNs in electromechanical cooperation and osmotic homeostasis.

It is widely accepted that intracellular hyperosmosis triggers water influx and subsequent cell swelling, which is 
highly dependent on AQP function.64,65 Our findings reveal that AQPs are involved in electromechanical activity beyond 
their role as water channels in cytotoxic edema, providing novel contribution to AQP function in the membrane potential 
regulation. Water influx facilitates the recovery of membrane potentials, possibly by regulating intracellular PN and Ca2+ 

concentrations. Furthermore, AQP activation and water influx are independent of ionic OP regulation. The AQP inhibitor 
HgCl2 can reverse cytotoxicity-induced IF tension and cell volume but cannot recover intracellular ion levels in cytotoxic 
swelling (Figures S1–S3). Water entering the cell is driven by intracellular hyperosmosis and resisted by IF tension. AQP 
overexpression further aggravates the increase in IF tension in response to neurotoxic edema. Therefore, the vector sum 
of outward osmotic tension and inward IF pulling tension determines the volume of water flux. Altogether, OP-tension 
effects control AQP channel activity, with water influx regulating changes in membrane potential and the extent of 
opening of voltage-dependent ion channels, resulting in a new OP homeostasis.

Since we have elucidated the mechanism underlying electromechanical cooperation among intracellular PN, calcium and 
water flux involved in the neurotoxic edema, there are some limitations in this study and the future research direction. Firstly, 
the number of intracellular PNs cannot be detected in vivo conditions by the existing techniques. In addition, specific 
classifications of PNs are whether exerting different osmotic effects corresponding to the edema. Our proteomic analysis has 
found cytoplasmic PNs increment mostly from endoplasmic reticulum; thus, whether these potential unfolded and misfolded 
proteins are important sources of PNs that cause edema needs to be identified in future research.

Conclusion
In summary, PNs amplify osmotic effects by inducing electromechanical cooperation, which is distinct from ionic OP. 
Physical OP is determined by the difference in solute quantity across a semipermeable membrane. We propose a new concept 
of “biological OP” based on membrane potential changes and the resultant selective flow of ions and water across the cell 
membrane. In the regulation of biological OP, PN–Ca2+ adsorption induces membrane potential changes and collaborates with 
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chemical signals, amplifying the activity of voltage-dependent ion channels. Meanwhile, water influx, as an independent 
factor, promotes the recovery of membrane potential and OP homeostasis through electromechanical cooperation in living 
cells. We believe these findings will provide a new perspective on cytomechanics, interpreting the occurrence and develop
ment of cytotoxic edema. As PN is a central link involved in controlling neurotoxic edema, how to effectively remove 
abnormal PNs will be a key problem to solve in the drug development for alleviating cerebral edema. The ubiquitin 
proteasome system-mediated degradation of misfolding proteins and autophagy-mediated elimination of inflammation- 
related proteins involved in the PNs-induced osmosis and edema will be further studied in the future direction.
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