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Abstract
Several volatile anesthetics have presented neuroprotective functions in ischemic injury. This study investigates the effect 
of desflurane (Des) on neurons following oxygen–glucose deprivation (OGD) challenge and explores the underpinning 
mechanism. Mouse neurons HT22 were subjected to OGD, which significantly reduced cell viability, increased lactate dehy-
drogenase release, and promoted cell apoptosis. In addition, the OGD condition increased oxidative stress in HT22 cells, as 
manifested by increased ROS and MDA contents, decreased SOD activity and GSH/GSSG ratio, and reduced nuclear protein 
level of Nrf2. Notably, the oxidative stress and neuronal apoptosis were substantially blocked by Des treatment. Bioinfor-
matics suggested potassium voltage-gated channel subfamily A member 1 (Kcna1) as a target of Des. Indeed, the Kcna1 
expression in HT22 cells was decreased by OGD but restored by Des treatment. Artificial knockdown of Kcna1 negated the 
neuroprotective effects of Des. By upregulating Kcna1, Des activated the Kv1.1 channel, therefore enhancing  K+ currents 
and inducing neuronal repolarization. Pharmacological inhibition of the Kv1.1 channel reversed the protective effects of 
Des against OGD-induced injury. Collectively, this study demonstrates that Des improves electrical activity of neurons and 
alleviates OGD-induced neuronal injury by activating the Kcna1-dependent Kv1.1 channel.
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Introduction

Ischemic stroke stands as the second leading cause of mor-
tality and a significant contributor to global disability, and 
its incidence is increasing with an aging population (Katan 
and Luft 2018). This condition refers to a clinical syndrome 
where blood circulation in the brain is disrupted due to ves-
sel occlusion, leading to varying degrees of oxygen–glucose 
deprivation (OGD) and immediate neurological impairment 
(Miller et al. 2016; Morone and Pichiorri 2023). While 
recombinant tissue plasminogen activator remains the most 
effective treatment for inducing thrombolysis in ischemic 

stroke, its use is restricted by a narrow time window (within 
3–4.5 h after onset) and potential complications (Robinson 
et al. 2011; Zhong et al. 2019). The considerable mortality 
and disability caused by stroke have garnered substantial 
interest from researchers and clinicians in seeking more effi-
cient and safer treatments, especially for patients ineligible 
for thrombolytic therapy.

Neuronal death, predominantly occurring in the ischemic 
penumbra surrounding the infarct area, represents a primary 
pathological occurrence consequent to ischemic stroke, sig-
nificantly influencing mortality and disability rates (Li et al. 
2014; Mao et al. 2022). Initially, neuronal apoptosis is insti-
gated by calcium influx, impairment of mitochondria, deple-
tion of energy, and glutamate excitotoxicity resulting from 
OGD (Hao et al. 2014). Due to the brain tissue’s limited 
antioxidant defenses, the subsequent production of oxygen 
free radicals, nitric oxide, and reactive oxygen species (ROS) 
leads to secondary harm to the neurons (Hao et al. 2014; 
Lakhan et al. 2009). A promising approach to enhance the 
prognosis of ischemic stroke involves the prevention of neu-
ronal injury or uncontrolled neuronal death.
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Several volatile anesthetics, such as isoflurane (Khat-
ibi et al. 2011) and sevoflurane (Cheng et al. 2019), have 
shown neuro-protective properties in ischemic stroke and 
OGD models. Desflurane (Des) is among the common vola-
tile anesthetics, exhibiting the potential to shield cerebral 
tissue against detrimental occurrences such as apoptosis, 
inflammation, degeneration, energy failure, and inflamma-
tion (Schifilliti et al. 2010). While safety concerns have been 
raised regarding volatile anesthetics, including Des, and 
their potential impact on cardiovascular, central nervous sys-
tem, and respiratory functions (Brioni et al. 2017), existing 
evidence also suggests that Des is not significantly associ-
ated with cardiac side effects (Malhotra et al. 2013; Vizuete 
et al. 2012). Additionally, Des offers other advantages such 
as rapid induction, a pleasant smell, and rapid postopera-
tive recovery (Kumar et al. 2023). Nonetheless, the precise 
functions of Des in neurons following ischemic stroke or 
OGD remain an enigma. By performing comprehensive bio-
informatics analyses in this study, we identified potassium 
voltage-gated channel subfamily A member 1 (Kcna1) as an 
auspicious promising target of Des, presenting dysregulation 
within neurons after OGD. Voltage-gated potassium (Kv) 
channels boast widespread distribution across the central 
and peripheral nervous systems, orchestrating potassium 
ion  (K+) currents pivotal for membrane repolarization and 
hyperpolarization, thereby generally imposing constraints 
upon neuronal excitability (Shah and Aizenman 2014). The 
Kcna1 gene encodes α subunits of the Kv1.1 channel, play-
ing a critical role in sustaining appropriate neuronal firing 
patterns and forestalling hyperexcitability (Paulhus and 
Glasscock 2023). Under circumstances of pathophysiology, 
an excessively heightened state of excitation might poten-
tially culminate in excitotoxic death. (Bhat et al. 2022). This 
study aims to determine the neuroprotective effect of Des 
after OGD and investigate the involvement of the Kcna1/
Kv1.1 channel and neuronal electrophysiology.

Materials and methods

Cell model of OGD and Des treatment

The immortalized mouse hippocampal neuron cell line 
HT22 (CL-0697, Procell Life Science & Technology Co., 
Ltd., Wuhan, Hubei, China) was incubated in DMEM 
(12100046, Thermo Fisher Scientific, Rockford, IL, USA) 
containing 10% fetal bovine serum and 1% antibiotic–anti-
mycotic at 37 °C with 5%  CO2. When cells reached 70–80% 
confluence, they were washed with phosphate-buffered 
saline (PBS), transferred into serum-free medium, and cul-
tured in an incubator enriched with 94%  N2, 5%  CO2, and 
1%  O2 at 37 °C for 8 h to generate OGD-induced injury. For 
cells that were assigned for Des treatment, Des was pumped 

into the incubator at a rate of 0.5 L/min during the last 2 h 
of the OGD process. In addition, another group of Des pre-
treatment was set (pre-Des), where cells were pre-treated 
with Des for 2 h before OGD challenge.

Pre‑transfection and pre‑treatment of cells 
before OGD

Three short hairpin (sh) RNA plasmids of Kcna1 (sh-RNA 
1#, sh-RNA 2#, and sh-RNA 3#) were procured from 
VectorBuilder Inc. (Guangzhou, Guangdong, China) and 
transfected into the HT22 cells using Lipofectamine 3000 
(Thermo Fisher Scientific). After incubation at 37 °C with 
5%  CO2 for 48 h, the cells were transferred into fresh cul-
ture medium, and the knockdown efficacy of shRNAs was 
analyzed using reverse transcription quantitative polymerase 
chain reaction (RT-qPCR). The one with the greatest knock-
down efficacy was selected for subsequent use. For artificial 
inhibition of the Kv1.1 channel, the HT22 cells were treated 
with 100 nM of Dendrotoxin K (Dtx-K) (T76187, Topsci-
ence Co. Ltd., Shanghai, China) for 30 min.

Cell counting kit‑8 (CCK‑8) method

According to the instructions of a CCK-8 kit (HY-K0301, 
MedChemExpress, Monmouth Junction, NJ, USA), the 
HT22 cells were seeded in 96-well plates at 5000 cells per 
well. Then, each well was added with 10 μL CCK-8 reagent 
for 2 h of cell incubation at 37 ℃.

Terminal deoxynucleotidyl transferase 
(TdT)‑mediated dUTP nick end labeling (TUNEL)

Apoptosis of the HT22 cells was analyzed using a TUNEL 
cell apoptosis detection kit (C1086, Beyotime Biotechnology 
Co., Ltd, Shanghai, China). In short, the cells were seeded 
in 96-well plates at 3000 cells per well. The cells were then 
washed wish PBS and labeled with 50 μL TUNEL reagent 
and 4ʹ, 6-diamidino-2-phenylindole (DAPI) at 37 ℃ in the 
dark for 60 min. The labeling was then observed under a 
fluorescent microscope.

Lactate dehydrogenase (LDH) detection

The LDH content in cells was examined using an LDH 
detection kit (11644793001, Sigma-Aldrich, Merck KGaA, 
Darfmstadt, Germany). In brief, the HT22 cells were seeded 
in 96-well plates and added with 150 μL of diluted LDH 
release reagent until fully mixed. After 1 h of incubation, 
the cells were centrifuged, and 120 μL of supernatant was 
transferred into the wells of another 96-well plate, followed 
by the addition of 60 μL of LDH working solution for a 
dark incubation at room temperature for 30 min. The optical 
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density (OD) at 490 nm was measured. After the removal 
of culture solution, the remaining cells were lysed by 100% 
Triton X-100. The LDH releasing rate was calculated as fol-
lows: rate = secretory LDH × 100/secretory LDH + intracel-
lular LDH in Triton X-100-treated cells.

Measurement of ROS

The ROS level in cells was determined using an ROS detec-
tion kit (S0033S, Beyotime). In short, the cells were seeded 
in 96-well plates and incubated with diluted dichlorofluo-
rescein diacetate solution at 37 ℃ for 20 min. Then, the 
cells were washed with serum-free medium, and the fluo-
rescence signal in cells was determined under a fluorescent 
microscope.

Measurement of malondialdehyde (MDA) content 
and superoxide dismutase (SOD) activity

MDA content in cells was measured using an MDA detec-
tion kit (BC0025, Solarbio Science & Technology Co., 
Ltd., Beijing, China). In short, the HT22 cells were lysed 
and centrifuged. Then, 0.1 mL of supernatant was col-
lected and mixed with 0.3 mL of MDA detection solution 
in a 100 ℃-water bath for 60 min. Then, the sample was 
cooled down and centrifuged, and 200 μL of supernatant was 
added to 96-well plates. The MDA content was measured 
by detecting the OD values at 532 and 600 nm, respectively, 
using a microplate reader.

The SOD activity was analyzed using the SOD detec-
tion kit (S0101M, Beyotime). In brief, the HT22 cells were 
lysed and centrifuged, and the supernatant was collected and 
incubated with WST-8 working solution and initial reaction 
reagent at 37 ℃ for 30 min. The OD value at 450 nm was 
read to evaluate the SOD activity.

Measurement of the ratio of reduced glutathione 
(GSH) to oxidized glutathione (GSSG)

The GSH/GSSG ratio in cells was measured using a GSH 
and GSSG assay kit (MAK440, Sigma-Aldrich). In short, 
the cells were washed with PBS and centrifuged to collect 
the sediment. The protein removal reagent M solution in a 
volume three times that of the sediment was added. Then, 
the cells were seeded on 96-well plates and incubated with 
150 μL of total GSH detection working solution at room 
temperature for 5 min, followed by the addition of 50 μL 
of nicotinamide adenine dinucleotide phosphate solution 
(0.5 mg/mL). After 25 min of reaction, the OD value at 
412 nm was detected.

Isolation of nuclear protein

According to the instructions of the nuclear and cytoplas-
mic protein extraction kit (78833, Thermo Fisher Scientific), 
the HT22 cells were washed and centrifuged to discard the 
supernatant. The sediment was collected, to which 50 μL 
of PMSF-containing nuclear protein extraction reagent was 
added, followed by a high-speed vortex for 15–30 s. The vor-
tex was performed at a 2-min interval within 30 min. Then, 
the sample was centrifuged at 12,000g at 4 ℃ for 10 min, 
and the supernatant was collected, which was the nuclear 
protein. The nuclear protein level of nuclear factor eryth-
roid 2-related factor 2 (Nrf2) was examined using western 
blot (WB) analysis with Histone-3 used as the endogenous 
control.

WB analysis

The HT22 cells were lysed in RIPA lysis buffer to extract 
total protein, and the protein concentration was determined 
using a bicinchoninic acid kit. The total protein sample, or 
the nuclear protein sample mentioned above, was separated 
by 8–10% SDS-PAGE and loaded onto polyvinylidene fluo-
ride membranes. The membranes were blocked by 1% non-
fat milk and probed with the antibodies of Kcna1 (1:1000, 
A16906, ABclonal Biotech Co. Ltd., Hubei, China), B-cell 
lymphoma-2 (Bcl-2, 1:2000, ab182858, Abcam Inc., Cam-
bridge, MA, USA), Bcl-2-associated X (Bax, 1:1000, 
ab32503, Abcam), β-actin (1:5000, ab8227, Abcam), 
Histone-3 (1:1000, ab1791, Abcam), and Nrf2 (1:1000, 
GTX103322, GeneTex Inc., San Antonio, TX, USA) at 
4 ℃ overnight. After the removal of excess antibodies, the 
membranes were incubated with HRP-conjugated goat anti-
rabbit IgG (1:2000, ab6721, Abcam) at room temperature 
for 1 h. The protein bands were developed using enhanced 
chemiluminescence, and relative level of target proteins was 
determined using Image J by analyzing the gray values.

RNA quantification

Total RNA from HT22 cells was extracted using the TRIzol 
reagent, which was used to synthesize cDNA using a HiScript 
reverse transcription kit (R302-01, Vazyme Biotech Co., Ltd, 
Nanjing, Jiangsu, China). The cDNA was then applied for 
real-time qPCR analysis using the SYBR Green qPCR Master 
Mix (MedChemExpress) on the ABI StepOne real-time qPCR 
system (4376357, Thermo Fisher Scientific). Expression of 
Kcna1 mRNA in cells relative to β-actin mRNA is exam-
ined by the  2−ΔΔCt method. The primer sequences included: 
Kcna1 (F) 5ʹ-GAG TCG CAC TTC TCC AGT ATCC-3ʹ, Kcna1 
(R) 5ʹ-CCC ACG ATC TTG CCT CCA ATTG-3ʹ; and β-actin 
(F) 5ʹ-CAT TGC TGA CAG GAT GCA GAAGG-3ʹ, β-actin (R) 
5ʹ-TGC TGG AAG GTG GAC AGT GAGG-3ʹ.
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Electrophysiological analysis

The whole-cell patch-clamp technique was used to record 
the neuronal electrical activity at room temperature using 
AXON 700B and Digidata 1550. The bath solution consisted 
of 140 mM NaCl, 5 mM KCl, 2 mM  MgCl2, 2 mM  CaCl2, 
10 mM HEPES, and 10 mM glucose (pH adjusted to 7.4 with 
NaOH). The pipette (4–6 MΩ) was filled with the intracellular 
solution containing 140 mM CsCl, 5 mM EGTA, and 10 mM 
HEPES (pH adjusted to 7.2 with CsOH). Throughout the 
experiment, the series resistance was monitored and typically 
kept below 20 MΩ. Electrophysiological data were filtered at 
1.0 kHz and digitized at 50 kHz.

For the detection of  K+ currents, the pipette solution con-
tained 120 mM L-aspartic acid, 20 mM KCl, 1 mM  MgCl2, 
5 mM BAPTA, 5 mM HEPES, and 35 mM mannitol (pH 
adjusted to 7.2 with KOH). Data were only collected for analy-
sis when the resting membrane potential (RMP) of the cell was 
more negative than −35 mV.

Assessment of intracellular  Ca2+ levels

Intracellular  Ca2+ levels in HT22 cells were examined using 
the  Ca2+ binding dye Fluo-3 AM (F8840, Solarbio). Cells 
were incubated with 5 μM Fluo-3 AM (diluted in HBSS 
solution) at 37 °C for 30 min. Subsequently, the Fluo-3 AM 
working solution was removed, and cells were washed with 
HEPES buffer saline. Cells were then incubated at 37 °C 
for an additional 30 min in HBSS solution containing 1% 
fetal bovine serum. Images were obtained using fluores-
cence microscopy (Leica Biosystems, Shanghai, China), and 
Image J software was utilized to assess the relative fluores-
cence intensity of cells for the analysis of intracellular  Ca2+ 
concentration.

Statistical analysis

All data were collected from no less than three independent 
experiments and analyzed using Prism 8.0.2 (GraphPad, La 
Jolla, CA, USA). Differences between groups were analyzed 
using the Student’s t test or the one- or two-way analysis of 
variance (ANOVA), as appropriate. p < 0.05 was considered 
statistically significant.

Results

Des treatment alleviates OGD‑induced injury 
in HT22 cells

A cell model of OGD-induced injury was generated. As 
expected, OGD significantly decreased the viability of 
HT22 cells (Fig. 1A) while increasing the LDH release 

(Fig. 1B), and it led to significant cell atrophy (Fig. 1C). 
This evidence suggests the successful modeling. Impor-
tantly, the Des treatment restored the cell viability (with 
no significant difference compared to the Control group), 
decreased LDH release (still showing a significant increase 
compared to the Control group), and improved the cell 
morphology (Fig. 1A–C). Furthermore, the TUNEL assay 
showed that the apoptosis of cells was increased follow-
ing OGD but decreased by the Des treatment (still show-
ing a significant increase compared to the Control group) 
(Fig. 1D). Concordantly, the OGD procedure increased 
the level of pro-apoptotic protein Bax while reducing the 
level of anti-apoptotic Bcl-2. These changes were largely 
reversed by the Des treatment as well (with the Bax level 
still showing a significant difference compared to the 
Control group, while the Bcl-2 level no longer showed 
a significant difference compared to the Control group) 
(Fig. 1E). Notably, when Des was administered prior to the 
OGD challenge, the pre-treatment regimen did not present 
a significant preventive effect of Des against OGD-induced 
neuronal death (Fig. 1F–G). This evidence demonstrates 
that Des is more likely to exert an alleviating effect rather 
than a preventive effect against OGD-induced neuronal 
damage.

Des alleviates OGD‑induced oxidative stress 
in neurons

Oxidative stress plays a crucial role in neuronal damage 
and apoptosis in ischemic conditions. Indeed, we found 
that the OGD procedure led to significantly increased ROS 
and MDA contents in HT22 cells (Fig. 2A and B), reduced 
the GSH/GSSG ratio (Fig. 2C), and decreased the SOD 
activity (Fig. 2D). The Des treatment rescued the anti-oxi-
dant defense in cells, as manifested by decreased ROS and 
MDA contents and restored GSH/GSSG ratio and SOD 
activity (with the ROS and MDA contents still showing a 
significant increase compared to the Control group, while 
the GSH/GSSG ratio and SOD activity no longer showed 
a significant difference). When measuring the expression 
of Nrf2, a key transcription factor involved in maintaining 
redox homeostasis, we found that the nuclear protein level 
of Nrf2 in of HT22 cells was slightly upregulated follow-
ing OGD procedure and further substantially activated fol-
lowing Des treatment (Fig. 2E), indicating the activation 
of the anti-oxidant defense mechanism.

Des restores Kcna1 expression decreased by OGD

To unravel the molecular mechanism underpinning the 
neuron-protective roles of Des, we predicted the possible 
downstream proteins of Des based on its chemical structure 
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Fig. 1  Des treatment alleviates OGD-induced injury in HT22 cells. 
HT22 neuronal cells were subjected to OGD and then treated with 
Des. A  viability of HT22 cells measured by CCK-8 assay; B  LDH 
release in cells to analyze the cytotoxicity; C  morphologic altera-
tions in cells observed under microscopy; D  apoptosis of cells ana-
lyzed using TUNEL assay; E protein levels of Bax and Bcl-2 in cells 

determined using WB analysis. Another pre-Des group was set where 
HT22 cells were pre-treated with Des for 2 h, followed by OGD chal-
lenge. F viability of HT22 cells measured by CCK-8 assay; G apop-
tosis of cells analyzed using TUNEL assay. Differences were ana-
lyzed using one-way (A, B, D, F, and G) or two-way ANOVA (E). 
*p < 0.05, ns denotes to no significance
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(Fig. 3A) using the STITCH system (http:// stitch. embl. de/) 
(Fig. 3B). In addition, a GSE23158 dataset was downloaded 
(https:// www. ncbi. nlm. nih. gov/ geo/ query/ acc. cgi? acc= 
GSE23 158) to analyze transcriptome alteration in mouse 
neurons following OGD (Fig. 3C). The significantly differ-
entially expressed genes (p < 0.01) were cross-screened with 
the predicted proteins in Fig. 3B, and the one and only inter-
secting factor was obtained: Kcna1 (Fig. 3D). Of note, WB 
analysis showed that the Kcna1 protein level in HT22 cells 
was significantly decreased by OGD, which was restored 
after Des treatment to a level presenting no significance with 
the Control group (Fig. 3E). As the Kcna1 gene encodes 
voltage-gated potassium channel α subunit Kv1.1 and plays 
fundamental functions in maintaining neuronal firing while 
preventing hyperexcitability (Paulhus and Glasscock 2023), 
we surmised that Des might activate the Kv 1.1 channels to 
protect against neuronal injury.

Knockdown of Kcna1 negates the neuronal 
protective role of Des

To verify the involvement of Kcna1 in the neuronal pro-
tective events mediated by Des, the HT22 cells were 
pre-transfected with shRNA 1–3#, followed by OGD and 
Des treatments. Each of the three shRNA successfully 
decreased Kcna1 mRNA expression in cells. Among them, 
shRNA 2# showed a greater degree in suppression com-
pared to shRNA 3#, though there was no statistical differ-
ence between the efficacy of shRNA 2# and shRNA 1#, or 
between shRNA 1# and shRNA 3# (Fig. 4A). Therefore, 
the shRNA 2# that exhibited the greatest knockdown effi-
cacy was selected for subsequent use, termed KD-Kcna1. 
The KD-Kcna1 also significantly decreased the Kcna1 pro-
tein level in HT22 cells as well (Fig. 4B). Of note, in the 
setting of Kcna1 knockdown, the viability of HT22 cells 
was significantly reduced (Fig. 4C), along with increased 
LDH release (Fig.  4D) and increased cell apoptosis 
(Fig. 4E). Detection on the apoptosis-related proteins also 
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Fig. 2  Des alleviates OGD-induced oxidative stress in neurons. 
HT22 neuronal cells were subjected to OGD and then treated with 
Des. A  ROS content in HT22 cells determined using an ROS fluo-
rescent probe; B MDA content in HT22 cells analyzed using color-

imetry; C GSH/GSSG ratio in HT22 cells; D SOD activity in HT22 
cells measured using colorimetry; E nuclear protein level of Nrf2 in 
cells determined by WB analysis. Differences were analyzed using 
the one-way ANOVA (A–E). *p < 0.05, ns denotes to no significance
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showed that the Kcna1 knockdown significantly increased 
the Bax protein while downregulating the Bcl-2 protein 
(Fig. 4F). In addition, the accumulation of ROS (Fig. 4G) 
and MDA (Fig. 4H) was substantially increased, whereas 
the SOD activity (Fig. 4I), GSH/GSSG ratio (Fig. 4J), 

and the nuclear Nrf2 protein level (Fig. 4K) in cells were 
significantly decreased following Kcna1 knockdown. This 
evidence suggests that the neuronal protective effects of 
Des can be largely negated by Kcna1 silencing.

A B

C

D

E

Tnni1Tnni1Tnni1

Gabra5Gabra5Gabra5 Tnni3Tnni3Tnni3
Gabra1Gabra1Gabra1

Gabra3Gabra3Gabra3
desfluranedesfluranedesflurane

Slc1a1Slc1a1Slc1a1

Kcna1Kcna1Kcna1
Gria1Gria1Gria1

Kcna3Kcna3Kcna3
Kcna4Kcna4Kcna4

684 91

GSE23158 STITCH

GSE23158: OGD-15h vs Control

-lo
g1

0(
Pv

al
ue

)

log2(fold change)

0

-1 0 1 2 3 4

2
4

6
8

10

Padj<0.01
down
up

Kcna1

β-actin

Control OGD OGD + Des

0.0

0.2

0.4

0.6

0.8

1.0

R
el

at
iv

e 
pr

ot
ei

n 
ex

pr
es

si
on

 o
f K

cn
a1

 
(fo

ld
ch

an
ge

 to
 β

-a
ct

in
) Control

OGD
OGD + Des

*
*

ns
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analysis. Differences were analyzed using one-way ANOVA (E). 
*p < 0.05
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Des activates the Kv1.1 channel to suppress 
hyperexcitability and loss of neurons

Subsequently, whether the neuronal signaling would be 
affected by OGD or Des was investigated. The RMP and 
the frequencies of spontaneous action potential (AP) firing 
and AP firing under 10 pA injection current of HT22 cells 

were determined. Importantly, it was found that the OGD 
process led to increased spike frequency (AP generation 
rate) (Fig. 5A), reduced neuronal repolarization (reduced 
RMP) (Fig. 5B), and increased generation of AP induced 
by 10 pA injection current (Fig. 5C). These alterations were 
partly reversed by Des treatment (with the spike frequency 
level still showing a significant increase compared to the 
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Fig. 4  Knockdown of Kcna1 negates the neuronal protective role of 
Des. HT22 neuronal cells were transfected with shRNA of Kcna1, 
followed by OGD procedure and Des treatment. A  Kcna1 mRNA 
expression in HT22 cells after Kcna1 shRNA 1–3# transfection deter-
mined using RT-qPCR; B  Kcna1 protein level in HT22 cells after 
Kcna1 shRNA transfection determined by WB analysis; C  viability 
of HT22 cells measured by CCK-8 assay; D LDH release in cells to 
analyze the cytotoxicity; E  apoptosis of HT22 cells analyzed using 

TUNEL assay; F protein levels of Bax and Bcl-2 in cells determined 
using WB analysis; G. ROS content in HT22 cells determined using 
an ROS fluorescent probe; H MDA content in HT22 cells analyzed 
using colorimetry; I, SOD activity in HT22 cells measured using col-
orimetry; J GSH/GSSG ratio in HT22 cells; K nuclear protein level 
of Nrf2 in cells determined by WB analysis. Differences were ana-
lyzed using the unpaired t test (B–E, G–K), the one-way ANOVA 
(A), or the two-way ANOVA (F). *p < 0.05
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Control group, while RMP and inducive AP no longer show-
ing a significant difference) (Fig. 5A–C). In addition, the  K+ 
currents were determined using the patch-clamp recordings 
to analyze the activity of the Kv1.1 channel. Importantly, 
the  K+ currents in HT22 cells were decreased by OGD treat-
ment, which was partly restored following Des treatment 
(still showing a significant decrease compared to the Control 
group) (Fig. 5D). Representative electrophysiological data 
are presented in Supplementary Fig S1A–C. In addition, to 
inhibit the Kv1.1 channel, the HT22 cells were treated with 
DTx-K, followed by OGD and Des treatments. Indeed, the 
DTx-K significantly reduced the  K+ currents (Supplemen-
tary Fig S1C) (Fig. 5E). In this setting, the ROS and MDA 
contents in cells were increased (Fig. 5F and G), the GSH/
GSSG ratio and SOD activity were decreased (Fig. 5H and 
I), and the nuclear protein of Nrf2 was reduced (Fig. 5J). 
Moreover, the DTx-K treatment increased the spike fre-
quency (Fig. 5K), reduced repolarization (Fig. 5L), and 
increased the AP generation induced by 10 pA injection 
current (Fig. 5M) (Supplementary Fig S1A–B). This led to 
a decrease in neuronal viability (Fig. 5N) and an increase 
in neuronal apoptosis (Fig. 5O). Regarding the intracellular 
 Ca2+ concentration, it was found that the  Ca2+ concentration 
in HT22 cells was increased by OGD challenge, reduced by 
Des treatment, and increased again by the DTx-K treatment 
(Fig. 5P).

Discussion

While there is a pressing requirement for neuroprotective 
measures in the face of a stroke, the precise intricacies gov-
erning neuronal death amid ischemic stroke continue to be 
veiled in uncertainty. This lack of clarity has consequently 
imposed constraints upon the scope for advancing drug 
development efforts (Tuo et al. 2022). This study reports that 
Des protects neurons from oxidative stress and cell apoptosis 
under OGD-stressed condition. Most of all, the protective 
function entails the modulation of neuronal electrophysiol-
ogy through Kcna1 and the Kv1.1 channel.

Existing evidence has demonstrated the potent function 
of volatile anesthetics in alleviating infarct volume and 
improving outcome of ischemic stroke, as well as in reduc-
ing incidence and severity of postoperative ischemic stroke 
(Raub et al. 2021). In a clinical trial of 313 ischemic stroke 
patients receiving endovascular thrombectomy, administra-
tion of volatile anesthetics (Des or sevoflurane) in 254 (81%) 
patients led to more significant stroke alleviation and better 
prognosis compared to the others administrated with intra-
venous propofol (Diprose et al. 2021). Isoflurane and sevo-
flurane are among the most investigated volatile anesthetics 
with clear neuroprotective properties in experimental animal 
and cellular models of ischemic stroke/OGD or reperfusion 

injury (Cai et al. 2021; Chen et al. 2022a; Kim et al. 2015; 
Peng et al. 2011; Shpetko et al. 2023; Wang et al. 2016, 
2018; Zhou et al. 2010). Des is one of the major volatile 
anesthetics in clinical practice as well with few side effects, 
yet its application is less due to the economic disadvantage 
(Deng et al. 2014). Importantly, Des has been found to has 
a similar protective function like sevoflurane and isoflurane 
in OGD-challenged human neuron-like cells by suppress-
ing the glycogen synthase kinase 3β signaling (Lin et al. 
2011). A previous publication reports that Des presented a 
greater protective effect than halothane in cerebral ischemia 
(Haelewyn et al. 2003). Notably, in this study, we found 
that the Des post-treatment significantly promoted viabil-
ity of OGD-challenged mouse hippocampal neuronal cell 
line HT22 while reducing LDH release and cell apoptosis. 
Similarly, Lin et al. reported that post-treatment of Des sig-
nificantly reduced LDH release in OGD-challenged human 
neuron-like SH-SY5Y cells (Lin et al. 2011). Notably, we 
found that pre-treatment of Des did not significantly prevent 
HT22 cells from OGD-induced injury. This was consistent 
with findings in a previous study (Schallner et al. 2014), 
which also indicates that Des is more likely to exert an alle-
viating effect rather than a preventive effect against OGD. 
Additionally, one of the primary mechanisms underlying 
neuronal death following OGD is the induction of mito-
chondrial impairment and oxidative stress (Almeida et al. 
2002; Gouix et al. 2014). Indeed, we found that the Des 
treatment reduced oxidative stress and activated the anti-
oxidant defense mechanism in the OGD-challenged HT22 
cells, as manifested by decreased ROS and MDA contents, 
restored SOD activity, GSH/GSSG ratio, and increased 
nuclear translocation of Nrf2 protein.

Then, when probing the molecular underpinning for 
the neuroprotective effect of Des, we obtained Kcna1 as a 
promising target after integrated bioinformatics analyses. 
The Kcna1 gene encodes the Kv1.1 channel, a  K+-selective 
channel widely expressed in the central nervous system 
(Servettini et al. 2023). The Kv channels play crucial roles in 
various functions of cells, such as maintenance of membrane 
potential, repolarization of the AP, and regulation of neu-
ronal firing patterns as well as cell proliferation and apopto-
sis (Pardo 2004; Wonderlin and Strobl 1996; Yi et al. 2001). 
When a neuron receives a signal, it depolarizes, causing a 
change in the electrical potential across its membrane, which 
triggers the opening of voltage-gated ion channels, includ-
ing Kv1.1 (Gera et al. 2015; Wang et al. 2017). The Kv1.1 
channel regulate the outward flow of  K+, which helps repo-
larize the neuron, restoring its RMP and allowing it to fire 
another AP (Abbott 2006; Speake et al. 2004; Yang 2022). 
Therefore, dysregulation of Kcan1 (Kv1.1) may impair the 
ability of neurons to regulate their firing properly, leading to 
neuronal hyperexcitability and neurological disorders such 
as episodic ataxia type 1 (Servettini et al. 2023). Importantly, 
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in this study, we found that the OGD challenge led increased 
the frequency of spontaneous AP firing and 10 pA current-
induced AP firing of neurons while reducing RMP and the 
 K+ currents. Such alterations in neuronal signaling follow-
ing OGD challenge have also observed in previous publica-
tions (Wang et al. 2019). This indicates a hyperexcitability 

status of neurons, which can lead to neuronal apoptosis and 
injury (Bhat et al. 2022; Chen et al. 2022b). Consistently, 
we found that the OGD challenge increased the intracellu-
lar  Ca2+ levels in neurons, which are known factors leading 
to excitotoxicity and death of neurons (Harris and Harris 
2018; Mattson et al. 1992). Importantly, we found that the 
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Des treatment restored the Kcna1 protein level in neurons 
and suppressed the neuronal hyperexcitability according to 
the electrophysiological data. However, pharmacological 
inhibition of the Kv1.1 channel using DTx-K reversed the 
protective effects of Des against OGD-induced  Ca2+ accu-
mulation and neuronal hyperexcitability. This was partly 
in line with the previous findings by Begum et al., where 
acute blockade of Kv1.1 channels using DTx-K resulted in 
an increase in action potential-evoked  Ca2+ influx (Begum 
et al. 2016). This ample evidence indicates that indicate that 
the Kcna1/Kv1.1 channel activation is, at least in part, impli-
cated in the neuroprotective events mediated by Des upon 
OGD challenge.

Here we found that the Des prevented hyperexcitability 
and apoptosis of mouse hippocampal neurons. In fact, Des 
has been reported to affect various types of neurons. As 
mentioned earlier, it has been found to significantly reduce 
LDH release in human neuron-like SH-SY5Y cells deprived 
of oxygen and glucose (Lin et al. 2011). When inducing 
unconsciousness, Des has been reported to present a pref-
erential suppression of feedback between secondary and 
primary visual cortex (Hudetz et al. 2020). At anesthetic 
concentrations, sevoflurane and Des exhibited a reduction in 
the occurrence of APs within the dorsal horn of rats (Inada 
et al. 2020). Simultaneously, they attenuated the excitatory 
postsynaptic currents in substantia gelatinosa neurons during 
pinch stimulation, leading to a decline in both spontaneous 
and miniature excitatory postsynaptic currents (Inada et al. 
2020). Additionally, desflurane has been found to make fir-
ing of Granule cells more regular without abolishing the 

cells’ capacity of eliciting spikes (Mapelli et al. 2015). This 
ample evidence indicates the important regulatory roles of 
Des in various types of neurons. However, whether certain 
neuronal subtypes or regions display a heightened reactiv-
ity to Des requires further investigation. Concerning the 
interplay of Des or alternative volatile anesthetics with Kv 
channels, available indications propose that anesthetics 
selectively influence Kv1 channels within a network. This 
is evident when ShK, an inhibitor targeting Kv1.1, Kv1.3, 
and Kv1.6 channels, is introduced into the central medial 
thalamic nucleus, resulting in the arousal of rodents anesthe-
tized with sevoflurane (Lioudyno et al. 2013). Sevoflurane, 
isoflurane, and/or Des have been demonstrated to accelerate 
activation of the Kv1.3 channel, slowed deactivation kinet-
ics of Kv1.3 channels, and potentiated potassium currents, 
thereby suppressing neuronal excitability in the CMT (Liou-
dyno et al. 2013). However, in the study by Friederich et al., 
several volatile anesthetics at clinical concentrations were 
found to inhibit human Kv3 channels in SH-SY5Y cells, and 
enflurane was found to inhibit Kv1.1 channels in 293 T cells 
(Friederich et al. 2001). This discrepancy indicates that the 
function of anesthetics in Kv channels can vary depending 
on certain cellular or stimulation contexts, and the detailed 
mechanisms warrant further investigation.

Conclusions

In conclusion, this study provides evidence that Des 
improves neuronal electrical activity and alleviates OGD-
induced neuronal injury by activating the Kcna1-dependent 
Kv1.1 channel (Fig. 6). The findings contribute new insights 
into the insights underlying the neuroprotective functions of 
volatile anesthetics. However, it is essential to acknowledge 
several limitations in the present study. Firstly, while low 
or moderate concentrations of anesthetics commonly pre-
sent neuroprotective properties, a high concentration might 
induce developmental neurotoxicity (Chen et al. 2018). This 
study only administered a single dose of Des, and thus, its 
dose-dependent effects or potential neurotoxicity remain 
unclear. Furthermore, the mechanism through which the 
Kv 1.1 channel regulates oxidative stress remains uncertain 
but represents an intriguing avenue for further exploration. 
Additionally, due to time, ethical, and financial constraints, 
we did not conduct in vivo animal experiments to validate 
the in vitro findings. This limitation may restrict the clini-
cal translational value of our present discoveries. Address-
ing these issues will be a focal point in our future research 
endeavors.

Fig. 5  Des activates the Kv1.1 channel to suppress hyperexcitability 
and loss of neurons. HT22 neuronal cells were subjected to OGD and 
then treated with Des. A-C, spike frequency (A), RMP (B), and gen-
eration of AP induced by 10 pA injection current (C) in HT22 cells 
following OGD and Des treatment determined using patch-clamp 
technique; D   K+ currents in HT22 cells following OGD and Des 
treatment determined using patch-clamp technique; E   K+ currents 
in HT22 cells after DTx-K treatment examined using patch-clamp 
technique; F ROS content in HT22 cells after DTx-K treatment deter-
mined using an ROS fluorescent probe; G  MDA content in HT22 
cells after DTx-K treatment analyzed using colorimetry; H  GSH/
GSSG ratio in HT22 cells after DTx-K treatment; I, SOD activity 
in HT22 cells after DTx-K treatment measured using colorimetry; 
J nuclear protein level of Nrf2 in cells after DTx-K treatment deter-
mined by WB analysis; K–M  spike frequency (K), RMP (L), and 
generation of AP induced by 10  pA injection current (M) in HT22 
cells after DTx-K treatment determined using patch-clamp tech-
nique; N  viability of HT22 cells after DTx-K treatment determined 
by CCK-8 assay; O  apoptosis of HT22 cells after DTx-K treatment 
examined using TUNEL assay. P  Intracellular  Ca2+ concentration 
determined by the Fluo-3 AM staining. Differences were compared 
by the one-way ANOVA (A–D, P) or by the unpaired t test (E–O). 
*p < 0.05

◂
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