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SUMMARY

The cellular and molecular actions of general anesthetics to induce anesthesia
state and also cellular signaling changes for subsequent potential “long term” ef-
fects remain largely elusive. General anesthetics were reported to act on voltage-
gated ion channels and ligand-gated ion channels. Here we used single-cell RNA-
sequencing complemented with whole-cell patch clamp and calcium transient
techniques to examine the gene transcriptome and ion channels profiling of sevo-
flurane and propofol, both commonly used clinically, on the human fetal prefron-
tal cortex (PFC) mixed cell cultures. Both propofol and sevoflurane at clinically
relevant dose/concentration promoted “microgliosis” but only sevoflurane
decreased microglia transcriptional similarity. Propofol and sevoflurane each
extensively but transiently (<2 h) altered transcriptome profiling across micro-
glia, excitatory neurons, interneurons, astrocytes and oligodendrocyte progeni-
tor cells. Utilizing scRNA-seq as a robust and high-through put tool, our work
may provide a comprehensive blueprint for future mechanistic studies of general
anesthetics in clinically relevant settings.

INTRODUCTION

General anesthetics have been used to induce anesthesia state during surgery for more than 150 years.
Research being conducted in this field has built the foundation for developing more effective and safer
compounds that elicit rapid induction and recovery from anesthesia. Their cellular and molecular modes
of action have been investigated primarily through in vitro, in vivo and ex vivo animal models and their
potential long-term effects in those settings on the central nervous system have recently been
recognised.'

General anesthetics have the rapid onset of action owing to their high lipid solubility and imminent effects
on cell membrane ion channel conductance, which are currently considered to be the main target of anes-
thetics.™"’~” Indeed, general anesthetics were reported to act on voltage-gated Na*, K* and Ca®* chan-
nels, ligand-gated ion channels such as y-aminobutyric acid (GABA) receptor and N-methyl-D-aspartic
acid (NMDA) receptor.'™ A recent study showed that action potential discharge of glutamatergic neurons
of the retrotrapezoid nucleus is strongly enhanced by inhalational anesthetic isoflurane. The ionic mecha-
nism includes the activation of an unidentified Na*-dependent inward current as well as the inhibition of a
background K* current.'? Similar findings were made with sevoflurane in mice.”'® However, these studies
on neuronal membrane proteins or related secondary messengers in rodents have not provided convincing
evidence to explain the pharmacodynamic characteristics of general anesthetics in humans.'"

In this study, we cultured brain cells derived from the human prefrontal cortex (PFC), which governs
the highest-order cognitive functions including memory, decision-making capability, and social
behavior,'”'® of deceased human fetuses, as only brain cells at such developmental stage can be
cultured under current technology for experimental utilization. PFC cells were then exposed to a clini-
cally relevant concentration of inhalational anesthetic sevoflurane or intravenous anesthetic propofol
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followed by single-cell RNA sequencing (scRNA-seq), whole-cell patch clamp, and calcium transient anal-
ysis. Our study provides a comprehensive blueprint for understanding the molecular, transcriptome, and
functional effects of general anesthetics on the different cell types within the human prefrontal cortex,
and facilitates future studies to establish the mechanistic basis of the functional sequelae of general an-
esthetics in humans.

RESULTS
Brain cell populations affected by sevoflurane and propofol

In this study, the brain cells derived from the prefrontal cortex of deceased fetuses at 28 weeks gestation
were cultured, and cell-type specific markers (PTPRC for microglia NEUROND2 for excitatory neurons,
GAD!1 for interneurons, AQP4 for astrocytes and PDGFRA for oligodendrocyte progenitor cells) were
applied'? to distinguish these cells into five distinct groups by scRNA-seq analyses (Figures 1A, 1B, 2A,
and 2B). Of the 22,153 genes analyzed by scRNA-seq, the top 3 expressed genes based on copy numbers
from each cell cluster were mapped and showed no overlap, except STMN2 being highly expressed by
excitatory neuron and interneuron clusters. Therefore, the cell-type markers selected sufficiently differen-
tiated the different cell populations in a mixed culture (Figure 2C).

In situimmunostaining showed that these cells were positive for Tuj1, Map2 or GFAP (Figures 1C-1E). Expo-
sure to sevoflurane or propofol for 6 h, which is the upper “threshold” of routine anesthetic exposure for
surgeries, did not change the length of axons of neurons (p > 0.05) when compared to controls (Figure 1F).
ScRNA-seq also revealed that the PTPRC-positive population expanded following sevoflurane or propofol
exposure, implying the increased number of microglial cells. A significant increase in microglia population
occurred for 6 h propofol exposure and sustained throughout 2 h recovery, but this increase induced by
sevoflurane was only remarkable during 2 h recovery relative to the control cultures with mock treatment
at each corresponding time point (Figures 2D and 2E). Moreover, the cell transcriptional similarity analysis
within each cell cluster revealed that, unlike propofol, sevoflurane decreased microglia transcriptional sim-
ilarity (Figure 2F).

Gene and enrichment pathways affected by sevoflurane and propofol

The top 40 regulated genes and top 30 enriched pathways by gene ontology analysis during sevoflurane or
propofol exposure and following recovery in five types of PFC cells are presented herein (Figures 3A-3D
and S1-S5). In excitatory neurons, sevoflurane strongly upregulated ARID5A (AT-Rich Interaction Domain
5A, an eukaryote conserved transcriptional factor involved in cell growth and tissue-specific gene expres-
sion) and the classical neuronal immediate-early genes IER2 (Immediate-Early Response 2) and FOS (Fos
Proto-Oncogene). A handful of genes suppressed by sevoflurane included MICUZ2 (Mitochondrial Calcium
Uptake 2, mitochondrial calcium uniport regulator), JAKMIP1 (Janus Kinase And Microtubule Interacting
Protein 1, microtubule-dependent transport of the GABA-B receptor), RBM4B (RNA Binding Motif Protein
4B, translational activator of circadian clock mRNA PERT), ATP6V1D (ATPase H+ transporting V1 subunit D,
component of vascular ATPase for the acidification of intracellular organelles) and HIF1A (hypoxia-induc-
ible factor 1 subunit alpha, a transcriptional factor that orchestrates metabolic adaptation to hypoxia (Fig-
ure 3E and Table S1). Propofol exposure induced a distinct set of genes from sevoflurane, include CNR1
(cannabinoid receptor 1, mediating the mood and cognition alteration effects of cannabinoids. NAV2
(neuron navigator 2, cellular growth and migration), PCLO (piccolo presynaptic cytomatrix protein, compo-
nent of presynaptic cytoskeletal matrix to enable synaptic vesicle trafficking). On the other hand, propofol
potently downregulated SLC25A39 (Solute Carrier Family 25 Member 39, inner mitochondrial membrane
transporter), IER3IP1 (Immediate-Early Response 3 Interacting Protein 1, endoplasmic reticulum stress
sensor that mediates cell differentiation and apoptosis), RTN4RL2 (Reticulon 4 Receptor-like 2, cell surface
receptor inhibiting axon outgrowth), and THY1 (Thy-1 cell surface antigen, immunoglobulin involved in cell
adhesion/communication of the nervous system) (Figure 3F and Table S1). In order to validate the transcrip-
tional changes at the translational level, the protein expression of HIFTA and CNR1 induced by anesthetics
were selected for further determination. The immunoblotting data showed that HIF-1a (Figure 3G) was
downregulated by sevoflurane whilst CNR1 expression was upregulated by propofol (Figure 3H). These
were corroborated with the transcriptome finding reported above. Interestingly, after 2 h recovery, there
is a tendency for the altered transcriptome to return to baseline, for example ARID5A, IER2, FOS. and
CNR1 (Figures STA and S1B). There was enrichment for pathways responsible for spliceosome, RNA trans-
port, and neuroactive ligand-receptor interaction (Figures 3B and 3E). After 2 h of recovery, there was also
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Figure 1. Experimental workflow and prefrontal cortex cells of human brains cultured in vitro

(A) Experimental workflow of single-cell RNA-seq of human developing PFC by sevoflurane and propofol treatment.

(B) Prefrontal cortical cells viewed under light-field microscope, from left to right: NC, Sevo éh, and Prop 6h treated group. Scale bar, 50 pm.
(C) Immunofluorescence staining showing Tuj1-positive PFC cells in NC, Sevo 6h, and Prop 6h groups. Scale bar, 100 um.
(D) Immunofluorescence staining showing Map2-positive PFC cells in NC, Sevo éh, and Prop éh groups. Scale bar, 50 um.
(E) Immunofluorescence staining showing GFAP-positive PFC cells in NC, Sevo 6h, and Prop 6h groups. Scale bar, 100 um.
(F) Compared with NC, the length of axons did not change significantly by anesthetic sevoflurane or propofol (p > 0.05).
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Figure 2. Prefrontal cortical cell population and molecular signature affected by sevoflurane and propofol

Single-cell RNA-sequencing, cell number counting, and similarity analyses were carried out after anesthetic exposure in cultured human brain cells derived
from prefrontal cortex.

(A) Visualization of major classes of human PFC cells using t-SNE, clustered by differential marker gene expression. Each dot represents an individual cell.
n = 11,600-14800 cells each group. PFC, prefrontal cortex. tSNE: t-distributed stochastic neighbor embedding; OPCs: oligodendrocyte progenitor cells.
(B) Relative expression of known marker genes: gray (low expression), red (high expression). The expression patterns were consistent with the annotations of
each cell subgroups: PTPRC for microglia, NEUROND?2 for excitatory neurons, GAD1 for interneurons, AQP4 for astrocytes, and PDGFRA for OPCs. PTPRC:
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Figure 2. Continued

Protein Tyrosine Phosphatase Receptor Type C; PDGFRA: Platelet-Derived Growth Factor Receptor Alpha; NEURODZ2: Neuronal Differentiation 2;
GAD1: Glutamate Decarboxylase 1; AQP4: Aquaporin 4. Red, upregulation; gray, downregulation.

(C) Heatmap of top three expressed genes for different types of primary brain cells. Genes for astrocytes: CLU, CST3 and HOPX; genes of OPCs: SIRT2,
PTGDS and BCAS1. genes for interneurons: DLX6-AS1, SST and CCK; genes for excitatory neurons: CSRP2, STMN2 and LMO3; and genes for microglia:
APOC1, APOE and S100A11. Yellow, upregulation; purple, downregulation.

(D) Visualization of different groups of PFC cells using t-SNE and the number of different cell types. Dots, individual cells; color, cell types. n = 11,600-14800
cells/group.

(E) Fold changes of cell clusters at different time points. After 6 h exposure to sevoflurane, the number of microglia did not change significantly, but after 2 h
of recovery, microglia population increased by 4 times from the baseline (NC). Immediately after 6 h treatment with propofol, the proportion of microglia
increased by nearly 4 times, without further changes in number after 2 h of recovery.

(F) Similarity of cell clusters at different time points following sevoflurane or propofol treatment. Amongst all cell types, microglia population exhibited the
most obvious deviation from NC after sevoflurane treatment. Propofol did not alter microglial cell similarity, however cell similarity for astrocytes and
excitatory neurons was different from that of NC.

differential enrichment in pathways associated with morphine addiction, axon guidance, and steroid
biosynthesis (Figures STA and S1B).

The heatmaps generated from gene set enrichment analysis (GSEA) showed that sevoflurane and propofol
differentially regulated gene expression across 5 different cell types. Sevoflurane had mixed effects (up/
downregulation) on gene expression of excitatory neurons during 6 h exposure, i.E. genes associated
with cell cycle and Axon guidance were inhibited and TNF signaling pathway were activated. During 2 h
recovery post-sevoflurane exposure the majority of gene expression declined to below baseline levels
such that they were downregulated relative to naive controls (Figure 3l). In contrast, propofol appeared
to upregulate gene expression of almost all enriched pathways in excitatory neurons during 6 h exposure,
preceding a systemic downregulation during 2 h recovery (Figure 3J). Upregulated pathways included
PI3K-Akt, ECM-receptor interaction, AMPK, TNF, Dorsoventral axis formation, and phosphatidylinositol
and focal adhesion appeared to be activated during 6 h of propofol exposure. Only SNARE interaction
in vesicular transport, Parkinson’s disease-related genes, and oxidative phosphorylation were downregu-
lated. The transcriptome changes in other brain cell types including astrocytes, interneurons, microglia,
and oligodendrocyte progenitor cells (OPCs) exposed to sevoflurane and propofol were comparable
(Figure S6).

The additional scRNA sequencing analysis was done to directly compare the differential effects between
sevoflurane and propofol on five types of brain cells, as well as enrichment analysis of the top 30 signal path-
ways. In excitatory neurons, a stark contrast between sevoflurane and propofol is evident, for example
CNR1 and NAV2 were enhanced by propofol only, whereas FOS was upregulated by sevoflurane (Fig-
ure 4A). Similar to the data reported in Figures 3B and 3D, the HIF-1 signaling pathway, axon guidance,
and AMPK signaling pathway were enriched (Figure 4B).

Pseudo-time-trajectory of brain cells unaffected by either anesthetic

The pseudo-time trajectory analysis on scRNA-seq data from brain cells exposed to sevoflurane or propofol
demonstrated that neither anesthetic altered the single-cell trajectories® ' on five different brain cell
types throughout the 6 h exposure plus recovery period (Figures 4C, 4D, 4F and 4G and S7-59). As exem-
plified by interneurons, despite the substantial expression pattern changes identified in the heatmaps of
enriched ontology terms (Figures 4E and 4H), those changes were not associated with significant cellular
deviations from the control state. These may suggest that either propofol or sevoflurane did not consider-
ably disrupt the overall transcriptome of primary human brain cells at the developing stages during and
after exposure.

Partial unique effects of general anesthetics on ion channels and calcium transient

Gene set enrichment analysis from 5 types of cells further identified a total of 341 human ion channel-
related genes that responded to anesthetics including those encoding the subunits of voltage-gated
Na*, K*, Ca®* ion channels, ligand-gated NMDA, AMPA, and GABA receptor. It can be readily appreciated
that many of those subunits are putative binding targets of general anesthetics including the GABAAR re-
ceptor subunit-alphal, -alpha2, -betal, -beta2, and -gammal encoded by GABRA4, GABRA2, GABRG?2,
and GABRBT; all of which exhibited immediate and reversible transcriptional perturbations in response
to sevoflurane or propofol exposure (Figures S10 and S11). As exemplified by the excitatory neurons,
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Figure 3. Differentially expressed genes (DEGs) and translational change analysis, enriched pathways analysis, and Gene Set Enrichment Analysis
(GSEA) of excitatory neurons

(A) Heatmap showing differentially expressed genes in excitatory neurons from Naive control (NC) and after 6h of sevoflurane treatment (Sevo 6h). Red,
upregulation; blue, downregulation.

(B) Enriched pathways by DEGs analysis in excitatory neurons from NC and 6 h of sevoflurane treatment.

(C) Heatmap showing differentially expressed genes in excitatory neurons from the NC and after 6h of propofol treatment (Prop 6h). Red, upregulation; blue,
downregulation.

(D) Enriched pathways by DEGs analysis in excitatory neurons from NC and 6 h of propofol treatment.

(E) Violin plot showing the top 10 differentially expressed genes in excitatory neurons from Naive control (NC) and after 6h of sevoflurane treatment
(Sevo 6h).

(F) Violin plot showing the top 10 differentially expressed genes in excitatory neurons from the NC and after 6h of propofol treatment (Prop 6h).

(G) Western blot analysis of HIF-1a. expressions on neurons extracts. **p < 0.01. Student T-test was used.

(H) Western blot analysis of CNR1 expressions on neurons extracts. *p < 0.05. Student T-test was used.

(1) GSEA of excitatory neurons from NC, Sevo 6h, and sevoflurane treatment for 6 h and recovery for 2 h (Sevo-R2h). Red, upregulation; blue, downregulation.
*p < 0.05.

(J) GSEA of excitatory neurons from NC, Prop 6h and propofol treatment for 6 h and recovery for 2 h (Prop-R2h). Red, upregulation; blue, downregulation.
*p < 0.05.

propofol and sevoflurane differentially regulated ion channel-related genes. For example, sevoflurane
altered the expression of KCNK12, GRIA1, and KCNF1 (K" ion channels-related genes), ITPR1, GRIN2B,
and CACNB3 (Ca®* ion channels-related genes) and SCN2A (Na™ ion channels-related gene), which are
distinct from propofol-associated transcriptional changes in GRIK5, KCNK2, and KCNJ6 (K" ion chan-
nels-related genes), PKD1, ITPRT and GRIN1 (Ca®* ion channels-related genes) and GRID2 (Na" ion chan-
nels-related gene) (Figures 5A and 5B).

Sevoflurane suppressed both the outward K* current and the inward Ca?* current in a concentration-
dependent manner, whereas an increasing propofol concentration effectively blocked the inward Na* cur-
rent. The inhibitory effect of sevoflurane on K* and Ca®* current appeared to be more pronounced than
that of propofol (Figures 5C-5H). This is in line with our previous enrichment of related genes, K" and
Ca®* ion channel genes were inhibited after sevoflurane and propofol treatment (e.g., KCNK12,
CACNB3, and ITPR1) while Na™ channel genes change less (e.g., SCN2A and GRID2) (Figures 5A and
5B). Our enrichment analysis also revealed extensive gene expression changes to ion channel subunits dur-
ing anesthetic exposure and recovery phase (e.g., sodium voltage-gated channel alpha subunit 2/SCN2A,
calcium voltage-gated channel subunit alpha TA/CCNA1A, potassium voltage-gated channel subfamily D
member 2/KCND2 (Figures 5A, 5B, and S10).

Furthermore, we found that propofol and sevoflurane led to transient, dose/concentration-dependent in-
crease of intracellular calcium concentration (Figures 5I-5L), which rapidly returned to the baseline level
when anesthetics were eluted without intracellular calcium overload (Figures 5M and 5N). This provides
evidence that sevoflurane/propofol administered at clinically relevant doses do not disrupt intracellular
calcium homeostasis and may be safe for developing human excitatory neurons. However, the gene enrich-
ment heatmap (Figure S10) identified increasing gene expressions related to inositol 1,4,5-triphosphate re-
ceptor (ITPR1/ITPR2) and ryanodine receptor (RYR1/RYR2/RYR3), which are.

Conventional RNA sequencing analysis also revealed that single exposure of propofol or sevoflurane was
associated with substantial transcriptional alterations in the PFC mixed culture (Figures 6A-6E). Interest-
ingly, the overall gene expression profile at 2 h recovery after sevoflurane or propofol became indistin-
guishable (Figure 6B) albeit substantial divergence in gene expression pattern during the 6 h exposure
to either anesthetic. Taken together, the data from scRNA-seq and conventional RNA sequencing with
the PFC mixed cells demonstrated that sevoflurane and propofol-induced significant, differential, and tem-
poral changes to gene expression across diverse ontology terms in all five cell types, and the brain cells
were capable of “self-normalising”/reversing such changes after the removal of general anesthetics
(Figures S12-S15).

DISCUSSION

Our single-cell-RNA sequencing study, for the first time, illustrated the comprehensive and diverse gene
responses in different human PFC cell types following a single exposure to general anesthetics. Both pro-
pofol and sevoflurane at clinically relevant dose/concentration promoted “microgliosis” but only
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Figure 4. Differentially expressed genes (DEGs) analysis and single-cell trajectory analysis of neurons treated with sevoflurane or propofol for 6h
with 2h recovery

(A) Heatmap showing differentially expressed genes in excitatory neurons from after éh of propofol treatment (Prop éh) and after 6h of sevoflurane treatment
(Sevo 6h). Red, upregulation; blue, downregulation.

(B) Enriched pathways by DEGs analysis in excitatory neurons from Prop 6h and Sevo 6h treatment.

(C) Pseudo-time series analysis results of Interneurons from NC, Sevo 6h, and sevo-R2h groups.

(D) Monocle pseudo time series analysis of NC, Sevo 6h, and sevo-R2h groups.

(E) Bifurcation of gene expression from start to end (from NC to sevo-R2h) is clustered hierarchically into six modules. Gene ontology analysis of each module
reflected the pathways/processes within interneurons affected by sevoflurane. In this heatmap, columns are points in pseudo-time, rows are genes, and the
left is the beginning of pseudo-time. Red, upregulation; blue, downregulation.

(F) Pseudo time series analysis results of interneurons from group NC, prop 6h, and prop-R2h groups.

(G) These three groups from start to end by monocle pseudo time series analysis.

(H) Bifurcation of gene expression along from start to end is clustered hierarchically into six modules. Gene ontology analysis of each module reflected the
pathways/processes within interneurons affected by propofol. In this heatmap, columns are points in pseudo-time, rows are genes, and the left is the
beginning of pseudo-time. The start point of the heatmap is the same as the pseudo time series analysis. Red, upregulation; blue, downregulation.

sevoflurane changed microglia gene similarity. Propofol and sevoflurane each extensively but transiently
altered transcriptome profiling across microglia, excitatory neurons, interneurons, astrocytes, and oligo-
dendrocyte progenitor cells. Within the excitatory neurons and microglia, exemplary ion-gated and
ligand-gated ion channels related genes responsive to either anesthetic included SCN1A, CACNAB2,
KCNA1, GABRR2 and GRINAT amongst many others.

Both propofol and sevoflurane at clinically relevant dose/concentration promoted “microgliosis” but only
sevoflurane changed microglia transcriptional similarity. In line with our findings, sevoflurane was reported
to aggravate microglia-mediated neuroinflammation via the downregulation of PPAR-vy in the hippocam-
pus.”” Collectively, our data showed that single exposure to general anesthetics does not alter cell number
and similarity for most types of fetal PFC cells except microglia. Propofol and sevoflurane each extensively
but transiently altered transcriptome profiling across microglia, excitatory neurons, interneurons, astro-
cytes, and oligodendrocyte progenitor cells. Of particular interest, sc-RNA seq heatmaps highlighted a
large number of previously unidentified genes highly responsive to sevoflurane or propofol, exemplified
by JAKMIP1, RBM4B, and THY1, to represent potential molecular targets through which general anes-
thetics impart amnesia, analgesia and loss of consciousness. Interestingly, only propofol increased
CNR1 expression in excitatory neurons which may result in increasing brain endocannabinoid.”*?

Recently, repeated exposure to sevoflurane in neonatal mice induced cognitive and behavioral deficits
which was associated with the hippocampus transcriptome changes.”” Yamamoto et al. further examined
the differential gene expression across PFC, striatum, hypothalamus, and hippocampus in sevoflurane-
anesthetised mice and found that sevoflurane upregulated angiogenesis and downregulated brain cell dif-
ferentiation-related genes.”® Moreover, the dysregulated genes/pathways associated with sevoflurane
exposure were also reported in rhesus macaques.”’ However, the work reported here was the first-line ev-
idence on transcriptome changes in human fetal prefrontal cortex cells following general anesthetic expo-
sure using scRNA sequencing technique, providing accurate identification of gene expression patterns
within each cell type. Unlike enrichment of KLF4 and NFATCZ in animals (Yamamoto et al., 2020; Cheng
et al., 2022), our study identified enrichment in KLF6, KLF10, and NFATC4 in human PFC cells that could
be due to species variation.

We, for the first time, determined the effects of general anesthetics on sodium, potassium, and calcium cur-
rents from primary human excitatory neurons. Our findings are consistent with previous studies demon-
strating a reduction in peak amplitude of potassium currents following sevoflurane exposure in xenopus
oocytes.”® In contrast to other studies showing that sevoflurane activated voltage-gated K* channels
and increased outward K* current in the pons and cerebellar granule neurons in rats,” suppression of out-
ward K* current following sevoflurane or propofol exposure was found in our study. This difference was
likely due to that human prefrontal cortex neurons behave differently to other species. Within the excitatory
neurons and microglia, exemplary ion-gated and ligand-gated ion channels related genes responsive to
either anesthetic included SCN1A, CACNAB2, KCNA1, GABRR2, and GRINAT amongst many others.
These findings suggest that sevoflurane may have multiple mechanisms of action on brain cells when
compared to propofol. This is corroborated with other studies; in vitro studies with spinal neurons showed
a complete inhibition of action potential activity with sevoflurane but not propofol.”” Furthermore, metab-
olomic profiling studies of parietal cortex of children’s brains revealed that sevoflurane exposure led to
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Figure 5. Effects of sevoflurane and propofol on ion channel genes, electrophysiology and calcium transient in PFC neurons

(A) Heatmap showing differentially expressed genes in excitatory neurons from NC, Sevo-6h, and Sevo-R2h on ion channel. Red, upregulation; blue,

downregulation.

(B) Heatmap showing differentially expressed genes in excitatory neurons from NC, Prop 2h, and Prop-R2h on ion channel. Red, upregulation; blue,

downregulation.

(C and D) Left, representative potassium trace recorded from —80 to +60 mV under control, sevoflurane (2 MAC) or propofol (10 pg/mL) conditions. Right, IV
(current-voltage curve) showing the inhibitory effects of increasing concentration of sevoflurane (1, 2, 5 MAC) or propofol (3, 10, 30 pg/mL) on transient
outward potassium currents. Compared with the control, the activation threshold potential for I (delayed rectifier potassium current) did not change

significantly (—40 mV), and the IV curve was suppressed significantly with rising concentration of sevoflurane or propofol (p < 0.05; n = 18 neurons from three
independent replicates). MAC, minimum alveolar concentration.
(E and F) Left, representative Na™ trace recorded from —80 to +60 mV under control, sevoflurane (2 MAC) and propofol (10 ng/mL) conditions. Right, IV

showing the relationships of voltage-gated Na™ channel currents before and after the application of sevoflurane (1, 2, 5 MAC) and propofol (3, 10, 30 ug/mL)
in cultured cortical neurons. Compared with the control, the activation threshold potential of Na* in the three groups did not change significantly (—40 mV);
sevoflurane did not alter the IV curve (p > 0.05), whereas propofol dose-dependently flattened the IV curve (p < 0.05; n = 18 neurons from three independent
replicates).
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Figure 5. Continued

(G and H) Left, representative Ca* channel IV curves recorded from —80 to +60 mV under negative control, sevoflurane (2 MAC), and propofol (10 pg/mL)
conditions.

Right, IV showing the relationships of voltage-gated Ca?* channel currents before and after the application of sevoflurane (1, 2, 5 MAC) and propofol (3, 10,
30 pg/mL) in cultured cortical neurons. Compared with the control, the activation threshold potential of Ca?* in the three groups did not change significantly
(—40 mV), and the IV curve decreased significantly with the increase of sevoflurane and propofol concentration (p < 0.05), respectively (n = 18 neurons from
three independent replicates).

(I'and J) Representative tracings of [Ca?*] from 7 neurons of 3 different batches, before and during exposure to sevoflurane (1 and 2 MAC) or propofol (1, 3.3
and 10 pg/mL). [Ca®*]i, intracellular calcium concentration.

(K and L) Sevoflurane or propofol at different concentrations induced concentration-dependent increase of [Ca®*]i in neurons; Mean =+ SD (n = 6-8 neurons
from three independent replicates); **p < 0.001; ***p < 0.0001.

(M and N) The addition of sevoflurane (1 MAC, up) or propofol (1 pg/ml, down) significantly enhanced the [Ca®*]i signal. [Ca?*]i signal decreased after elution
with TRODE solution. Following the addition of 50mMKCI, [Ca®*]i signal was significantly enhanced, indicating normal cell membrane function and
satisfactory cell state. Mean + SD (n = 68 neurons from three independent replicates).

higher glucose consumption and lactate generation than propofol.” This suggested greater glycolysis,
glutamate-neurotransmitter cycling and lactate shuttling between astrocytes and neurons following sevo-
flurane exposure.” Compelling evidence demonstrated that propofol acts upon gamma-aminobutyric acid
type A (GABAA) receptors whereas the contribution of glycine receptors remains uncertain.””*° Volatile
anesthetic sevoflurane also likely exerts its central depressant effect through the glycine and GABAA re-
ceptors, but indirect evidence suggests a mechanism of action distinct from propofol.?” In the present
study, we found that propofol and sevoflurane exposure were associated with significant, distinct gene
expression alterations across an extensive list of ion channel-related genes, such as SCN8A, CACNBY,
KCNJ3, GLRA2 and GABARAS (Figures 5A and 5B). In addition, we also disclosed a large pool of previously
unidentified ion channel/receptor subunits that may represent novel molecular targets of anesthetics.
Overall, it is yet to be determined whether the perturbations to ion channel subunit expression on single
celllevel found in our study are accountable for the transient inhibitory effects of anesthetics on ion channel
currents and neuronal excitability.

Limitations of study

Our study is not without limitations. First, brain cell cultures were used and this in vitro setting cannot fully
recapitulate in in vivo setting and humans. Second, it is unclear to what extent the findings derived from
fetal PFC cells can be extrapolated to the adult human brain. However, it should be pointed out that adult
human brain cells cannot be cultured for the study type reported herein. Nevertheless, our study is the first
one that clearly demonstrated the distinct and significant effects of general inhalational versus intravenous
anesthetics on human brain cells at the gene transcriptome, molecular and cellular levels.

The distinct changes to microglial population and reactivity by both anesthetics are of significance, with
studies showing that sevoflurane promoted neurofunctional impairment through glial-mediated neuroin-
flammation,®' and that propofol inhibited microglial activation to protect traumatic brain injury.*> Anes-
thetics have also been shown to increase cancer cell growth,* protect neuronal and other type cell death,*
or even trigger neuronal cell death.*>** However, our data likely only represent a “snapshot” of the actions
of general anesthetics on the human brain cells. Whether transcriptome alterations translate into mid-to
long-term phenotypic and functional modifications needs to be addressed in the future. Nonetheless,
the plethora of transcriptome changes and pathway enrichment identified by sc-RNA seq reported here

may serve as a robust database for future mechanistic studies into general anesthetics.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
® RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Ethics statement
O Tissue sample collection and culture
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Figure 6. RNA-seq results of NC, Sevo 6h, Prop 6h, Sevo-R2h, and Prop-R2h groups

(A) Differential gene volcano map between Propéh and NC. Red, up-regulated and blue, down-regulated.

(B) Principal component analysis (PCA) images of samples based on gene expression. Although the NC group was treated with sevoflurane or propofol for 6h
and changed in two different directions, the gene expression in both groups was almost the same after 2h recovery.

(C) Heatmap of differential genes from five treatment groups. The amount of genetic difference between each group. Red, upregulation; blue,
downregulation.

(D) Left, a statistical map of GO (gene ontology) functional classification of differentially expressed genes of NC and Sevo 6h groups. Red, biological process.
Green, cellular component. Blue, molecular function. Right, the top 30 signal pathways of GO enrichment distribution points showing differentially
expressed genes in NC and Sevo 6h groups.

(E) Left, a statistical map of GO (gene ontology) functional classification of differentially expressed genes of NC and Prop 6h groups. Red, biological process.
Green, cellular component. Blue, molecular function. Right, the top 30 signal pathways of GO enrichment distribution points showing differentially
expressed genes of NC and Prop 6h groups.

o METHOD DETAILS
O Anesthetic exposure, immunofluorescence, single cell RNA-seq and immunoblotting analysis
O Anesthetic treatment and electrophysiology
O Anesthetic exposure and calcium transients

o QUANTIFICATION AND STATISTICAL ANALYSIS

o ADDITIONAL RESOURCES

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/j.isci.2023.106534.

ACKNOWLEDGMENTS

We thank the study participants for their cooperation and willingness to participate in the human brain cell
research study. None of this work would be possible without their contributions. We also are grateful to the
Center Single Cell Biomedicine of Henan Provincial People’s Hospital and the Department of Pharma-
cology of Nantong University School for their assistance in the single cell RNA-seq and electrophysiology.

We would like to thank Dr Kan Liu, Dr Fei Liang, Dr Ningning Fu and Dr Ningning Li for sample collection
and diagnosis, which make our work with live human brain cell possible. Furthermore, we would like to
thank Ms Hanwei Zhang, Ms Qi Zhao, Ms Ru Wang, Mr Zongsheng Yang and Jie Li for their support and
assistance. We especially thank Drs Rui Hou and Hongjuan Deng for data analysis assistance. Lastly, we
sincerely thank to Professor William OC Cookson, Professor of Genomic Medicine, National Heart &
Lung Institute, Faculty of Medicine, Imperial College London, for his critical comments during article prep-
aration. This work is funded by the National Natural Science Foundation of China (No. 82071217, 81771149)
and Department of Science and Technology (No. GZS2021005, 202102310124), Henan Province, China.
Prof Daging Ma's current research was supported the grants from National Institutes of Health Research,
British Journal of Anesthesia and Royal College of Anaesthetists, London, UK.

AUTHOR CONTRIBUTIONS

Conceptualization: EC, YW, SZ, JZ, LW, YY, and DM. Methodology: RZ, QS, NL, XR, and MS. Investigation:
NL, NF, Wz, JZ,HZ, TZ, KL, XH, and LL. Data analysis: SM, WZ, and EC. Writing: EC, YW RZ, LW, HZ, QC, QS,
EC, AC, and DM. Review, editing, and revising: All authors.

DECLARATION OF INTERESTS

The authors declare no competing interests.

INCLUSION AND DIVERSITY

We support inclusive, diverse and equitable conduct of research.

Received: March 30, 2022
Revised: December 5, 2022
Accepted: March 24, 2023
Published: March 31, 2023

iScience 26, 106534, April 21, 2023 13



https://doi.org/10.1016/j.isci.2023.106534

¢? CellPress

OPEN ACCESS

REFERENCES

1.

14

Franks, N.P., and Lieb, W.R. (1994). Molecular
and cellular mechanisms of general
anaesthesia. Nature 367, 607-614. https://
doi.org/10.1038/367607a0.

. Franks, N.P. (2008). General anaesthesia:

from molecular targets to neuronal pathways
of sleep and arousal. Nat. Rev. Neurosci. 9,
370-386. https://doi.org/10.1038/nrn2372.

. Yang, Y., Ou, M., Liu, J., Zhao, W., Zhuoma, L.,

Liang, Y., Zhu, T., Mulkey, D.K., and Zhou, C.
(2020). Volatile anesthetics activate a leak
sodium conductance in retrotrapezoid
nucleus neurons to maintain breathing
during anesthesia in mice. Anesthesiology
133, 824-838. https://doi.org/10.1097/ALN.
0000000000003493.

. Thrane, A.S., Rangroo Thrane, V.,

Zeppenfeld, D., Lou, N., Xu, Q., Nagelhus,
E.A., and Nedergaard, M. (2012). General
anesthesia selectively disrupts astrocyte
calcium signaling in the awake mouse cortex.
Proc. Natl. Acad. Sci. USA 109, 18974-18979.
https://doi.org/10.1073/pnas.1209448109.

. Wu, L., Zhao, H., Weng, H., and Ma, D. (2019).

Lasting effects of general anesthetics on the
brain in the young and elderly: "mixed
picture" of neurotoxicity, neuroprotection
and cognitive impairment. J. Anesth. 33,
321-335. https://doi.org/10.1007/s00540-
019-02623-7.

. Zhang, Y., Shan, G.J., Zhang, Y.X,, Cao, S.J.,

Zhu, S.N., Li, HJ., Ma, D., and Wang, D.X;
First Study of Perioperative Organ Protection
SPOP1 investigators (2018). Propofol
compared with sevoflurane general
anaesthesia is associated with decreased
delayed neurocognitive recovery in older
adults. Br. J. Anaesth. 121, 595-604. https://
doi.org/10.1016/j.bja.2018.05.059.

. Shin, W.J., and Winegar, B.D. (2003).

Modulation of noninactivating K+ channels in
rat cerebellar granule neurons by halothane,
isoflurane, and sevoflurane. Anesth. Analg.
96, 1340-1344. https://doi.org/10.1213/01.
ANE.0000055365.31940.0A.

. Winnubst, J., Bas, E., Ferreira, T.A.,, Wu, Z.,

Economo, M.N., Edson, P., Arthur, B.J.,
Bruns, C., Rokicki, K., Schauder, D., et al.
(2019). Reconstruction of 1,000 projection
neurons reveals new cell types and
organization of long-range connectivity in the
mouse brain. Cell 179, 268-281.e13. https://
doi.org/10.1016/j.cell.2019.07.042.

. Grienberger, C., and Konnerth, A. (2012).

Imaging calcium in neurons. Neuron 73,
862-885. https://doi.org/10.1016/j.neuron.
2012.02.011.

. Lazarenko, R.M., Fortuna, M.G., Shi, Y.,

Mulkey, D.K., Takakura, A.C., Moreira, T.S.,
Guyenet, P.G., and Bayliss, D.A. (2010).
Anesthetic activation of central respiratory
chemoreceptor neurons involves inhibition of
a THIK-1-like background K(+) current.

J. Neurosci. 30, 9324-9334. https://doi.org/
10.1523/JNEUROSCI.1956-10.2010.

. Sonner, J.M., Antognini, J.F., Dutton, R.C.,

Flood, P., Gray, A.T., Harris, R.A., Homanics,

iScience 26, 106534, April 21, 2023

20.

21.

22.

G.E., Kendig, J., Orser, B., Raines, D.E., et al.
(2003). Inhaled anesthetics and immobility:
mechanisms, mysteries, and minimum
alveolar anesthetic concentration. Anesth.
Analg. 97, 718-740. https://doi.org/10.1213/
01.ane.0000081063.76651.33.

. DeFelipe, J., Lépez-Cruz, P.L., Benavides-

Piccione, R., Bielza, C., Larrafiaga, P.,
Anderson, S., Burkhalter, A., Cauli, B., Fairén,
A., Feldmeyer, D., et al. (2013). New insights
into the classification and nomenclature of
cortical GABAergic interneurons. Nat. Rev.
Neurosci. 14, 202-216. https://doi.org/10.
1038/nr3444.

. Molyneaux, B.J., Arlotta, P., Menezes, J.R.L.,

and Macklis, J.D. (2007). Neuronal subtype
specification in the cerebral cortex. Nat. Rev.
Neurosci. 8, 427-437. https://doi.org/10.
1038/nm2151.

. Gelman, D.M., and Marin, O. (2010).

Generation of interneuron diversity in the
mouse cerebral cortex. Eur. J. Neurosci. 37,
2136-2141. https://doi.org/10.1111/.1460-
9568.2010.07267 ..

. Diez-Roux, G., Banfi, S., Sultan, M., Geffers,

L., Anand, S., Rozado, D., Magen, A., Canidio,
E., Pagani, M., Peluso, I., et al. (2011). A high-
resolution anatomical atlas of the
transcriptome in the mouse embryo. PLoS
Biol. 9, €1000582. https://doi.org/10.1371/
journal.pbio.1000582.

. Dekaban, A.S. (1978). Changes in brain

weights during the span of human life:
relation of brain weights to body heights and
body weights. Ann. Neurol. 4, 345-356.
https://doi.org/10.1002/ana.410040410.

. Dobbing, J., and Sands, J. (1979).

Comparative aspects of the brain growth
spurt. Early Hum. Dev. 3, 79-83. https://doi.
org/10.1016/0378-3782(79)20022-7.

. Huttenlocher, P.R., and Dabholkar, A.S.

(1997). Regional differences in
synaptogenesis in human cerebral cortex.
J. Comp. Neurol. 387, 167-178.

. Zhong, S., Zhang, S., Fan, X., Wu, Q., Yan, L.,

Dong, J., Zhang, H., Li, L., Sun, L., Pan, N,
et al. (2018). A single-cell RNA-seq survey of
the developmental landscape of the human
prefrontal cortex. Nature 555, 524-528.
https://doi.org/10.1038/nature25980.

Qiu, X., Mao, Q., Tang, Y., Wang, L., Chawla,
R., Pliner, H.A., and Trapnell, C. (2017).
Reversed graph embedding resolves
complex single-cell trajectories. Nat.
Methods 14, 979-982. https://doi.org/10.
1038/nmeth.4402.

Chen, H., Albergante, L., Hsu, J.Y., Lareau,
C.A., Lo Bosco, G., Guan, J., Zhou, S.,
Gorban, A.N., Bauer, D.E., Aryee, M.J., et al.
(2019). Single-cell trajectories reconstruction,
exploration and mapping of omics data with
STREAM. Nat. Commun. 10, 1903. https://
doi.org/10.1038/s41467-019-09670-4.

Dong, P., Zhao, J., Li, N, Ly, L., Li, L., Zhang,
X., Yang, B., Zhang, L., and Li, D. (2018).
Sevoflurane exaggerates cognitive decline in

23.

24.

25.

26.

27.

28.

29.

30.

31

iScience

arat model of chronic intermittent hypoxia by
aggravating microglia-mediated
neuroinflammation via downregulation of
PPAR-gamma in the hippocampus. Behav.
Brain Res. 347, 325-331. https://doi.org/10.
1016/j.bbr.2018.03.031.

Patel, S., Wohlfeil, E.R., Rademacher, D.J.,
Carrier, E.J., Perry, LJ., Kundu, A, Falck, J.R.,
Nithipatikom, K., Campbell, W.B., and
Hillard, C.J. (2003). The general anesthetic
propofol increases brain
N-arachidonylethanolamine (anandamide)
content and inhibits fatty acid amide
hydrolase. Br. J. Pharmacol. 139, 1005-1013.
https://doi.org/10.1038/s].bjp.0705334.

Brechmann, T., Maier, C., Kaisler, M., Vollert,
J., Schmiegel, W., Pak, S., Scherbaum, N.,
Rist, F., and Riphaus, A. (2018). Propofol
sedation during gastrointestinal endoscopy
arouses euphoria in a large subset of
patients. United European Gastroenterol. J.
6, 536-546. https://doi.org/10.1177/
2050640617736231.

Song, S.Y., Meng, X.W., Xia, Z., Liu, H., Zhang,
J., Chen, Q.C,, Liu, H.Y., Ji, F.H., and Peng, K.
(2019). Cognitive impairment and
transcriptomic profile in hippocampus of
young mice after multiple neonatal
exposures to sevoflurane. Aging (Albany NY)
11, 8386-8417. https://doi.org/10.18632/
aging.102326.

Yamamoto, H., Uchida, Y., Chiba, T.,
Kurimoto, R., Matsushima, T., Inotsume, M.,
Ishikawa, C., Li, H., Shiga, T., Muratani, M.,
et al. (2020). Transcriptome analysis of
sevoflurane exposure effects at the different
brain regions. PLoS One 15, e0236771.
https://doi.org/10.1371/journal.pone.
0236771.

Cheng, Y., Liu, S., Zhang, L., and Jiang, H.
(2022). Identification of prefrontal cortex and
amygdala expressed genes associated with
sevoflurane anesthesia on non-human
primate. Front. Integr. Neurosci. 16, 857349.
https://doi.org/10.3389/fnint.2022.857349.

Barber, A.F., Liang, Q., and Covarrubias, M.
(2012). Novel activation of voltage-gated K(+)
channels by sevoflurane. J. Biol. Chem. 287,
40425-40432. https://doi.org/10.1074/jbc.
M112.405787.

Grasshoff, C., and Antkowiak, B. (2004).
Propofol and sevoflurane depress spinal
neurons in vitro via different molecular
targets. Anesthesiology 101, 1167-1176.
https://doi.org/10.1097/00000542-
200411000-00017.

Brohan, J., and Goudra, B.G. (2017). The role
of GABA receptor agonists in anesthesia and
sedation. CNS Drugs 37, 845-856. https://
doi.org/10.1007/s40263-017-0463-7.

Zhu, Y., Wang, Y., Yao, R., Hao, T., Cao, J.,
Huang, H., Wang, L., and Wu, Y. (2017).
Enhanced neuroinflammation mediated by
DNA methylation of the glucocorticoid
receptor triggers cognitive dysfunction after
sevoflurane anesthesia in adult rats subjected
to maternal separation during the neonatal


https://doi.org/10.1038/367607a0
https://doi.org/10.1038/367607a0
https://doi.org/10.1038/nrn2372
https://doi.org/10.1097/ALN.0000000000003493
https://doi.org/10.1097/ALN.0000000000003493
https://doi.org/10.1073/pnas.1209448109
https://doi.org/10.1007/s00540-019-02623-7
https://doi.org/10.1007/s00540-019-02623-7
https://doi.org/10.1016/j.bja.2018.05.059
https://doi.org/10.1016/j.bja.2018.05.059
https://doi.org/10.1213/01.ANE.0000055365.31940.0A
https://doi.org/10.1213/01.ANE.0000055365.31940.0A
https://doi.org/10.1016/j.cell.2019.07.042
https://doi.org/10.1016/j.cell.2019.07.042
https://doi.org/10.1016/j.neuron.2012.02.011
https://doi.org/10.1016/j.neuron.2012.02.011
https://doi.org/10.1523/JNEUROSCI.1956-10.2010
https://doi.org/10.1523/JNEUROSCI.1956-10.2010
https://doi.org/10.1213/01.ane.0000081063.76651.33
https://doi.org/10.1213/01.ane.0000081063.76651.33
https://doi.org/10.1038/nrn3444
https://doi.org/10.1038/nrn3444
https://doi.org/10.1038/nrn2151
https://doi.org/10.1038/nrn2151
https://doi.org/10.1111/j.1460-9568.2010.07267.x
https://doi.org/10.1111/j.1460-9568.2010.07267.x
https://doi.org/10.1371/journal.pbio.1000582
https://doi.org/10.1371/journal.pbio.1000582
https://doi.org/10.1002/ana.410040410
https://doi.org/10.1016/0378-3782(79)90022-7
https://doi.org/10.1016/0378-3782(79)90022-7
http://refhub.elsevier.com/S2589-0042(23)00611-9/sref18
http://refhub.elsevier.com/S2589-0042(23)00611-9/sref18
http://refhub.elsevier.com/S2589-0042(23)00611-9/sref18
http://refhub.elsevier.com/S2589-0042(23)00611-9/sref18
https://doi.org/10.1038/nature25980
https://doi.org/10.1038/nmeth.4402
https://doi.org/10.1038/nmeth.4402
https://doi.org/10.1038/s41467-019-09670-4
https://doi.org/10.1038/s41467-019-09670-4
https://doi.org/10.1016/j.bbr.2018.03.031
https://doi.org/10.1016/j.bbr.2018.03.031
https://doi.org/10.1038/sj.bjp.0705334
https://doi.org/10.1177/2050640617736231
https://doi.org/10.1177/2050640617736231
https://doi.org/10.18632/aging.102326
https://doi.org/10.18632/aging.102326
https://doi.org/10.1371/journal.pone.0236771
https://doi.org/10.1371/journal.pone.0236771
https://doi.org/10.3389/fnint.2022.857349
https://doi.org/10.1074/jbc.M112.405787
https://doi.org/10.1074/jbc.M112.405787
https://doi.org/10.1097/00000542-200411000-00017
https://doi.org/10.1097/00000542-200411000-00017
https://doi.org/10.1007/s40263-017-0463-7
https://doi.org/10.1007/s40263-017-0463-7

iScience

32.

33.

34.

35.

36.

37.

period. J. Neuroinflammation 14, 6. https://
doi.org/10.1186/512974-016-0782-5.

Luo, T., Wu, J., Kabadi, S.V., Sabirzhanov, B.,
Guanciale, K., Hanscom, M., Faden, J.,
Cardiff, K., Bengson, C.J., and Faden, A.l.
(2013). Propofol limits microglial activation
after experimental brain trauma through
inhibition of nicotinamide adenine
dinucleotide phosphate oxidase.
Anesthesiology 119, 1370-1388. https://doi.
org/10.1097/ALN.0000000000000020.

Huang, H., Benzonana, L.L., Zhao, H., Watts,
H.R., Perry, N.J.S., Bevan, C., Brown, R., and
Ma, D. (2014). Prostate cancer cell malignancy
via modulation of HIF-1alpha pathway with
isoflurane and propofol alone and in
combination. Br. J. Cancer 111, 1338-1349.
https://doi.org/10.1038/bjc.2014.426.

Ma, D., Hossain, M., Chow, A., Arshad, M.,
Battson, R.M., Sanders, R.D., Mehmet, H.,
Edwards, A.D., Franks, N.P., and Maze, M.
(2005). Xenon and hypothermia combine to
provide neuroprotection from neonatal
asphyxia. Ann. Neurol. 58, 182-193. https://
doi.org/10.1002/ana.20547.

Jevtovic-Todorovic, V., Hartman, R.E., lzumi,
Y., Benshoff, N.D., Dikranian, K., Zorumski,
C.F., Olney, J.W., and Wozniak, D.F. (2003).
Early exposure to common anesthetic agents
causes widespread neurodegeneration in the
developing rat brain and persistent learning
deficits. J. Neurosci. 23, 876-882.

Ma, D., Williamson, P., Januszewski, A.,
Nogaro, M.C., Hossain, M., Ong, L.P., Shu, Y.,
Franks, N.P., and Maze, M. (2007). Xenon
mitigates isoflurane-induced neuronal
apoptosis in the developing rodent brain.
Anesthesiology 106, 746-753. https://doi.
org/10.1097/01.anes.0000264762.48920.80.

Ray, B., Chopra, N., Long, J.M., and Lahiri,
D.K. (2014). Human primary mixed brain
cultures: preparation, differentiation,
characterization and application to
neuroscience research. Mol. Brain 7, 63.
https://doi.org/10.1186/s13041-014-0063-0.

38.

39.

40.

41.

42.

43.

44,

45.

Brewer, G.J., and Torricelli, J.R. (2007).
Isolation and culture of adult neurons and
neurospheres. Nat. Protoc. 2, 1490-1498.
https://doi.org/10.1038/nprot.2007.207.

Bourgeois, E., Sabourdin, N., Louvet, N.,
Donette, F.X., Guye, M.L., and Constant, I.
(2012). Minimal alveolar concentration of
sevoflurane inhibiting the reflex pupillary
dilatation after noxious stimulation in children
and young adults. Br. J. Anaesth. 108,
648-654. https://doi.org/10.1093/bja/aer459.

Zhao, S., Fan, Z., Hu, J., Zhu, Y., Lin, C., Shen,
T., Li, Z, Li, K, Liu, Z., Chen, Y., and Zhang, B.
(2020). The differential effects of isoflurane
and sevoflurane on neonatal mice. Sci. Rep.
10, 19345. https://doi.org/10.1038/s41598-
020-76147-6.

Absalom, A.R., Mani, V., De S, T., and Struys,
M.M. (2009). Pharmacokinetic models for
propofol-defining and illuminating the devil
in the detail. Br. J. Anaesth. 103, 26-37.
https://doi.org/10.1093/bja/aep143.

Li, Y., Wu, Y., Li,R.,, Wang, C., Jia, N., Zhao, C.,
Wen, A., and Xiong, L. (2015). Propofol
regulates the surface expression of GABAA
receptors: implications in synaptic inhibition.
Anesth. Analg. 121, 1176-1183. https://doi.
org/10.1213/ANE.0000000000000884.

Nimmo, A.F., Absalom, AR., Bagshaw, O.,
Biswas, A., Cook, T.M., Costello, A., Grimes,
S., Mulvey, D., Shinde, S., Whitehouse, T., and
Wiles, M.D. (2019). Guidelines for the safe
practice of total intravenous anaesthesia
(TIVA): joint guidelines from the association
of Anaesthetists and the society for
intravenous anaesthesia. Anaesthesia 74,
211-224. https://doi.org/10.1111/anae.
14428.

Satija, R., Farrell, J.A., Gennert, D., Schier,
AF., and Regev, A. (2015). Spatial
reconstruction of single-cell gene expression
data. Nat. Biotechnol. 33, 495-502. https://
doi.org/10.1038/nbt.3192.

Wang, L., Yu, P., Zhou, B., Song, J., Li, Z.,
Zhang, M., Guo, G., Wang, Y., Chen, X., Han,
L., and Hu, S. (2020). Single-cell

46.

47.

48.

49.

50.

51

52.

¢? CellPress

OPEN ACCESS

reconstruction of the adult human heart
during heart failure and recovery reveals the
cellular landscape underlying cardiac
function. Nat. Cell Biol. 22, 108-119. https://
doi.org/10.1038/s41556-019-0446-7.

Trapnell, C., Cacchiarelli, D., Grimsby, J.,
Pokharel, P., Li, S., Morse, M., Lennon, N.J.,
Livak, K.J., Mikkelsen, T.S., and Rinn, J.L.
(2014). The dynamics and regulators of cell
fate decisions are revealed by
pseudotemporal ordering of single cells. Nat.
Biotechnol. 32, 381-386. https://doi.org/10.
1038/nbt.2859.

Qiu, X., Hill, A., Packer, J., Lin, D., Ma, Y.A,,
and Trapnell, C. (2017). Single-cell mRNA
quantification and differential analysis with
Census. Nat. Methods 14, 309-315. https://
doi.org/10.1038/nmeth.4150.

Stuart, T., Butler, A., Hoffman, P,
Hafemeister, C., Papalexi, E., Mauck, W.M.,
3rd, Hao, Y., Stoeckius, M., Smibert, P., and
Satija, R. (2019). Comprehensive integration
of single-cell data. Cell 177, 1888-1902.e21.
https://doi.org/10.1016/j.cell.2019.05.031.

Aran, D., Looney, A.P., Liu, L., Wu, E., Fong,
V., Hsu, A, Chak, S., Naikawadi, R.P., Wolters,
P.J., Abate, AR, et al. (2019). Reference-
based analysis of lung single-cell sequencing
reveals a transitional profibrotic macrophage.
Nat. Immunol. 20, 163-172. https://doi.org/
10.1038/541590-018-0276-y.

De Hert, S., and Moerman, A. (2015).
F1000Res. 4, 626. https://doi.org/10.12688/
f1000research.6288.1.

Quyang, W., Herold, K.F., and Hemmings,
H.C., Jr. (2009). Comparative effects of
halogenated inhaled anesthetics on voltage-
gated Na+ channel function. Anesthesiology
110, 582-590.

Anderson, M., Zheng, Q., and Dong, X.
(2018). Investigation of pain mechanisms by
calcium imaging approaches. Neurosci. Bull.
34, 194-199. https://doi.org/10.1007/s12264-
017-0139-9.

iScience 26, 106534, April 21, 2023 15



https://doi.org/10.1186/s12974-016-0782-5
https://doi.org/10.1186/s12974-016-0782-5
https://doi.org/10.1097/ALN.0000000000000020
https://doi.org/10.1097/ALN.0000000000000020
https://doi.org/10.1038/bjc.2014.426
https://doi.org/10.1002/ana.20547
https://doi.org/10.1002/ana.20547
http://refhub.elsevier.com/S2589-0042(23)00611-9/sref35
http://refhub.elsevier.com/S2589-0042(23)00611-9/sref35
http://refhub.elsevier.com/S2589-0042(23)00611-9/sref35
http://refhub.elsevier.com/S2589-0042(23)00611-9/sref35
http://refhub.elsevier.com/S2589-0042(23)00611-9/sref35
http://refhub.elsevier.com/S2589-0042(23)00611-9/sref35
http://refhub.elsevier.com/S2589-0042(23)00611-9/sref35
https://doi.org/10.1097/01.anes.0000264762.48920.80
https://doi.org/10.1097/01.anes.0000264762.48920.80
https://doi.org/10.1186/s13041-014-0063-0
https://doi.org/10.1038/nprot.2007.207
https://doi.org/10.1093/bja/aer459
https://doi.org/10.1038/s41598-020-76147-6
https://doi.org/10.1038/s41598-020-76147-6
https://doi.org/10.1093/bja/aep143
https://doi.org/10.1213/ANE.0000000000000884
https://doi.org/10.1213/ANE.0000000000000884
https://doi.org/10.1111/anae.14428
https://doi.org/10.1111/anae.14428
https://doi.org/10.1038/nbt.3192
https://doi.org/10.1038/nbt.3192
https://doi.org/10.1038/s41556-019-0446-7
https://doi.org/10.1038/s41556-019-0446-7
https://doi.org/10.1038/nbt.2859
https://doi.org/10.1038/nbt.2859
https://doi.org/10.1038/nmeth.4150
https://doi.org/10.1038/nmeth.4150
https://doi.org/10.1016/j.cell.2019.05.031
https://doi.org/10.1038/s41590-018-0276-y
https://doi.org/10.1038/s41590-018-0276-y
https://doi.org/10.12688/f1000research.6288.1
https://doi.org/10.12688/f1000research.6288.1
http://refhub.elsevier.com/S2589-0042(23)00611-9/sref51
http://refhub.elsevier.com/S2589-0042(23)00611-9/sref51
http://refhub.elsevier.com/S2589-0042(23)00611-9/sref51
http://refhub.elsevier.com/S2589-0042(23)00611-9/sref51
http://refhub.elsevier.com/S2589-0042(23)00611-9/sref51
https://doi.org/10.1007/s12264-017-0139-9
https://doi.org/10.1007/s12264-017-0139-9

¢? CellPress

OPEN ACCESS

STARXMETHODS

KEY RESOURCES TABLE

iScience

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Tuj1
MAP2

GFAP

HIF-1a

CNR1

HRP-conjugated donkey anti-rabbit

Merck Millipore

Abcam

Cell Signaling Technology
Novus Biologicals
Invitrogen

Sigma

RRID:AB_580035
RRID:AB_776174
RRID:AB_2631098
RRID:AB_10001154
RRID:AB_10854442
RRID:AB_92591

Biological samples

human fetal prefrontal cortex People’s Hospital of Zhengzhou N/A

University, Henan, China
Chemicals, peptides, and recombinant proteins
Hibernate™-E medium Invitrogen Cat# A1247601
streptomycin Solarbio Cat# P1400
EDTA Solarbio Cat# T1300
paraformaldehyde Sigma Cat# P1524
Dulbecco’s Modified Eagle Medium Hyclon Cat# SH30022.01
foetal bovine serum Gbico Cat# 10099141C
Neurobasal Gbico Cat# 21103049
sevoflurane Jiangsu Hengrui Medicine, China Cat# 22101231

Propofol
paraformaldehyde

AstraZeneca, UK

Biosharp Life Sciences

Cat# NO1AX10
Cat# BL539A

triton X-100 Solarbio Life Science Cati# T8200

luminol reagent Santa Cruz Cati#f sc-2048

Deposited data

Raw and analyzed data This paper GEO: GSE196239

Software and algorithms

ImageJ Imagej https://wsr.image.net/distros/win/ij 153-win-java8.zip
Graphpad Prism Graphpad https://www.graphpad.com/scientific-software/prism/
Cell Ranger v3.1.0 Single-Cell 10X Genomics https://www.10xgenomics.com/

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Professor Jiagiang Zhang zhangjig@zzu.edu.cn.

Materials availability

This study did not generate new unique reagents.

Data and code availability
@ All data reported in this paper can be shared by the lead contact on request.

® This article does not report original code.
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® Any additional information required to re-analyze the data reported in this paper is available from the
lead contact upon request.

® The single-cell RNA-seq data used in this study have been deposited in the Gene Expression Omnibus
(GEO) under the accession number GSE196239. Raw image files used in the figures that support the find-
ings of this study are available from the corresponding authors upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Ethics statement

The experimental protocol was built up according to the International Society for Stem Cell Research
guidelines for foetal tissue donation and approved by the Ethics Committee of People’s Hospital of
Zhengzhou University (2019-127), Henan, China and registered with the Chinese Clinical Trial Registry
(www.chictr.orG.cn; ChiCTR2000029557). Written informed consent was obtained from foetal tissue donors
after pregnant women voluntarily gave up the pregnancy due to embryo abnormal development (e.g., se-
vere cardiac malformations, serious genetic diseases and chromosomal abnormalities, but no abnormal-
ities of the brain). Then, the foetal cortical tissue samples were collected accordingly and only used for
the current study.

Tissue sample collection and culture

PFC tissue from four fetuses were processed and were subsequently hybridized to probe sets and pooled
with four samples in a single lane of a Chromium chip. The tissues were collected and dissected in ice-cold
Hibernate™-E medium (Invitrogen, A1247601) with penicillin and streptomycin (Solarbio, P1400). The PFC
tissues were chopped into small pieces with a scalpel blade and digested in 0.25% trypsin-EDTA (Solarbio,
T1300) at 37°C for 10 min. The cell suspension was further pipetted to be dispersed to single cells, then the
cells were passed through 70 um filter and centrifuged at 1000 rpm for 7 min at 4°C. The supernatant was
aspirated, and the cell pellet was resuspended and seeded to 6-well plates, covered with 20 pg/ml para-
formaldehyde (PDL) (Sigma, P1524), in Dulbecco’s Modified Eagle Medium (DMEM) (Hyclon, SH30022.01)
with 10% foetal bovine serum (FBS) (Gbico, 10099141C). After 4 hrs incubation, the medium was aspirated,
and the cells were cultured in Neurobasal medium (Gbico, 21103049) supplemented with 2% B27. Every
three days half of the medium was replaced by fresh Neurobasal medium.'?*"-%

METHOD DETAILS
Anesthetic exposure, immunofluorescence, single cell RNA-seq and immunoblotting analysis

Cells were divided into 5 groups: Naive control (NC, collected at 8 hrs); Sevoflurane treatment for é hrs
(Sevo 6h) and recovery for 2 hrs (Sevo-R2h); Propofol treatment for 6 hrs (Prop 6h) and recovery for 2 hrs
(Prop-R2h). The cultured cells were incubated in a 1.5 L airtight temperature-controlled chambers with inlet
and outlet valves and an internal electric fan. For sevoflurane (Jiangsu Hengrui Medicine, China) delivery,
the chamber inlet was connected to a closed gas delivery system consisting of a calibrated oxygen flow
metre and an inline sevoflurane vaporiser (Abbott Laboratories, Maidenhead, UK). The outlet gas was
monitored (Datex gas monitor, Helsinki, Finland) to ensure the sevoflurane in chamber reach the target
concentration (3.3%),”” the equivalent of 1.0 minimum alveolar concentration, MAC). Cells were then incu-
bated in the sealed chamber for 6 hrs at 37°C."° In the propofol group, the PFC cells were treated with
20 puM propofol (AstraZeneca, UK) for 6 hrs (the equivalent of half maximal effective concentration
in vitro).*'"*> An exposure duration of 6 hrs and the anesthetic concentrations were chosen in accordance
with previous studies and reflect the concentration and duration for the longest paediatric anesthesia.*® In
any groups either during anesthetic or mock exposure or recovery phase, all cells were treated under iden-
tical conditions except with or without anesthetics and exposed to the identical mixture gases of 20% ox-
ygen, 5% carbon dioxide and balanced with nitrogen at 37°C.

The cells isolated from foetal prefrontal cortex were washed in PBS for twice, then followed by 4% parafor-
maldehyde (Biosharp Life Sciences, BL539A) for 15min. After fixing the cells, the 0.3% triton X-100 (Solarbio
Life Science, T8200) were added to the cells to permeate the cell membrane. The penetrated cells were
pre-incubated in 5% normal goat serum for 1 h at room temperature, followed by overnight incubation
with primary antibody Tuj1 (MAB1637, Merck Millipore, 1:200), MAP2(ab32454, Abcam, 1:200) and GFAP
(12389S, CST, 1:200) at 4°C. After sufficient washing, cells were incubated with the appropriate secondary
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antibody conjugated with Alexa488 and Alexa 594 (Jackson, 1:200) for 1 h at room temperature. After
washing, the samples were analyzed on Olympus microscope.

Cell Ranger v3.1.0 Single-Cell Software suite from 10X Genomics platform was used for gene comparison.
Genes expressed fewer than three cells in a sample were excluded. Cells expressed fewer than 200 genes
or cells’ mitochondrial gene content > 25% of the total UMI count were also excluded. Unsupervised clus-
tering analysis of gene expression were performed by the Seurat package.” Cells were clustered using
Louvain method after computing a shared nearest neighbour graph.** For each cluster, Wilcoxon Rank-
Sum Test was used for gene expression comparison. SingleR41 and gene markers were used to identify
cell type. For the cell similarity calculation, variable genes of target cells were selected using
FindVariableGenes function of Seurat (dispersion cutoff 1). The average gene expression profile of a cell
population was calculated using previous genes as the centre. The Pearson correlation coefficient of
each cell to the centre was calculated and shown as a plot.*® The Monocle package®®#*
yse single-cell trajectories.*® Pseudotime trajectory analysis on single-cell transcriptomics was achieved by
determining the pattern of a dynamic process experienced by cells and then arrange cells based on their
progression through the process. “DDRTree” was applied to reduce dimensions and the visualisation func-
tions. “Plot_Cell_Trajectory” or “Plot_Complex_Cell_Trajectory” were used to plot the minimum spanning
tree on cells. The R package's clusterProfiler was applied to identify a priori-defined gene sets that showed
statistically significant differences between given clusters.*’

was used to anal-

Cytarabine (Ara-C, sigma,147-94-4, 10umol/L) was used to inhibit the growth of glial cells to obtain a
neuron-enriched culture. Protein content of neuronal lysates was quantified using Bradford Protein Assay
(Bio-rad) against known concentrations of bovine serum albumin (Bio-rad). Protein samples were prepared
with 4X SDS sample buffer (Bio-rad) and were resolved by SDS-PAGE, before transfer onto PVDF mem-
branes (Bio-rad). Membrane was incubated with HIF-1a. antibody (Novus Biologicals, NB100-105, 1:1000)
or CNR1 antibody (Invitrogen, BS-1683R,1:1000) overnight at 4C, and was further probed with HRP-conju-
gated donkey anti-rabbit antibody (Sigma, AP510, 1:5000) on day2 for 1hr at room temperature. Protein
bands were developed by chemiluminescence luminol reagent (sc-2048, Santa Cruz).

Anesthetic treatment and electrophysiology

Whole-cell currents were recorded using Axopatch 200B patch-clamp amplifier interfaced to Digidata
1440A (Axon Instruments, USA) at room temperature (20-22°C) under Olympus inverted microscope
(IX71, Japan). Propofol was diluted to 3, 10, and 30 pg/ml (approximately 17, 56, and 168 uM). Sevoflurane
was diluted from saturated aqueous stock solutions to 4-6 mM (the equivalent of 10 MAC) into airtight glass
syringes 12-18 h before the experiments. The supersaturated solution of sevoflurane was diluted to 0.46,
0.92, and 2.30 uM (the equivalent of 1 MAC, 2 MAC, and 5 MAC).>49505T Gayoflurane and propofol were
applied to attached cells using an ALA-VM8 pressurised perfusion system (ALA Scientific, Westbury, NY)
through a perfusion pipette, positioned 100 um away from patched cells. The concentration of sevoflurane
was determined by the perfusate at the tip of the pipette and analyzed by gas chromatography. For whole-
cell recording of the voltage-gated Na* channel and the voltage-gated K channel, the bath solution had
the following composition (in mM): NaCl 140, KCI 5, CaCl, 2, CdClI, 0.3, HEPES 10, glucose 10, and the pH
was adjusted to 7.4 with NaOH. The pipette solution contained (in mM): K-gluconate 140, KCI 5, CaCl, 1,
MgCl, 2, HEPES 10, EGTA 11, K,-ATP 2, GTP 0.1, and the pH was adjusted to 7.2 with KOH. The cells were
clampedat-80 mV and depolarized from - 80 mV to + 60 mV with 10 mV steps during 100 ms. For whole-cell
recording of the voltage-gated Ca®* channel, the bath solution had the following composition (in mM):
Choline-chloride 110, TEA-CI 20, 4-AP 10, BaCl, 10, MgCl, 1, HEPES 10, glucose 10, TTX 0.001, and the
pH was adjusted to 7.4 with NaOH. The pipette solution contained (in mM): CsCl 140, KCI 5, MgCl, 1,
HEPES 10, EGTA 10, K,-ATP 2, GTP 0.1, and the pH adjusted to 7.2 with CsOH. The cells were clamped
at - 80 mV and depolarized from - 40 mV to + 60 mV with 10 mV steps during 200 ms. Data were analyzed
using Clampfit software (version 10.0; Axon instrument) and GraphPad prism (v.6.0; GraphPad software).

Anesthetic exposure and calcium transients

The [Ca®"] ions in the cultured neurons were measured under fluorescence inverted microscope system
(Olympus, Tokyo, Japan) with Fura-2-AM fluorescence (with an emission of 510 nm), which is a cytoplasmic
dye used to mark cytoplasmic changes in calcium, was chosen as the [Ca®*] ion fluorescent indicator. Neu-
rons were identified morphologically by their cell body and synapses before they were studied, and the slit
aperture was focused on the cell body. Neurons were exposed to the supersaturated solution of
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sevoflurane at 0.46 and 0.92 uM (the equivalent of 1 and 2 MAC) or propofol at a standard of 1, 3.3, and
10 pg/ml (approximately 6, 18, and 56 pM) and fluorescence images were captured using a Photometrics
CoolSNAP HQ2 CCD monochrome Camera (Roper Scientific, Optical Apparatus Co.) during anesthetic
exposure and being washed off phase. lllumination was provided by a Lambda DG-4 (Sutter Instrument
Company, Novato, CA) with exposures in the range of 200-300 ms. Data were collected and analyszed
with Meta Flour analysis software.”?

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were presented as the mean + SD. The n number referred to the number of cells studied. Data were
analyzed with Analysis of Variance (ANOVA) followed by post hoc Newman-Keuls test for comparison or
with the paired student t-tests where appropriate. Linear regression analysis (JMP; SAS Institute, Cary,
NC) was performed to test for a dose-dependent effect of the increase of [Ca®*] ions. A P value less
than 0.05 was considered to be of statistical significance.

ADDITIONAL RESOURCES

The protocol and experimental procedures were in compliance with the Regulations on Administration of
Human Genetic Resources, governed by the Chinese Ministry of Health.
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