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Abstract

Astrocyte activation in the spinal dorsal horn may play an important role in the development 

of chronic neuropathic pain, but the mechanisms involved in astrocyte activation and their 

modulatory effects remain unknown. The inward rectifying potassium channel protein 4.1 (Kir4.1) 

is the most important background K+ channel in astrocytes. However, how Kir4.1 is regulated and 
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contributes to behavioral hyperalgesia in chronic pain is unknown. In this study, single-cell RNA 

sequencing analysis indicated that the expression levels of both Kir4.1 and Methyl-CpG-binding 

protein 2 (MeCP2) were decreased in spinal astrocytes after chronic constriction injury (CCI) in a 

mouse model. Conditional knockout of the Kir4.1 channel in spinal astrocytes led to hyperalgesia, 

and overexpression of the Kir4.1 channel in spinal cord relieved CCI-induced hyperalgesia. 

Expression of spinal Kir4.1 after CCI was regulated by MeCP2. Electrophysiological recording 

in spinal slices showed that knockdown of Kir4.1 significantly up-regulated the excitability of 

astrocytes and then functionally changed the firing patterns of neurons in dorsal spinal cord. 

Therefore, targeting spinal Kir4.1 may be a therapeutic approach for hyperalgesia in chronic 

neuropathic pain.
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1. Introduction

Neuropathic pain (nerve pain) is a debilitating and difficult to treat condition that often 

develops into a state of long-lasting chronic pain (Finnerup, Kuner, & Jensen, 2021). It 

is estimated that 2 billion people globally (25% of the world population) suffer from 

chronic pain (Goldberg & McGee, 2011), with the prevalence increasing as the risk factors 

associated with this condition, including old age and diabetes, become more frequent in 

the population (Colloca et al., 2017). Chronic pain is also associated with other serious 

problems such as depression, anxiety and sleep disorders (Cohen & Mao, 2014; Naranjo 

et al., 2019) and is a leading contributor to the ongoing opioid epidemic (Skolnick, 2018). 

Not surprisingly, the economic cost of chronic pain is tremendous; estimates based on health 

care costs and lost productivity reach $635 billion per year in the USA (Gaskin & Richard, 

2012). Therefore, chronic pain is a health crisis with enormous clinical, social and economic 

burdens. Despite this, cellular and molecular mechanisms contributing to the maintenance of 

chronic pain are poorly understood; consequently, effective long-term treatment options are 

lacking.

Key elements of the pain circuitry are well known and include neurons in the dorsal horn of 

the spinal cord that relay sensory information from the periphery to higher brain regions for 

pain perception (Wercberger, Braz, Weinrich, & Basbaum, 2021). However, neural activity 

is subject to modulation by other cells, including astrocytes, and recent evidence suggests 

that dorsal horn astrocytes also contribute to pain signaling. For example, in the absence 

of injury, spinal astrocytes have been shown to limit pain sensory transduction by releasing 

purinergic-adenosine or anti-inflammatory cytokines (Sommer, Leinders, & Üçeyler, 2018; 

Wahlman et al., 2018). However, following injury, astrocytes in the dorsal horn proliferate 

(gliosis) and transition into a pro-inflammatory state characterized by release of excitatory 

cytokines (so called reactive astrocytes) that serve to increase pain sensitivity (Gao & Ji, 

2010). Furthermore, in the absence of injury or disease, selective optogenetic activation 

of spinal astrocytes also causes gliosis and increases pain sensitivity (Nam et al., 2016). 

These results identify astrocytes as important modulators of pain sensitivity. However, the 
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mechanisms by which astrocytes contribute to maintenance of chronic neuropathic pain 

remain unclear.

Inward rectifying potassium channel 4.1 proteins (Kir4.1) are preferentially expressed by 

astrocytes where they regulate membrane potential and serve as conduits for K+ uptake 

from the extracellular space; as such, these channels are determinants of several astrocyte 

processes, including regulation of extracellular K+ and glutamate (MacAulay, 2020). 

Considering that dysregulation of extracellular K+ and glutamate is expected to increase 

neural activity, it is perhaps not surprising that K+ channel activators show analgesic 

potential for treatment of chronic pain (Tsantoulas & McMahon, 2014) and that loss 

of Kir4.1 function is associated with development of neuropathic pain. For example, the 

expression and functions of Kir4.1 channels were decreased in dorsal root ganglion satellite 

glial cells in a rat model of neuropathic pain (Vit, Ohara, Bhargava, Kelley, & Jasmin, 2008; 

H. Zhang et al., 2009), and knockdown of Kir4.1 from satellite glial cells resulted in pain-

like behaviors in freely behaving rats (Vit et al., 2008). These results indicate that Kir4.1 

plays an important role in the hyperalgesia of neuropathic pain. However, it is not clear how 

astrocytic Kir4.1 expression changes as neuropathic pain develops, and the mechanisms by 

which loss of Kir4.1 contributes to manifestation of pain are poorly understood.

Methyl-CpG-binding protein 2 (MeCP2) is a transcription factor that regulates gene 

expression (including Kcnj10, the gene encoding Kir4.1 (Kahanovitch et al., 2018)) and is 

involved in neuronal survival, differentiation, and maintenance of synaptic function (Chang, 

Khare, Dani, Nelson, & Jaenisch, 2006; Fukuda, Itoh, Ichikawa, Washiyama, & Goto, 2005; 

Smrt et al., 2007). MeCP2 is widely expressed, including by both neurons and astrocytes 

(Ballas, Lioy, Grunseich, & Mandel, 2009; Kifayathullah et al., 2010; Zachariah, Olson, 

Ezeonwuka, & Rastegar, 2012). Diminished expression of MeCP2 in neurons is associated 

with diminished pain sensitivity(Suzuki, Shinoda, Honda, Shirakawa, & Iwata, 2016). 

However, it is not clear how loss of MeCP2 from astrocytes impacts pain sensitivity. A 

previous study showed that MeCP2-deficient mice expressed less Kir4.1 mRNA and protein, 

and astrocytes from these animals showed diminished Kir4.1-like current (Kahanovitch et 

al., 2018). These results suggest MeCP2 is a positive transcriptional regulator of Kir4.1 

(Kahanovitch et al., 2018). However, the roles of MeCP2 in neuropathic pain remain 

elusive, in part because MeCP2 expression varies in a region- and cell-type-specific manner 

following nerve injury (Géranton, Fratto, Tochiki, & Hunt, 2008; Géranton, Morenilla-Palao, 

& Hunt, 2007; Tao et al., 2020; Tochiki, Cunningham, Hunt, & Géranton, 2012; R. Zhang et 

al., 2015; Z. Zhang et al., 2014) and few studies have investigated cell-type-specific roles of 

MeCP2 in the development and maintenance of neuropathic pain.

Here, we test the hypothesis that reduced expression of Kir4.1 channels in astrocytes 

contributes to hyperalgesia in a mouse model of chronic neuropathic pain, and in an MeCP2-

deficient mouse model. We show that MeCP2 regulation of Kir4.1 expression in astrocytes 

is necessary and sufficient for the maintenance of hyperalgesia in chronic neuropathic pain. 

These results suggest that astrocytic Kir4.1 channels should be a high-priority therapeutic 

target for chronic neuropathic pain.
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2. Materials and methods

2.1 Animals

The study protocols were approved by the Animal Ethics Committee of West China Hospital 

of Sichuan University (Chengdu, China), and were conducted in accordance with the Animal 

Research Reporting In vivo Experiments (ARRIVE) guidelines. Neonatal (postnatal days 

12–14, both sexes) C57BL/6 J mice, adult (~ 8 weeks, both sexes) C57BL/6 J mice, Kir4.1f/f 

mice and GFAPCre-ERT2 mice were used. C57BL/6 J mice were purchased from Chengdu 

Dassy Biological Technology Co. Ltd (Chengdu, China). Kir4.1 conditional knockout in 

astrocytes (Kir4.1 cKO) mice were crossbred from a transgenic B6. Cg-Tg (GFAP-Cre) 

77.6Mvs/2J line and recombinant Kir4.1 floxed (Kir4.1f/f) line. From postnatal days 28, the 

Kir4.1 cKO mice were intraperitoneally injected with tamoxifen 1 mg once a day for 4 

consecutive days. Then Kir4.1 cKO mice were obtained 21 days after the last injection. The 

control mice were homologous Kir4.1 non-knockout (Kir4.1+/+) mice. GFAPCre-ERT2 mice 

and Kir4.1f/f mice were obtained from Dr. Ken McCarthy (Univ. North Carolina)). All the 

mice were housed, 5 per cage, under standard conditions (22–24°C, humidity 45–55% and 

lights on from 7:00 to 19:00), with ad libitum access to food and water. Neonatal mice were 

kept with their mothers.

2.2 CCI model

Neuropathic pain was induced by chronic constriction injury (CCI) of the sciatic nerve 

(Bennett & Xie, 1988). Briefly, mice were anesthetized with 2% isoflurane. Then, the left 

sciatic nerve was exposed at the mid-thigh level and loosely ligated (5–0 chromic gut) with 4 

ties (at 1-mm intervals). The ligation strength was sufficient to cause slight shrinkage of the 

left posterior limb. The right side was used as the CCI-contralateral side: the sciatic nerve 

was only exposed but not ligated.

2.3 Pain behavior tests

Von-Frey filaments test was used to measure mechanical allodynia (Liu, Liu, Song, & Song, 

2013). The mice were placed individually in a Plexiglas chamber on an elevated metal mesh 

floor and acclimated for 30 min. The plantar surface of the hind limb was stimulated with 

a series of Von-Frey filaments (0.008 g, 0.02 g, 0.04 g, 0.07 g, 0.16 g, 0.4 g, 0.6 g, 1 g, 

1.4 g, 2 g, 4 g, 6 g, 8 g, 10 g and 15 g). The absolute withdrawal threshold was determined 

using the up-down method (Dixon, 1991). Hargreaves test was used to measure thermal 

allodynia (Hargreaves, Dubner, Brown, Flores, & Joris, 1988). The mice were acclimated in 

the same chambers on an elevated transparent glass platform. Following 30 min acclimation, 

the plantar surface of the hind limb was exposed to a radiant beam through the transparent 

glass. The radiant heat was shut off when hind paw movement occurred or after 20 s to 

prevent tissue damage. The thermal stimuli were repeated 3 times at 10-min intervals, and 

the mean latency was calculated to assess thermal hyperalgesia. All the behavioral tests were 

performed between 9:00 am and 5:00 pm.
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2.4 Intrathecal injection

Mice were anesthetized with 2% isoflurane, and then restrained in the horizontal position. 

A 25-G needle connected to a Hamilton syringe was inserted into the subarachnoid space 

between L5-L6. A sudden flick of the tail was used as an indicator of successful puncture 

into the subarachnoid space (Zhou et al., 2015). The needle was held in place for at least 60 

s after the injection to avoid an outflow. The virus solution (Tailtool Bioscience, Shanghai, 

China) was injected into the subarachnoid space (5 μL for adult mice).

Kir4.1-siRNA (5’-ACAAAGGAGGGTGAGAATATT-3’) and control-siRNA (5’-

UUCUCCGAACGUGUCACGUTT-3’) were dissolved in RNase-free water. In vivo 
SilenceMag™ transfection reagent (OZ Biosciences, Marseille, France) was mixed with 

Kir4.1-siRNA or control-siRNA to a final concentration of 1 μg/μL before injection. Then, 

Kir4.1-siRNA or control-siRNA was injected into the subarachnoid space of neonatal mice 

in a volume of 2 μL.

2.5 Real-time PCR (RT-PCR)

Mice were anesthetized with 2% isoflurane and then the spinal lumbar enlargements 

(L4-L6) were rapidly removed. Total RNA was isolated using the Eastep® Super RNA 

extraction kit (Promega, Shanghai, China). Reverse transcription was performed with a 

GoScript™ Reverse Transcription Kit (Promega, Shanghai, China). RT-PCR was performed 

using TaqMan™ Fast Advanced Master Mix (Thermo Fisher Scientific, USA) and TaqMan 

specific probes (all from Life Sciences) for Kcnj10 (Kir4.1, Mm00445028_m1), MeCP2 

(MeCP2, Mm01193537_g1) and GAPDH (GAPDH, Mm99999915_g1) (Thermo Fisher 

Scientific, USA) according to the manufacturer’s protocols. The relative fold change of gene 

expression was calculated with the 2-ΔΔCt method using GAPDH as the internal control.

2.6 Western blot

Mice were anesthetized with 2% isoflurane and then the spinal lumbar enlargements (L4-L6) 

were rapidly removed and homogenized. The protein concentration was determined with 

a BCA protein assay kit (Beyotime, Shanghai, China). The protein was electrophoresed 

on a 7.5% sodium dodecyl sulfate polyacrylamide gel and then transferred to polyvinyl 

difluoride (PVDF) membranes (Bio-Rad, Hercules, CA, USA). The PVDF membranes were 

incubated overnight at 4°C with primary antibodies against Kir4.1 (1:1000, rabbit, Alomone 

Labs, Jerusalem, Israel), MeCP2 (1:500, rabbit, Abcam, Cambridge, UK), glial fibrillary 

acidic protein (GFAP) (1:5000, Proteintech, Wuhan, China) and β-actin (1:5000, mouse, 

Abcam, Cambridge, UK). Next, the membranes were incubated with the secondary antibody 

(1:4,000, Cell Signaling Technology, Beverly, MA, USA) at ambient temperature for 2 h. 

The protein bands were visualized using enhanced chemiluminescence and the intensities of 

the bands were quantified using Image J software (National Institutes of Health, Bethesda, 

MD, USA).

2.7 Immunofluorescence staining

Mice were deeply anesthetized with 2% isoflurane and then transcardially perfused with 

phosphate-buffered saline (PBS) (pH 7.4) followed by 4% paraformaldehyde in PBS (pH 

7.4). The spinal lumbar enlargements were removed and soaked in 4% formalin overnight 
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at 4°C and then in 30% sucrose until the tissue sank to the bottom. The spinal cords 

were cut into 12-μm thick sequential sections using a freezing microtome (CM1850; 

Leica, Buffalo Grove, IL, USA). Sections were labeled by overnight incubation at 4°C 

with primary antibodies: rabbit anti-Kir4.1 extracellular peptide (1:400, Alomone Labs, 

Jerusalem, Israel), rabbit anti-MeCP2 (1:500, Abcam, Cambridge, UK), guinea pig anti-

GFAP (1:1000, Synaptic Systems, Germany), mouse anti-Myelin Basic Protein (MBP) 

(1:400, Abcam, Cambridge, UK) and mouse anti-NeuN (1:500, Abcam, Cambridge, UK). 

Fluorescent secondary antibodies were added to 5% bovine serum albumin and incubated 

for 2 h at room temperature: Alexa Fluor 488 goat anti-mouse IgG (1:500, Jackson Immuno 

Research, West Grove, PA, USA), Alexa Fluor 488 goat anti-guinea pig IgG (1:500, Abcam, 

Cambridge, UK), and CyTM3 goat anti-rabbit IgG (1:500, Jackson Immuno Research, 

West Grove, PA, USA). Fluorescent images were acquired using a Zeiss AxioImager Z.2 

(Guangzhou, China).

2.8 Preparation of acute spinal cord slices

Mice (P14) were anesthetized with ketamine/xylazine (60/10 mg/kg). Then, the spinal 

lumbar enlargements were removed, fixed in agar rose gel (2%) and initially mounted on 

a vibratome (VT1000 A, Leica). Sagittal spinal cord slices (250–300 μm thick) were cut 

in ice-cold artificial cerebrospinal fluid (aCSF) containing (in mM): 260 sucrose, 3 KCl, 5 

MgCl2, 1 CaCl2, 1.25 NaH2PO4, 26 NaHCO3, 10 glucose and 1 kynurenic acid. Slices were 

incubated in external solution containing (in mM): 130 NaCl, 3 KCl, 2 MgCl2, 2 CaCl2, 1.25 

NaH2PO4, 26 NaHCO3 and 10 glucose at 37 °C for 30 min and then maintained at room 

temperature (24–26°C) for another 30 min prior to an experiment. The aCSF and incubation 

solutions were equilibrated with 95% O2 / 5% CO2. After incubation, spinal cord slices 

were mounted in the recording chamber to permit electrophysiological recordings at room 

temperature.

2.9 Electrophysiology

Each spinal cord slice was mounted in a recording chamber and submerged in continuously 

perfused incubation solution (~2 mL/min), bubbled with 95% O2 / 5% CO2. Dorsal spinal 

cord (lamina I-II) neurons were visualized and identified by their shapes using infrared 

differential interference contrast microscopy. Electrophysiological recordings were made 

using an Axopatch 700B amplifier and a Digidata 1440 digitizer linked to a computer 

running pClamp 10.2 software (Molecular Devices, Sunnyvale, CA, USA). Recordings 

were sampled at 20 kHz and filtered at 10 kHz in the whole-cell configuration. Whole-

cell voltage-clamp and current-clamp recordings were established using internal solution 

containing (mM): 120 KCH4SO3, 4 NaCl, 1 MgCl2, 0.5 CaCl2, 10 HEPES, 10 EGTA, 3 Mg-

ATP, 0.3 GTP-Tris at pH 7.2. Holding potentials were −80 mV and −60 mV for astrocytes 

and neurons, respectively. For astrocytic recordings, holding currents and conductance were 

sampled every 15 s and current-voltage (I-V) relationships were determined using voltage 

steps between −40 mV and −150 mV. To record neuronal firing behavior currents were 

injected into the neurons of spinal lamina I and II from −120 pA to 150 pA (30 pA steps) 

with 1-s durations. As previously described (Ruscheweyh & Sandkühler, 2002), neurons 

were classified based on repetitive firing behavior including tonic firing, phasic firing, 

delayed firing or depolarizing block.
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2.10 Flow cytometry

To sort astrocytes and neurons, cells were isolated as previously described (Nguyen et al., 

2020). The spinal lumbar enlargements of mice were minced and then digested using an 

Adult Brain Dissociation Kit (Miltenyi Biotec, Shanghai, China) and gentleMACS Octo 

Dissociator with Heaters (Miltenyi Biotec, Shanghai, China). After tissue digestion, cells 

were filtered through a 70-μm pore cell-strainer to obtain a single-cell suspension. Then the 

myelin, debris and red blood cells were removed from the single-cell suspension. To fix and 

permeabilize cells, the single-cell suspension was resuspended in an eBioscience™ FOXP3/

Transcription Factor Staining Buffer Set (Invitrogen). For sorting astrocytes and neurons, we 

used the following fluorochrome-coupled antibodies: RBFOX3/NeuN (IB7) [PE] (NOVUS, 

Medtronic, MN, USA), GFAP Monoclonal Antibody, Alexa Fluor 647 (Invitrogen, Carlsbad, 

CA, USA), eBioscience™ Fixable Viability Dye eFluor 780 (Invitrogen, Carlsbad, CA, 

USA). Cells were sorted on a FACSAria SORP Flow Cytometer (BD Biosciences, San Jose, 

CA, USA).

2.11 Single-cell RNA sequencing (scRNA-seq) and analysis

The single-cell suspension of the spinal lumbar enlargement was obtained in the same 

way as described for flow cytometry (vide supra). The cells were filtered through a 40-μm 

pore cell-strainer. The single-cell suspension was loaded into Chromium microfluidic chips 

with 30 chemistry and barcoded with a 10 Chromium Controller (10X Genomics). RNA 

from the barcoded cells was subsequently reverse-transcribed and sequencing libraries were 

constructed with reagents from a Chromium Single Cell 30 reagent kit (10X Genomics) 

according to the manufacturer’s instructions. Sequencing was performed with an Illumina 

NovaSeq 6000 according to the manufacturer’s instructions (Illumina).

Raw reads were demultiplexed and mapped to the reference genome by a 10X Genomics 

Cell Ranger pipeline using the default parameters. All downstream single-cell analyses 

were performed using Cell Ranger and Seurat (Macosko et al., 2015), unless mentioned 

specifically. In brief, for each gene and each cell barcode (filtered by Cell Ranger), 

unique molecule identifiers were counted to construct digital expression matrices. Secondary 

filtration by Seurat: A gene with expression detected in more than 3 cells was considered 

to be expressed, and each cell was required to have at least 200 expressed genes. 

Contaminating cells were filtered to obtain an enriched population of the cell type of 

interest.

GO enrichment analysis of marker genes was implemented using the cluster Profiler R 

package, in which gene length bias was corrected. GO terms with corrected P-values < 

0.05 were considered to be significantly enriched by a marker gene. The cluster Profiler R 

package was used to test for the statistical enrichment of marker genes in KEGG pathways 

(http://www.genome.jp/kegg/) (Kanehisa & Goto, 2000).

2.12 Statistical analysis

Data were given as mean ± SD and statistical analyses were performed using GraphPad 

Prism 8.0 software (GraphPad Software, CA, USA). All data from different groups were 

verified for normality and homogeneity of variance using Kolmogorov Smirnov and Brown 
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Forsythe tests before analysis. Data were compared using paired or unpaired Student’s 

t-tests or a Wilcoxon test as appropriate. The time courses of behavioral results were 

analyzed using a two-way repeated measures analysis of variance (ANOVA) followed by 

a Bonferroni post hoc test. Cochran–Armitage trend test was used to compare the trends 

between two groups. The exact analysis used for each comparison is described in each figure 

legend. A P-value < 0.05 was considered to be statistically significant.

3. Results

3.1 Reduced expression of Kir4.1 contributes to CCI-induced hyperalgesia

To confirm that Kir4.1 is preferentially expressed by spinal cord astrocytes, we 

characterized Kcnj10 transcript expression in spinal lumbar enlargement samples from 

human (GSE189501) (D. Zhang et al., 2022) and mouse (GSE103892) (Sathyamurthy et 

al., 2018) publicly available transcriptomic databases. As expected, Kcnj10 transcript is 

widely expressed in spinal cord glial cells, including oligodendrocytes and astrocytes, but 

minimal levels were detected in neurons (Fig. S1A, S1B).

Next, we wanted to determine whether cell-type-specific expression of Kir4.1 is altered in a 

CCI-induced mouse model of neuropathic pain. All the mice tested developed hyperalgesia 

one day after CCI, and the pain lasted for at least 2 weeks (n = 20, male = 10, female = 10, 

Figs. 1A, 1B). Consistent with evidence that peripheral nerve injury induces spinal astrocyte 

proliferation (Cirillo et al., 2015), we found that the expression of GFAP was increased in 

the CCI-ipsi side of the spinal lumbar enlargement (compared to the CCI-contra side) at 

day 7 (n = 6, male = 3, female = 3, P = 0.037) and day 14 (n = 6, male = 3, female = 

3, P = 0.005) (Fig. S2). Immunofluorescence staining of Kir4.1 and GFAP was performed 

on spinal lumbar enlargement samples on day 1 and day 14 after CCI. The images, shown 

in Figs. 1D and 1H, indicated that Kir4.1 was expressed in astrocytes; the quantitative data 

for Kir4.1 obtained by RT-PCR and Western blot analysis were shown in Figs. 1C, 1E–G. 

Consistent with evidence that nerve injury negatively impacts expression of Kir4.1 (Vit et 

al., 2008), we found Kir4.1 transcript and protein levels to be decreased on the ipsilateral 

side 7 and 14 days after CCI (Figs. 1F, 1G). Conversely, the expression of Kir4.1 transcript 

and protein remained similar to control at days 1 (Fig. 1C) and 3 (Fig. 1E) in the ipsilateral 

lumbar enlargement (compared to the CCI-contra side). Additionally, we obtained enriched 

populations of astrocytes from the spinal lumbar enlargements (Fig. 1I) and confirmed that 

Kir4.1 transcript was decreased in ipsilateral astrocytes compared to contralateral astrocytes 

on day 14 after CCI (1.03 ± 0.27 vs. 0.45 ± 0.17, n = 5, P = 0.004, Fig. 1J).

3.2 CCI-induced changes in astrocyte gene expression

We used a nonbiased single-cell transcriptomic approach to identify CCI-sensitive genes 

in spinal astrocytes. RNA sequencing was performed on samples collected 14 days after 

CCI (Fig. 2A). The accession number for both the raw sequencing data and the processed 

data reported in this paper is GEO: GSE208766. We obtained 27,188 individual cells 

(13,538 from the CCI-contra side, 13,650 from the CCI-ipsi side) from the spinal lumbar 

enlargements of 8 mice (8 weeks old). Cells were classified into 10 cell types (Fig. 2B) with 

distinct gene expression profiles (Figs. 2D–F). The sensitivity of astrocytes to nerve injury 
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was evidenced by the multitude of genes affected in these cells after CCI. CCI-sensitive 

genes in astrocytes included Kir4.1 (Kcnj10), MeCP2 and TWIK-1 (Kcnk6), the latter a 

leak K+ channel known to contribute to astrocyte membrane potential, sodium channels 

(e.g., Scn1a, Scn3a, NALCN) and purinergic receptors (e.g., P2rx7, P2ry2, P2ry12). Of 

these, expression of both Kir4.1 and MeCP2 was diminished in astrocytes following CCI 

(Fig. 2H). These results further suggest that reduced expression of MeCP2 and Kir4.1 

contributes to hyperalgesia in CCI. We also performed gene ontology (GO) term analysis 

to explore functional properties of enriched genes in all cells, astrocytes and microglia on 

day 7 (Figs. S3H–J) and day 14 (Fig. S4) after CCI. Enriched genes on day 7 after CCI 

were mainly associated with neurodegeneration (Figs. S3H, S3I–J). Of note, on day 14 

after CCI, microglia also showed increased expression of genes associated with activation/

pro-inflammation (Fig. S5).

To better determine whether CCI results in cell-type-specific changes in Kir4.1 expression, 

we characterized Kcnj10 expression in various cell types, comparing the CCI-ipsi side 

with the CCI-contra side of spinal lumbar enlargements. We found that 14 days after CCI, 

expression of Kcnj10 in astrocytes on the CCI-ipsi side of the spinal lumbar enlargement 

significantly decreased relative to astrocytes on the opposite side. Kcnj10 transcript was 

unchanged in other cell types (Fig. S1C). These results suggest that expression of Kir4.1 was 

diminished in ipsilateral astrocytes one weeks after CCI in the spinal cord.

3.3. Conditional knockdown expression of Kir4.1 in spinal astrocytes induces 
hyperalgesia

To determine whether reduced expression of astrocytic Kir4.1 channels contributes 

to hyperalgesia, we generated astrocyte-specific inducible Kir4.1 cKO by crossing 

GFAPCre-ERT2 mice with Kir4.1f/f mice (Fig. 3A). We confirmed by immunohistochemistry 

that Kir4.1 was diminished in astrocytes from Kir4.1 cKO compared to the control (Fig. 

3B; the white color was reduced). We also confirmed at the transcript level by PCR that 

Kir4.1 mRNA was decreased by 39.0% ± 16.1% (n = 6, male = 3, female = 3, P = 

0.004, Fig. 3C) in the spinal lumbar enlargement of Kir4.1 cKO mice. Consistent with 

our hypothesis, Kir4.1 cKO mice were highly sensitive to mechanical (P < 0.001, Fig. 

3D) and thermal (P < 0.001, Fig. 3E) sensations (n =10, male = 5, female = 5). To 

investigate more specifically the roles of Kir4.1 channels in spinal astrocytes, we injected 

5 μL AAV2/8-gfaABC1D-eGFP-P2A-iCre-WPRE-pA (AAV-GFAP-iCRE) into the spinal 

lumbar enlargement of Kir4.1f/f mice (Fig. 3F) to knockdown astrocytic Kir4.1 expression 

in a region-specific manner. We confirmed the specificity of Cre-recombinase expression 

immunohistochemically; tissue isolated 4 weeks after viral injection showed that GFP+-

transfected cells were GFAP-immunoreactive astrocytes (Fig. 3G). We also confirmed that 

6 weeks after intrathecal injection, Kir4.1 knockdown mice showed a 24.0% ± 12.6% 

reduction in Kir4.1 mRNA compared to mice that received control virus (n = 7, male = 

3, female = 4, P = 0.017, Fig. 3L). To further validate knockdown of our target transcript, 

we isolated enriched populations of astrocytes from mice injected with AAV-GFAP-iCRE or 

control virus (Fig. 3H). We found that Kir4.1 knockdown mice showed a 66.7% ± 20.9% 

decrease in Kir4.1 transcript compared to astrocytes from control animals (n = 5, male = 

3, female = 2, P < 0.001, Fig. 3I). Consistent with global Kir4.1 cKO mice, we found that 
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Kir4.1 knockdown mice also exhibited hyperalgesia in response to mechanical (n = 10, male 

= 5, female = 5, P < 0.001, Fig. 3J) and thermal (n = 10, male = 5, female = 5, P < 0.001, 

Fig. 3K) stimulation.

3.4 Overexpression of Kir4.1 relieves hyperalgesia behaviors in Kir4.1 cKO mice and CCI 
mice

Next, we wanted to determine whether overexpression of Kir4.1 ameliorates hyperalgesia in 

both Kir4.1 cKO mice and a mouse model of neuropathic pain. We injected AAV2/8-hEF1a-

DIO-kcnj10–2A-eGFP-WPRE-pA (AAV-Kir4.1) into the spinal cord of Kir4.1 cKO mice 

to drive expression of Kir4.1 (Kcnj10) specifically in astrocytes (Fig. 4A). We confirmed 

that this approach increased Kir4.1 mRNA levels in the spinal lumbar enlargement of 

Kir4.1 cKO mice by 47.2% ± 19.0% (n = 6, male = 3, female = 3, P = 0.003, Fig. 4B). 

Behaviorally, we found that re-expression of Kir4.1 decreased the sensitivity of mice to 

both mechanical (n = 6, male = 3, female = 3, P < 0.001, Fig. 4C) and thermal (n = 6, 

male = 3, female = 3, P = 0.004, Fig. 4D) stimuli compared to Kir4.1 cKO mice injected 

with control virus. It should be noted that re-expression of Kir4.1 did not produce analgesic 

effects compared to Kir4.1f/f mice (Fig. S6).

As re-expression of Kir4.1 ameliorated the behavioral hyperalgesia induced by Kir4.1 cKO, 

we wondered whether overexpression of Kir4.1 might show promise as a treatment for 

hyperalgesia in neuropathic pain. To test whether Kir4.1 might play a therapeutic role in 

neuropathic pain, we injected AAV-Kir4.1 and AAV2/8-gfaABC1D-iCre-WPRE-pA (AAV-

iCRE) (2.5 μL; injected in equal proportions) into the spinal cord 7 days after CCI (Fig. 

4H). This approach increased Kir4.1 mRNA in spinal lumbar enlargement astrocytes from 

wild-type mice by 69.5% ± 13.7% (n = 5, male = 2, female = 3, P = 0.009, Fig. 4E, 

4F). We confirmed the specificity of AAV expression by immunofluorescence, finding that 

GFP+ transfected cells were well merged with GFAP-immunoreactive astrocytes (Fig. 4G). 

We also confirmed that 4 weeks after intrathecal injection, Kir4.1 overexpression in CCI 

mice showed a 20.5% ± 10.5% increase in Kir4.1 mRNA compared to mice that received 

control virus (n = 8, male = 4, female = 4, P = 0.009, Fig. 4K). Importantly, we found that 

CCI-induced hyperalgesia for mechanical (n = 7, male = 4, female = 3, P < 0.001, Fig. 4I) 

and thermal sensations (n = 7, male = 4, female = 3, P < 0.001, Fig. 4J) was eliminated by 

overexpression of Kir4.1. These results identify astrocytic Kir4.1 channels as a high-priority 

therapeutic target for neuropathic pain.

3.5 Knockdown of Kir4.1 disrupts neuronal firing patterns in the dorsal spinal cord

In other brain regions, diminished Kir4.1 expression has been shown to disrupt neural firing 

behavior in favor of increased tonic activity(Cui et al., 2018); therefore, we wondered 

whether a similar phenomenon occurs at the level of the spinal cord. To test this, 

Kir4.1-siRNA (5’-ACAAAGGAGGGTGAGAATATT-3’) or control-siRNA was injected 

intrathecally into neonatal wild-type mice (P12) to knockdown Kir4.1 expression in the 

spinal cord (Fig. 5A). Immunofluorescence staining was performed on the spinal cord 2 

days after injection (Fig. 5B). Kir4.1 mRNA was decreased by 51.6% ± 20.2% in the 

spinal cord after injection of Kir4.1-siRNA (n = 5, P = 0.002, Fig. 5C). To assess Kir4.1 

function in spinal astrocytes, we made whole-cell current- and voltage-clamp recordings 
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from astrocytes in spinal lumbar enlargement slices 2–4 days after Kir4.1-siRNA injection 

(Fig. 5D). Consistent with a requisite role of Kir4.1 in setting astrocyte resting membrane 

potential (RMP) (Nwaobi, Cuddapah, Patterson, Randolph, & Olsen, 2016), we found that 

astrocytes in slices from Kir4.1-siRNA mice were depolarized compared to astrocytes from 

control-siRNA mice (−81.55 ± 0.31 mV vs. −77.53 ± 3.48 mV, P = 0.029, Fig. 5E). Also, 

in voltage-clamp (Vhold −80 mV; in TTX to block neural action potentials), astrocytes 

in slices from Kir4.1-siRNA mice showed less outward current (102.40 ± 58.42 pA vs. 
37.33 ± 24.58 pA, P = 0.007) at a holding potential of −80 mV (Fig. 5F) and a smaller 

change in conductance in response to 50 mV steps (12.25 ± 7.25 nS vs. 4.30 ± 2.04 nS, 

P = 0.006) compared to control mice (Fig. 5I). To gauge contributions of Kir channels to 

astrocyte electrical properties in each genotype, in voltage clamp mode (Vholding = −80 mV), 

we measured holding current and conductance (in response to 50 mV steps every 170 ms) 

during exposure to Ba2+, a pan-Kir channel blocker. Bath application of BaCl2 (100 μM) 

decreased the holding current and conductance by 103.02 ± 49.12 pA and 7.54 ± 3.30 nS, 

respectively, in control astrocytes (Fig. 5H, left). Conversely, astrocytes from Kir4.1-siRNA 

mice showed only a modest Ba2+-induced change in holding current (33.30 ± 16.41 pA, P 
= 0.002) and conductance (2.33 ± 1.02 nS, P < 0.001) (Fig. 5H, right; Fig. 5J). Further, the 

Ba2+-sensitive current in astrocytes from both genotypes reversed at −96 mV and showed 

a modest degree of inward rectification at potentials positive to −20 mV (Fig. 5G). These 

results provide functional conformation of diminished Kir4.1 channel function in astrocytes 

from Kir4.1-siRNA mice.

To investigate how reduced expression of astrocytic Kir4.1 transcript impacts neural activity, 

we made whole-cell current-clamp recordings from neurons in spinal lamina I and II 

(Fig. 5K). We found that neurons in slices from Kir4.1-siRNA mice were depolarized 

compared to neurons from control tissue (P = 0.019, Fig. 5L). We also found that spinal 

lamina I and II neurons can be subclassified based on distinguishing their repetitive firing 

behavior, including tonic firing, phasic firing, delayed firing or depolarizing block (Fig. 

5N). Interestingly, the proportion of tonic firing neurons was increased in slices from Kir4.1-

siRNA-treated mice (Figs. 5O–T). For example, under baseline conditions (0-pA injection), 

the proportion of tonic firing neurons increased to 23% in slices from Kir4.1-siRNA-treated 

mice, compared to only 5% in control neurons (Fig. 5O). When response to moderate 

currents injection, a 30-pA and/or 60-pA current injection elicited tonic firing in 70% 

and/or 50% of control neurons and respectively increased to 77% and/or 69% of neurons 

in slices from Kir4.1-siRNA mice (Figs. 5P, 5Q). However, in response to larger current 

injections (e.g., 90-pA step), neurons from both genotypes showed pronounced decrements 

in action potential amplitude and frequency, indicative of depolarizing block; consequently 

the proportion of tonic firing neurons in slices from control and Kir4.1-siRNA mice fell 

to 35% and 23%, respectively (Fig. 5R). These results suggest that neurons in Kir4.1siRNA-

treated mice were better able to maintain tonic firing in response to spontaneous conditions 

and/or moderate stimulation compared to neurons from control-siRNA-treated mice (P < 

0.001, Fig. 5T), which is consistent with the hyperalgesia response elicited by moderate 

stimulation in vivo. Of note, astrocyte-specific knockdown of Kir4.1 did not affect neural 

input resistance (P = 0.997, Fig. 5M), but it decreased AP amplitude (P = 0.033, Fig. S7A) 
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and increased AP width (P = 0.048, Fig. S7B), which are consistent with dysregulation of 

extracellular K+.

3.6 Knockdown of MeCP2 in astrocytes induces hyperalgesia

Based on evidence that MeCP2 regulates expression of Kir4.1 in astrocytes (Kahanovitch et 

al., 2018), we wondered if chronic pain decreases MeCP2 levels and whether hyperalgesia 

in MeCP2-deficient mice could be rescued by the expression of Kir4.1 in spinal astrocytes. 

Neuropathic pain was induced by CCI in mice. All mice tested developed hyperalgesia 

by 1 day after CCI that lasted for at least 2 weeks (n = 12, male = 6, female = 6; Figs. 

6A–B). Consistent with evidence from a spared nerve injury mouse model of chronic pain 

(Tochiki et al., 2012), we found that expression of MeCP2 in the spinal lumbar enlargement 

decreased on the ipsilateral side (as compared to the contralateral side) by day 3 following 

CCI (Fig. 6E) and remained low for up to 2 weeks after CCI (Figs. 6F–G). At day 1, the 

expression levels of MeCP2 transcript and protein remained similar to control levels (Fig. 

6C). Immunofluorescence staining performed on spinal lumbar enlargement on day 1 and 

day 14 after CCI show detectable levels of MeCP2 in both neurons and astrocytes (Figs. 6D 

and 6H). Unexpectedly, the expression of MeCP2 in astrocytes was preferentially disrupted 

in this model. FACS-enriched populations of neurons and astrocytes from the ipsilateral 

spinal lumbar enlargement 14 days after CCI (Fig. 6I) show that MeCP2 transcript was 

decreased in astrocytes (1.04 ± 0.31 vs. 0.47 ± 0.16, n = 5, male = 2, female = 3, P = 0.007; 

Fig 6K) but unchanged in neurons (1.00 ± 0.09 vs. 0.92 ± 0.22, n = 5, male = 2, female 

= 3, P = 0.471; Fig 6J). These results suggest that expression of MeCP2 is preferentially 

diminished in ipsilateral astrocytes 14 days after CCI in the spinal cord.

To functionally differentiate neuron and astrocyte roles of MeCP2 in pain sensitivity, 

we used hSyn and gfaABC1D promoter-driven RNA interference to knockdown 

MeCP2 levels in spinal cord neurons (AAV2/8-hSyn-miRNAi(mecp2)-eGFP-WPRE-pA: 

AAV-hSyn-RNA) or astrocytes (AAV2/8-gfaABC1D-miRNAi(mecp2)-mCherry-WPRE-pA: 

AAV-GFAP-RNA) (Figs. 7A, 7J). Four weeks after viral injection, we characterized 

cell-type-specific expression of MeCP2 and behavioral responses to mechanical and 

thermal pain. The specificity of our approach was confirmed immunohistochemically using 

antibodies to NeuN (Fig. 7B) and GFAP (Fig. 7K). To confirm the cell specificity of this 

approach, we also characterized MeCP2 transcript levels in FACS-enriched populations of 

neurons or astrocytes obtained from wild-type mice injected with AAV-hSyn-RNA (Fig. 

7C). Consistent with expectations, MeCP2 transcript levels were decreased in neurons (1.06 

± 0.40 vs. 0.44 ± 0.12, n = 5, male = 3, female = 2, P = 0.011, Fig. 7D) but not in astrocytes 

(P = 0.679, Fig. 7E). In parallel, we also obtained FACS-enriched populations of neurons 

or astrocytes from AAV-GFAP-RNA-injected wild-type mice (Fig. 7L) and confirmed that 

MeCP2 levels were decreased in astrocytes (1.05 ± 0.37 vs. 0.58 ± 0.16, n = 5, male = 3, 

female = 2, P = 0.031, Fig. 7N) but not in neurons (P = 0.835, Fig. 7M). At the behavioral 

level, we found that astrocyte-specific MeCP2 knockdown produced hyperalgesia (Figs. 

7O, 7P), whereas neuron-specific MeCP2 knockdown mice responded to mechanical and 

thermal stimuli in a manner similar to control mice (Figs. 7F, 7G). We also confirmed that 5 

weeks after intrathecal injection, neuron-specific MeCP2 knockdown mice showed a 30.5% 

± 10.6% reduction in MeCP2 mRNA compared to mice that received control virus (n = 
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10, male = 5, female = 5, P < 0.001, Fig. 7H), and astrocyte-specific MeCP2 knockdown 

caused a 18.1% ± 9.6% reduction (n = 10, male = 5, female = 5, P = 0.003, Fig. 7Q). 

Consistent with evidence that MeCP2 regulates expression of astrocytic Kir4.1 channels 

(Kahanovitch et al., 2018), we found that AAV-GFAP-RNA-injected wild-type mice showed 

reduced Kir4.1 expression in astrocytes (23.7% ± 10.4%, n = 10, male = 5, female = 5, P = 

0.001, Fig.7R), whereas the neural levels of Kir4.1 were similar to those of control mice (n = 

10, male = 5, female = 5, P = 0.497, Fig. 7I). These results suggest that reduced expression 

of astrocytic Kir4.1 channels contributes to pain sensitivity in MeCP2-deficient mice.

3.7 Overexpression of MeCP2 in astrocytes increases Kir4.1 expression and ameliorates 
hyperalgesia in a CCI mouse model of neuropathic pain

If reduced expression of MeCP2 and Kir4.1 causes neuropathic pain in CCI, then over-

expression of MeCP2 is expected to minimize pain sensitivity in this model. To test this 

hypothesis, we performed intrathecal injections of AAV2/8-pTight-eGFP-WPRE-pA and 

AAV2/8-gfaABC1D-rtTAV16-WPRE-pA (AAV-GFAP-MeCP2, 2.5 μL, injected in equal 

proportions) and, 4 weeks later, administered doxycycline (Dox) orally to drive expression 

of MeCP2 in CCI-treated wild-type mice (Fig. 8A). We confirmed the specificity of AAV 

expression by immunofluorescence that GFP+ transfected cells were well merged with 

GFAP-immunoreactive astrocytes (Fig. 8B). We further validated this approach by obtaining 

FACS-enriched populations of neurons or astrocytes from wild-type mice 5 weeks after 

injection of AAV-GFAPMeCP2 and 1 week following administration of Dox (Fig. 8C). We 

confirmed that MeCP2 transcript was selectively increased in astrocytes (1.01 ± 0.16 vs. 
1.48 ± 0.29, n = 5, male = 3, female = 2, P = 0.013; Fig. 8E), but not in neurons (1.12 ± 0.59 

vs. 1.22 ± 0.50, n = 5, male = 3, female = 2, P = 0.791; Fig. 8D). At the functional level, 

we found that over-expression of MeCP2 in astrocytes prevented CCI-induced hyperalgesia 

(Figs. 8F, 8G). We also confirmed expression of MeCP2 was increased by 22.0% ± 8.9% 

(n = 6, male = 3, female = 3, P = 0.007, Fig. 8H) on day 14 after CCI, and this occurred 

in conjunction with increased expression of Kir4.1 (by 46.0% ± 10.5%, n = 6, male = 3, 

female = 3, P = 0.006, Fig. 8I). Of note, there was no change of MeCP2 expression in 

Kir4.1 cKO mice (Fig. S8A, related to Fig. 3C), AAV-GFAP-iCRE-injected Kir4.1f/f mice 

(Fig. S8B, related to Fig. 3L), or AAV-Kir4.1 overexpression mice (Fig. S8C, related to Fig. 

4B; Fig. S8D, related to Fig. 4K), thus suggesting MeCP2 expression in astrocytes was not 

voltage dependent. Together, these results identify reduced expression of MeCP2 and Kir4.1 

channels in spinal astrocytes as the basis for hyperalgesia in CCI.

4. Discussion

Cellular and molecular mechanisms contributing to chronic neuropathic pain are not well 

understood and treatment options are limited. Here, we identify MeCP2 and Kir4.1 channels 

in spinal astrocytes as both necessary and sufficient for hyperalgesia in two mouse models 

of chronic pain. Surprisingly, peripheral nerve injury preferentially disrupted expression 

of MeCP2 in spinal astrocytes but not in neurons, and this coincided with loss of Kir4.1 

function and increased sensitivity to thermal and mechanical sensation. This hyperalgesia 

phenotype was mimicked by astrocyte-specific Kir4.1 knockdown and ameliorated by re-
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expression of Kir4.1 or MeCP2 in spinal astrocytes. These results highlight astrocytic Kir4.1 

channels as a promising target for treatment of chronic neuropathic pain.

A likely mechanism by which reduced expression of Kir4.1 augments pain transduction 

involves dysregulation of extracellular K+. For example, astrocytic Kir4.1 channels serve 

as a main conduit for K+ uptake from the extracellular space during high neural activity, 

and disruption of this process is expected to amplify pain transduction. In other brain 

regions, genetic ablation (Cui et al., 2018) or pharmacological inhibition (Ohno, Kinboshi, 

& Shimizu, 2018) of Kir4.1 has been shown to increase extracellular K+ during stimulated 

neural activity, and there is a wealth of evidence that high extracellular K+ can increase 

neural activity (Brocard et al., 2013; Wang et al., 2012). Elevated or decreased extracellular 

K+ has long been known to modulate neuronal activity (Brocard et al., 2013), firing pattern 

(Cui et al., 2018) and synaptic neurotransmitter release (Rimmele, Rocher, Wellbourne-

Wood, & Chatton, 2017), which may contribute to pain processing in dorsal spinal cord. 

Consistent with this, we showed that knockdown of Kir4.1 increased the tonic firing 

behavior of spinal neurons in response to modest stimuli and tended to cause depolarizing 

block at very high frequencies. These results suggest diminished astrocyte Kir4.1 expression 

results in high extracellular K+ and favors increased neural activity. However, the opposite 

is not necessarily the case; increased expression of Kir4.1 does not have an analgesic 

effect, presumably because the ability of astrocytes to lower extracellular K+ below 

normal levels is limited by the K+ reversal potential (floor effect). Therefore, reduced 

expression of astrocytic Kir4.1 channels can enhance the ability of pain relay neurons 

to maintain stimulated activity, which conceivably contributes to hyperalgesia in vivo. 

This is also consistent with recent evidence that the membrane dynamics of astrocytes 

may drive neuronal activity in circuit-specific ways (Armbruster et al., 2022). Gliosis that 

often accompanies reduced expression of Kir4.1 following CCI is expected to decrease 

extracellular volume, and thus further increase the impact of extracellular K+ on neural 

activity.

Kir4.1 channels are also important determinants of astrocyte membrane potential (Olsen, 

Higashimori, Campbell, Hablitz, & Sontheimer, 2006), and consequently regulate various 

voltage-dependent processes, including glucose uptake, activity of the sodium calcium 

exchanger (NCX) and release of neuromodulators. Consistent with this, previous studies 

showed that astrocyte-specific loss of Kir4.1 function depolarized astrocyte membrane 

potential and decreased glutamate uptake (Djukic, Casper, Philpot, Chin, & McCarthy, 

2007). Astrocyte depolarization will also favor Ca2+ influx via reverse mode operation of the 

NCX to promote release of adenosine triphosphate (ATP) and cytokines (Rose, Ziemens, & 

Verkhratsky, 2020; Sobrinho, Gonçalves, Takakura, Mulkey, & Moreira, 2017). Accordingly, 

previous studies showed that astrocytes release ATP following peripheral nerve injury 

and this activates purinergic receptors on spinal neurons, leading to increased neuronal 

excitability and hyperalgesia (Illes, Khan, & Rubini, 2017; Koyanagi et al., 2016; X. Zhang 

& Li, 2019).

In recent years, several studies have implied a role for MeCP2 in pain processing (Manners, 

Tian, Zhou, & Ajit, 2015; Tajerian et al., 2013; Tochiki et al., 2012; R. Zhang et al., 

2015). For example, i) patients with Rett syndrome (caused by mutation of MeCP2) report 
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abnormal sensory function (Barney, Feyma, Beisang, & Symons, 2015; Downs et al., 2010); 

ii) MeCP2 knockout rats show hypersensitivity to mechanical stimulation (Bhattacherjee 

et al., 2017) and iii) overexpression of MeCP2 reduced mechanical and thermal pain 

sensitivity, suggesting an analgesic role of MeCP2 in pain transduction (R. Zhang et al., 

2015). Previous work also showed that the expression of MeCP2 was reduced in a cell-

type-specific manner following nerve injury (Orefice et al., 2016; Tochiki et al., 2012). 

Here, we extended these findings by showing that the expression of MeCP2 in spinal 

astrocytes is selectively disrupted following nerve injury. Further, since MeCP2 regulates 

expression of Kir4.1 channels by binding to Kcnj10 promoters (Kahanovitch et al., 2018), 

we reasoned that reduced expression of MeCP2 and Kir4.1 in spinal astrocytes contributes 

to the development of chronic neuropathic pain. This possibility is supported by evidence 

that overexpression of Kir4.1 in spinal astrocytes alleviated hyperalgesia in both CCI and 

spinal MeCP2-deficient mice, highlighting Kir4.1 as an underlying therapeutic target for the 

sensory abnormality in Rett syndrome. However, it should be recognized that MeCP2 is 

ubiquitously expressed and hyperalgesia associated with loss of this transcription factor is 

likely multifactorial involving multiple cell types.

For example, although we showed that reduced expression of MeCP2 from spinal neurons 

has a negligible effect on pain sensitivity, others have shown that deletion of MeCP2 from 

peripheral sensory neurons resulted in hypersensitivity to touch by a mechanism involving 

loss of GABA receptors on sensory neuron terminals and subsequent loss of presynaptic 

inhibition (Orefice et al., 2016). Dysregulation of inhibitory signaling by astrocytes has 

also been shown to contribute to hyperalgesia in other pain models (Ng & Ong, 2001). 

Therefore, it is likely that peripheral sensory-neuron-specific loss of MeCP2 increases 

neural excitability directly, whereas pathological changes in spinal astrocytes promote 

hyperexcitability of pain processing (Ji, Donnelly, & Nedergaard, 2019; Xu et al., 2021).

In summary, reduced expression of MeCP2 following nerve injury results in reduced 

expression of astrocytic Kir4.1 channels, which contributes to hyperalgesia in the chronic 

phase of neuropathic pain. Therefore, targeting Kir4.1 may be a novel treatment approach 

for chronic pain after nerve injury.
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Highlights

• Astrocytic MeCP2 regulates expression of Kir4.1 in the spinal dorsal cord.

• Decreased Kir4.1 changes the astrocytic excitability and firing patterns of 

neurons.

• Spinal Kir4.1 may be a new target for treatment of chronic neuropathic pain.
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Fig. 1: 
Expression of Kir4.1 decreases one week after CCI in the spinal cord. (A-B) CCI induced 

mechanical (A) and thermal (B) hyperalgesia in adult (wild type, C57BL/6 J) mice (n = 20, 

male = 10, female = 10). (C, E) Kir4.1 mRNA (left, by RT-PCR, n = 10, male = 5, female 

= 5) and expression of Kir4.1 protein (right, by Western blot, n = 12, male = 6, female = 

6) did not change on day 1 (C) or day 3 (E) after CCI in the CCI-ipsi side of the spinal 

lumbar enlargement. (D) Fluorescent images of spinal lumbar enlargement sections from 

CCI-contra and CCI-ipsi show the expression of GFAP (green) and Kir4.1 (purple) on day 

1 after CCI. The image on the right depicts the area shown in the boxes of the left image. 

(F-G) Kir4.1 mRNA (left, by RT-PCR, n = 10, male = 5, female = 5) and protein (right, by 

Western blot, n = 12, male = 6, female = 6) expression decreased on day 7 (F) and day 14 

(G) after CCI in the CCI-ipsi side of the spinal lumbar enlargement. (H) Fluorescent images 

of spinal lumbar enlargement sections from CCI-contra and CCI-ipsi show the expression 

of GFAP (green) and Kir4.1 (purple) on day 14 after CCI. The image on the right depicts 
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the area shown in the boxes of the left image. (I) FACS plots showing the sorting gates 

and antibodies that were used for isolation of astrocytes on the day 14 after CCI. (J) Kir4.1 

mRNA in FACS-enriched astrocytes was decreased on day 14 after CCI in the CCI-ipsi side 

of the spinal lumbar enlargement (n = 5, male = 3, female = 2).

Scale bar: 100 μm. Data are presented as mean ± SD. n.s., not significant; * P < 0.05, ** P < 

0.01, *** P < 0.001, by two-way ANOVA (A, B) and/or paired t-test (C, E, F, G, J).
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Fig. 2: 
Identification of gene expression changes in astrocytes on day 14 after CCI by scRNA-

seq. (A) Overview of the experimental workflow. (B) TSNE plot depicting 27,188 single 

cells from the CCI-contra and CCI-ipsi sides of the spinal lumbar enlargement on day 

14 after CCI. (C) Global analysis showing the distribution of cells between the CCI-ipsi 

and CCI-contra. (D) The distribution of expression levels of well-known representative 

cell-type-enriched marker genes across all 10 cell types. The size of the circle reflects the 

proportion of the cells expressing the marker gene in a cluster, and the color intensity 
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reflects its average expression level within that cluster. (E-F) Bar plot showing the total 

number of detected cells (E) and the total number of detected genes per cell type (F). (G) 
Examples of average expression in genes which are commonly expressed in astrocytes. (H) 
Examples of fold changes in the expression of genes (which are commonly expressed in 

astrocytes) between CCI-ipsi and CCI-contra samples on day 14 after CCI.
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Fig. 3: 
Conditional knockout of Kir4.1 in astrocytes induces pain hypersensitivity in mice. (A) 
Schematic of the generation of conditional Kir4.1 knockout mice (GFAPCre-ERT2::Kir4.1f/f; 

AKA Kir4.1 cKO). (B) Fluorescent images of spinal lumbar enlargement sections from 

control (top) and Kir4.1 cKO mice (bottom) stained for GFAP (green) and Kir4.1 (purple). 

The image on the right depicts the area in the boxes on the left image. (C) Kir4.1 mRNA 

was decreased in spinal lumbar enlargement of Kir4.1 cKO mice (n = 6, male = 3, female 

= 3). (D-E) Deletion of Kir4.1 in astrocytes led to hyperalgesia in both mechanical (D) 
and thermal (E) sensations (n=10, male = 5, female = 5). (F) Schematic paradigm of 

knockdown Kir4.1 in spinal cord by injecting AAV-GFAP-iCRE in Kir4.1f/f mice. AAV 

vectors were engineered to express eGFP-Cre or an eGFP-control under a GFAP promoter 

in Kir4.1f/f mice. (G) Fluorescent images in spinal lumbar enlargement four weeks after 

intrathecal injection of AAV-GFAP-iCRE in Kir4.1f/f mice. The image on the right depicts 

the area shown in the boxes of the left image. (H) FACS plots showing the sorting gates 

and antibodies that were used for isolation of astrocytes after intrathecal injection of AAV-
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GFAP-iCRE in Kir4.1f/f mice. (I) Kir4.1 mRNA in astrocytes (by FACS cell sorting) was 

significantly decreased in AAV-GFAP-iCRE-injected mice (n = 5, male = 3, female = 2). 

(J-K) Mechanical (J) and thermal (K) hyperalgesia was found in Kir4.1f/f mice 4 weeks 

after AAV-GFAP-iCRE intrathecal injection (n = 10, male = 5, female = 5). (L) Statistical 

data of Kir4.1 mRNA in spinal lumbar enlargement 6 weeks after intrathecal injection of 

AAV-GFAP-CTL and AAV-GFAP-iCRE in Kir4.1f/f mice (n = 7, male = 3, female = 4). 

Scale bar: 100 μm. Data are presented as mean ± SD. * P < 0.05, **P < 0.01, ***P < 0.001 

by Wilcoxon test (C, D), unpaired t-test (E, I, L) and two-way ANOVA (J, K).
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Fig. 4: 
Overexpression of Kir4.1 can relieve hyperalgesia behaviors in both Kir4.1 cKO mice and 

CCI mice. (A) Experimental paradigm of behavioral test and injection of viral constructs 

in Kir4.1 cKO mice. AAV vectors were engineered to overexpress Kir4.1 or an eGFP 

control in Kir4.1 cKO mice. (B) The expression of Kir4.1 in spinal cord was increased after 

overexpression of Kir4.1 in spinal cord of Kir4.1 cKO mice, confirmed by RT-PCR (n = 6, 

male = 3, female = 3). (C-D) The mechanical (C) and thermal (D) hyperalgesia responses 

were completely relieved to normal levels after intrathecal injection of AAV-Kir4.1 in the 
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Kir4.1 cKO mice; AAV-CTL (control) did not produce a therapeutic effect (n = 6, male = 

3, female = 3). (E) Workflow diagram depicting the FACS protocol to dissociate and sort 

neurons and astrocytes. (F) The expression of Kir4.1 mRNA increased in astrocytes after 

specifically overexpressing Kir4.1 in astrocytes in Kir4.1 cKO mice (n = 5, male = 2, female 

= 3). (G) Fluorescent images of spinal cord after injection of AAV-Kir4.1. The image on 

the right depicts the area shown in the boxes of the left image. (H) Experimental paradigm 

of the behavioral test and injection of viral constructs in CCI mice. AAV vectors were 

engineered to overexpress Kir4.1 (AAV-Kir4.1 and AAV-iCRE at a 1:1 ratio) and a control 

(AAV-CTL and AAV-iCRE at a 1:1 ratio) under a GFAP promoter. (I-J) Overexpression 

of Kir4.1 completely rescued the CCI-induced mechanical (I) and thermal (J) hyperalgesia 

in adult wild-type mice (n = 7, male = 4, female = 3). (K) The expression of Kir4.1 was 

increased after intrathecal injection of AAV-Kir4.1 in spinal cord of wild-type mice after 

CCI (n = 8, male = 4, female = 4). Scale bars: 100 μm. Data are presented as mean ± SD. 

**P < 0.01, ***P < 0.001 by two-way ANOVA (C, D, I, J) and unpaired t-test (B, F, K).
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Fig. 5: 
Kir4.1-siRNA was used to knockdown the expression of Kir4.1 in spinal cord of neonatal 

mice, for spinal slice patch-clamp recording. (A) Schematic paradigm of the Kir4.1-siRNA 

injection in spinal cord of pups. (B) Fluorescent images of spinal cord after injection of 

control-siRNA (left) and Kir4.1-siRNA (right). The image on the right depicts the area 

shown in the boxes of the left image. (C) Compared to the control-siRNA, the level 

of Kir4.1 mRNA was decreased in spinal cord injected with Kir4.1-siRNA (n = 5). (D) 
Schematic paradigm of recordings on astrocytes in the dorsal horn of spinal cord. (E) 
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Astrocytic knockdown of Kir4.1 depolarized RMPs in dorsal horn astrocytes in the spinal 

cord slice (control-siRNA: n = 5, Kir4.1-siRNA: n = 7). (F) Traces of the current-voltage 

relationship between –40 and –150 mV from a holding potential of –80 mV, under control 

(5% CO2 + 95% O2) and 100 μm BaCl2 conditions. Dots above current traces indicate 

where measurements were taken to construct the I-V relationships. (G) I-V plot representing 

the Ba2+-sensitive currents in astrocytes of control-siRNA- and Kir4.1-siRNA-treated mice 

in P10-P14 (n = 9). (H) Traces of holding current (top) and conductance (bottom) from 

control-siRNA (left) and Kir4.1-siRNA (right) animals exposed to 100 μm BaCl2. (I) 
Summary data show the effects of knockdown of Kir4.1 on holding current and conductance 

in control-siRNA and Kir4.1-siRNA mice (n = 9). (J) Summary plots show that 100 μM 

Ba2+ inhibited the holding current and conductance in control-siRNA and Kir4.1-siRNA 

mice (n = 8). (K) Schematic paradigm of patch clamp recordings on neurons in the dorsal 

horn of spinal cord. (L) Astrocytic knockdown of Kir4.1-depolarized RMPs in neurons of 

spinal lamina I and II (control-siRNA: n = 13, Kir4.1-siRNA: n = 18). (M) There is no 

difference in neuronal Rinput between control-siRNA- and Kir4.1-siRNA-treated mice (n 

= 13). (N) Three firing patterns distinguished by properties of AP discharge. (O-S) The 

incidence of the four different firing patterns under 0-pA (O, S left), 30-pA (P, S middle 
left), 60-pA (Q, S middle right) and 90-pA (R, S right) injections in spinal lamina I 

and II neurons of control-siRNA and Kir4.1-siRNA mice. (T) The tonic firing pattern ratio 

between control-siRNA and Kir4.1-siRNA mice under 0-pA, 30-pA, 60-pA and 90-pA 

current injections. Scale bars: 100 μm. Data are presented as mean ± SD. *P < 0.05, **P < 

0.01, ***P < 0.001 by unpaired t-test (C, E, I, J, L, M), two-way ANOVA (G) and Cochran–

Armitage trend test (T).
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Fig. 6: 
Expression of MeCP2 decreases 3 days after CCI in the spinal cord. (A-B) CCI induced 

mechanical (A) and thermal (B) pain in adult (wild type, C57BL/6 J) mice (n = 12, male = 6, 

female = 6). (C) MeCP2 mRNA (left, by RT-PCR, n = 10, male = 5, female = 5) and protein 

(right, by Western blot, n = 12, male = 6, female = 6) expression was unchanged on day 1 

after CCI in the CCI-ipsi side of the spinal lumbar enlargement. (D) Fluorescent images of 

spinal lumbar enlargement sections from CCI-contra and CCI-ipsi show the expression of 

NeuN and MeCP2 (top) and GFAP and MeCP2 (bottom) on day 1. The image on the right 

depicts the area shown in the boxes of the left image. (E-G) MeCP2 mRNA (by RT-PCR, n 

= 10, male = 5, female = 5) and protein (right, by Western blot, n = 12, male = 6, female 

= 6) expression was significantly decreased on day 3 (E), day 7 (F), and day 14 (G) after 

CCI in the CCI-ipsi side of the spinal lumbar enlargement. (H) Fluorescent images of spinal 

lumbar enlargement sections from CCI-contra and CCI-ipsi show the expression of NeuN 

and MeCP2 (top) and GFAP and MeCP2 (bottom) on day 14. The image on the right depicts 

the area shown in the boxes of the left image. (I) Workflow diagram depicting the FACS 

protocol to dissociate and sort neurons and astrocytes after CCI. (J-K) The expression of 

MeCP2 mRNA were unchanged in neurons (J) while decreased in astrocytes (K) on day 14 

after CCI in the CCI-ipsi side of the spinal lumbar enlargement (n = 5, male = 2, female 

= 3). Scale bar: 100 μm. Data are presented as mean ± SD. **P < 0.01, ***P < 0.001 by 

two-way ANOVA (A, B) and paired t-test (C, E, F, G, J, K).
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Fig. 7: 
Astrocyte-specific knockdown of MeCP2 induces hyperalgesia in mice. (A) Schematic 

paradigm of knocking down MeCP2 in neurons in wild-type mice. AAV vectors were 

engineered to express MeCP2 RNAi (top) or a control construct (bottom) in neurons. (B) 
Fluorescent images of AAV-hSyn-RNA 4 weeks after injection. The image on the right 

depicts the area shown in the boxes of the left image. (C) Representative flow cytometric 

data after intrathecal injection of AAV-hSyn-RNA. (D-E) The expression of MeCP2 mRNA 

in neurons was significantly decreased (D) while no change was found in astrocytes (E) 
when using FACS to sort neurons and astrocytes (n = 5, male = 3, female = 2). (F-G) No 

significant mechanical (F) or thermal (G) hyperalgesia was found after intrathecal injection 
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of AAV-hSyn-RNA, which selectively knocks down expression of MeCP2 in neurons (n = 

10, male = 5, female = 5). (H) The expression of MeCP2 was decreased after intrathecal 

injection of AAV-hSyn-RNA (n = 10, male = 5, female = 5). (I) Kir4.1 mRNA levels were 

unchanged after intrathecal injection of AAV-hSyn-RNA in spinal cord (n = 10, male = 5, 

female = 5). (J) Schematic paradigm of our strategy to specifically knockdown MeCP2 in 

astrocytes in wild-type mice. The AAV vectors were engineered to express MeCP2 RNAi 

(top) or a control construct (bottom) in astrocytes. (K) Fluorescent images of AAV-GFAP-

RNA 4 weeks after injection. The image on the right depicts the area shown in the boxes 

of the left image. (L) Representative flow cytometric data after intrathecal injection of AAV-

GFAP-RNA. (M-N) The expression of MeCP2 was significantly decreased in astrocytes (N) 
while no change was found in neurons (M) after intrathecal injection of AAV-GFAP-RNA, 

confirmed by RT-PCR (n = 5, male = 3, female = 2). (O-P) The mice developed mechanical 

(O) and thermal (P) hyperalgesia after intrathecal injection of AAV-GFAP-RNA, which 

selectively knocks down expression of MeCP2 in astrocytes (n = 10, male = 5, female = 

5). (Q) The expression of MeCP2 was decreased in spinal cord after intrathecal injection 

of AAV-GFAP-RNA, confirmed by RT-PCR (n = 10, male = 5, female = 5). (R) Similarly, 

Kir4.1 mRNA was decreased after intrathecal injection of AAV-GFAP-RNA (n = 10, male 

= 5, female = 5). Scale bar: 100 μm. Data are presented as mean ± SD. n.s., not significant; 

*P<0.05; **P < 0.01; ***P < 0.001 by two-way ANOVA (F, G, O, P) and unpaired t-test (D, 

E, H, I, M, N, Q, R).
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Fig. 8: 
Astrocytic MeCP2 regulates Kir4.1 expression in spinal cord in CCI-induced neuropathic 

pain. (A) Schematic paradigm of overexpression of astrocytic MeCP2 after CCI in wild-type 

mice. AAV vectors were engineered to overexpress MeCP2 (in a 1:1 ratio) or a control 

construct (in a 1:1 ratio) under a GFAP promoter in wild-type mice. (B) Fluorescent 

images of AAV-GFAP-MeCP2 (green) co-stained with GFAP (red). The image on the right 

depicts the area shown in the boxes of the left image. (C) Workflow diagram depicting 

the FACS protocol to dissociate and sort neurons and astrocytes after overexpression of 

MeCP2 in spinal cord. (D-E) Expression of MecP2 mRNA level was significantly increased 

in astrocytes rather than neurons, as measured by FACS (n = 5, male =3, female = 2). 

(F-G) Overexpression of MeCP2 in astrocytes can rescue hyperalgesia behaviors after CCI 

(n = 8, male =4, female = 4). (H-I) Expression of MeCP2 was increased after injection of 

AAV-GFAP-MeCP2 (H), consistent with the higher expression of Kir4.1 (I) (n = 6, male = 

3, female = 3). Scale bars: 100 μm. Data are presented as mean ± SD. n.s., not significant; 

*P<0.05; **P < 0.01; ***P < 0.001 by two-way ANOVA (F, G) and unpaired t-test (D, E, H, 

I).
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