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Abstract 

Background Physical symptoms and aversion induced by opioid withdrawal strongly affect the management 
of opioid addiction. YTH N6-methyladenosine  (m6A) RNA binding protein 1 (YTHDF1), an  m6A-binding protein, 
from the periaqueductal gray (PAG) reportedly contributes to morphine tolerance and hyperalgesia. However, the role 
of YTHDF1 in morphine withdrawal remains unclear.

Methods A naloxone-precipitated morphine withdrawal model was established in C57/BL6 mice or transgenic mice. 
YTHDF1 was knocked down via adeno-associated virus transfection. Combined with the results of the single-cell RNA 
sequencing analysis, the changes in morphine withdrawal somatic signs and conditioned place aversion (CPA) scores 
were compared when YTHDF1 originating from different neurons in the ventrolateral periaqueductal gray (vlPAG) 
was knocked down. We further explored the role of inflammatory factors and transcription factors related to inflam-
matory response in morphine withdrawal.

Results Our results revealed that YTHDF1 expression was upregulated in the vlPAG of mice with morphine with-
drawal and that the knockdown of vlPAG YTHDF1 attenuated morphine withdrawal-related somatic signs and aver-
sion. The levels of NF-κB and p-NF-κB were reduced after the inhibition of YTHDF1 in the vlPAG. YTHDF1 from vlPAG 
inhibitory neurons, rather than excitatory neurons, facilitated morphine withdrawal responses. The inhibition 
of YTHDF1 in vlPAG somatostatin (Sst)-expressing neurons relieved somatic signs of morphine withdrawal and aver-
sion, whereas the knockdown of YTHDF1 in cholecystokinin (Cck)-expressing or parvalbumin (PV)-expressing neurons 
did not change morphine withdrawal-induced responses. The activity of c-fos + neurons, the intensity of the calcium 
signal, the density of dendritic spines, and the frequency of mIPSCs in the vlPAG, which were increased in mice 
with morphine withdrawal, were decreased with the inhibition of YTHDF1 from vlPAG inhibitory neurons or Sst-
expressing neurons. Knockdown of NF-κB in Sst-expressing neurons also alleviated morphine withdrawal-induced 
responses.
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Conclusions YTHDF1 originating from Sst-expressing neurons in the vlPAG is crucial for the modulation of morphine 
withdrawal responses, and the underlying mechanism might be related to the regulation of the expression and phos-
phorylation of NF-κB.

Keywords YTHDF1, Inhibitory neuron, Periaqueductal gray, Morphine withdrawal, Somatostatin

Background
Opioid drugs are among the most powerful analgesics 
but also among the most addictive drugs. Patients treated 
with opioids or misusing them are vulnerable to develop-
ing physical dependence, which manifests with the emer-
gence of withdrawal symptoms when the use of opioids 
is abruptly discontinued [1]. Dependence can lead to 
opioid seeking and contribute to addiction by perpetuat-
ing repeated exposures to avoid withdrawal symptoms. 
Chronic exposure to opioids results in conditioning, and 
opioid withdrawal can lead to aversion [2]. Alleviating or 
preventing withdrawal-induced somatic responses and 
aversion can be a strategy for developing treatments for 
opioid addiction.

The periaqueductal gray (PAG) is a major component 
of the pain modulatory system [3], and many reports 
have indicated that the PAG plays an important role in 
the processes of reward and conditioning, as well as in 
morphine withdrawal syndrome [4–6]. Previous stud-
ies have shown that the manipulation of the ventro-
lateral periaqueductal gray (vlPAG) could modulate 
the responses induced by morphine withdrawal [7–9]. 
N6-methyladenosine  (m6A), the most prevalent inter-
nal RNA modification of mammalian messenger RNAs 
(mRNAs), is abundant in the nervous system and par-
ticipates in the modulation of various neural functions 
[10–12]. YTHDF1, an  m6A-binding protein, has been 
reported to mediate the process of learning and memory 
formation facilitated by  m6A [13]. Our previous study 
revealed that chronic morphine exposure could increase 
 m6A methylation in the vlPAG and that the knockdown 
of YTHDF1 in the vlPAG alleviated morphine analgesic 
tolerance and morphine-induced hyperalgesia (MIH) 
[14]. We reasonably speculate that the somatic symptoms 
associated with morphine withdrawal and withdrawal-
induced aversion can be mediated by the altered expres-
sion level of YTHDF1 in the vlPAG.

The PAG contains different types of neurons that uti-
lize glutamate, γ-aminobutyric acid (GABA), opioids, and 
other neurotransmitters [15]. Different neuronal popula-
tions in the PAG may exert different effects on the same 
physiological process [9, 16]. Samineni et al. showed that 
selective chemogenetic activation of glutamatergic neu-
rons or inhibition of GABAergic neurons in the vlPAG 
suppresses nociception, whereas inhibition of gluta-
matergic neurons or activation of GABAergic neurons in 

the vlPAG facilitates nociception [16]. Our recent study 
revealed that the inhibition of vlPAG GABAergic neu-
rons, rather than the activation of GABAergic neurons 
or the inhibition or activation of glutamatergic neurons, 
could significantly attenuate morphine withdrawal-
induced conditioned place aversion (CPA) [9]. The above 
studies suggest that GABAergic neurons in the vlPAG are 
likely related to the modulation of morphine withdrawal 
responses. Similarly, different subtypes of functional neu-
rons are not necessary to develop the same or similar 
reactions under certain circumstances or stimuli. Among 
the different subtypes of neurons in the PAG, tachykinin 
1-expressing neurons, but not Sst-expressing neurons, 
were found to be required for itch-induced scratching 
behavior [17]. Thus, whether YTHDF1 from different 
subtypes of neurons in the vlPAG might exert differ-
ent effects on the modulation of morphine withdrawal 
responses is a question to be answered.

Neuroinflammation in the vlPAG has been revealed 
to be involved in the development of morphine toler-
ance [18, 19]. Proinflammatory cytokines, including 
interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor 
necrosis factor-α (TNF-α), and the transcription fac-
tor nuclear factor-κB (NF-κB) related to inflammatory 
response contribute to the development of morphine 
tolerance [20–23]. Studies have revealed that the sever-
ity of morphine withdrawal responses is related to the 
neuroinflammatory state [24–26]. Doyle et  al. reported 
that increased glial cell reactivity and neuroinflammation 
contribute functionally to morphine withdrawal in male 
mice [24]. Manipulation of different pathways in the cen-
tral nervous system could alter the level of neuroinflam-
mation and modulate morphine withdrawal symptoms 
and conditioned place preference (CPP) [25, 26]. Our 
previous study demonstrated that the YTHDF1‒TRAF6 
pathway regulates the neuroinflammatory response and 
contributes to morphine tolerance and hyperalgesia in 
the PAG [14]. However, the exact effects of YTHDF1 on 
proinflammatory cytokines and their interactions within 
different neuron subtypes in the vlPAG during morphine 
withdrawal remain unclear.

Therefore, we investigated the level of YTHDF1 in the 
vlPAG of mice with naloxone-precipitated morphine 
withdrawal. We knocked down YTHDF1 expression in 
the vlPAG of wild-type and transgenic mice subjected to 
morphine withdrawal to explore the effect of YTHDF1 
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on somatic signs associated with morphine withdrawal 
and morphine withdrawal-induced aversion. We hypoth-
esized that the modulation of morphine withdrawal 
symptoms and aversion could be achieved by regulat-
ing the levels of YTHDF1 and mediating the inflamma-
tory responses in inhibitory neurons originating from the 
vlPAG.

Materials and methods
Animals
Male C57/BL6 mice (8–10 weeks) were purchased from 
the Institute of Experimental Animals of Guangdong 
Medicine Experimental Animal Center.  YTHDF1flox/flox 
 (YTHDF1fl/fl) mice were constructed by GemPharmatech 
(Nanjing, China) and were obtained from the laborato-
ries of Prof. Ruihua Xu and Prof. Huaiqiang Ju as gifts. 
The genotype of the  YTHDF1fl/fl mice was verified in 
Xu and Ju’s research [27] and in our previous study [14]. 
Gad2-Cre mice (JAX: 028867) were purchased from the 
Jackson Laboratory. All the mice were housed under a 
standard 12-h light/dark cycle (light from 7:00 a.m. to 
7:00 p.m.) at constant room temperature (25 ± 1 °C) with 
food and water available ad  libitum. All experimental 
procedures were approved by the Use Committee of Sun 
Yat-sen University and the Animal Care Committee (No. 
L102012020000X) and were conducted in accordance 
with the guidelines of the National Institutes of Health 
(NIH).

Naloxone‑precipitated morphine withdrawal model
The mice were injected (s.c.) with increasing doses of 
morphine twice per day (at 8 am and 4 pm) for four con-
secutive days. The escalating strategy for morphine treat-
ment was as follows: 10 mg/kg on the 1st day, 20 mg/kg 
on the 2nd day, 30 mg/kg on the 3rd day, and 40 mg/kg 
on the 4th day. The mice were returned to their home 
cages after each morphine injection. On day 5, the mice 
were injected with 40  mg/kg morphine (s.c.), and 1  h 
later, 1 mg/kg naloxone (s.c.) was administered to induce 
morphine withdrawal.

Evaluation of morphine withdrawal somatic signs
The somatic signs of morphine withdrawal were evalu-
ated as described below (Fig. 1a). On days 1 and 2, each 
mouse was placed in a transparent box and allowed to 
freely explore it. The mice were randomly divided into 
two groups: the morphine withdrawal group and the 
control group. From day 3 to day 7, the naloxone-pre-
cipitated morphine withdrawal model was established 
as described in the section on the naloxone-precipitated 
morphine withdrawal model. The mice in the control 
group were administered the same dose of morphine 
from day 3 to day 7, but the same volume of saline (s.c.) 

was used as a control to replace naloxone. Immediately 
after naloxone administration, the mice were individually 
placed in a transparent box, and withdrawal signs were 
evaluated over the course of 30 min. Jumps, paw tremors, 
teeth chattering (vacuous chewing), wet-dog shake, diar-
rhea, and loss of body weight were recorded as somatic 
signs of withdrawal. The body weights of the mice were 
recorded before the injection of naloxone and 60  min 
after the injection, and the percentage of body weight loss 
after morphine withdrawal was used as one evaluation 
measurement. The number of jumps was recorded quan-
titatively. Teeth chattering, paw tremors, wet-dog shake, 
and diarrhea were evaluated over 30-s periods, with 
one point assigned for the presence of each sign during 
each period. A global withdrawal score was calculated 
for each mouse by assigning a weighting factor to the 
various physical signs of withdrawal [28–31]. The global 
withdrawal score was calculated as follows: (number of 
jumps × 0.1) + (number of paw tremors × 0.1) + (number 
of teeth chattering events × 0.1) + (number of wet-dog 
shakes) + (number of diarrhea events × 2) + (loss of body 
weight percent (%) × 5). Drug injections and behavioral 
counts were performed by an operator blinded to the 
groups.

Morphine withdrawal conditioned place aversion (CPA) 
test
The CPA test was performed in the CPA apparatus with 
another group of mice (Fig. 1a). The CPA apparatus con-
sisted of two conditioning compartments and one central 
connecting compartment (Fig.  1b). The left compart-
ments had walls with black‒white horizontal stripes and 
smooth floors, whereas the right compartments had walls 
with black‒white vertical stripes and frosted floors to dis-
tinguish between the two conditioning compartments. 
The grouping method was the same as that in the section 
describing the evaluation of somatic signs. On days 1 and 
2, all the mice had free access to the entire apparatus for 
15  min to reduce the effects caused by the experimen-
tal environment. Animals with a strong initial prefer-
ence for either compartment (one compartment > 720 s) 
were eliminated from the study. We randomly assigned 
any one conditioning compartment as a paired com-
partment for each mouse to balance the CPA assay and 
avoid possible effects between the two conditioning 
compartments. From day 3 to day 7, we established the 
morphine withdrawal model as described in the sec-
tion on the naloxone-precipitated morphine withdrawal 
model. On day 7, the mice were confined to the paired 
compartments for 1  h immediately after naloxone was 
injected subcutaneously. On day 8, the mice were allowed 
to explore the entire apparatus for 15  min. The CPA 
score was defined as the time (post-paired) spent in the 
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paired compartment minus the time (pre-paired) spent 
in the paired compartment. Analysis software (JLBehv-
CPPM-4, Jiliang Technology Co., Ltd., Shanghai, China) 
was used to record and analyze the time and movement 
path in the two conditioning compartments.

Surgeries and stereotaxic injections
Under continuous isoflurane inhalation anesthesia, the 
mouse was placed in a stereotaxic frame (RWD Life 
Science Co., Ltd.) with the bregma and lambda hori-
zontal, and the body temperature was maintained at 

Fig. 1 Establishment of a naloxone-precipitated morphine withdrawal model. a Experimental timeline of the test for physical signs of morphine 
withdrawal and the morphine withdrawal CPA test. b Schematic of the three-compartment apparatus applied for the CPA test. c The morphine 
withdrawal score (***P < 0.001, t test, n = 10) of WT mice was significantly increased after morphine withdrawal. d The CPA aversion score of WT mice 
was significantly reduced after morphine withdrawal (***P < 0.001, t test, n = 10). e The mean velocity did not differ significantly before and after 
morphine withdrawal (prep-aired, N.S. = not significant; Mann‒Whitney U test, n = 10; post-paired, N.S. = not significant; Mann‒Whitney U test; 
n = 10). f IHC images showing that the number of c-fos+ neurons increased after morphine withdrawal (scale bar = 100 μm), and the corresponding 
statistical result is shown (***P < 0.001, t test, n = 6). g–h Heatmaps showing the  Ca2+ signals of morphine withdrawal model mice compared 
with those of normal control mice and the corresponding mean GCaMp6s signal along with the statistical results (***P < 0.001, t test, n = 6). i 
Representative images of GFP-labeled dendrites and statistical data for the density of dendritic spines showing that the density of dendritic spines 
was significantly greater after morphine withdrawal (***P < 0.001, t test, n = 6). j–l Representative traces of mIPSCs recorded from vlPAG neurons 
and statistical data for the average frequency and amplitude of mIPSCs showing an increased mIPSC frequency after morphine withdrawal 
(***P < 0.001, t test, n = 6). The data are shown as the means ± SEMs
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36  °C with a heating pad. The stereotaxic coordinates 
for viral vector injection were as follows: anteroposte-
rior (AP), − 4.45 mm; mediolateral (ML), ± 0.55 mm; and 
dorsoventral (DV), − 2.7 mm. After the administration of 
additional local analgesia with a 1 ml subcutaneous injec-
tion of 1% lidocaine above the skull, the skull was fully 
exposed and perforated with a stereotaxic drill. The virus 
was infused bilaterally through a microinjector with a 
33G needle. The virus mixture (150  nl) was infused for 
10  min. After infusion, the needle was retained at the 
injection site for more than 15  min before being with-
drawn slowly.

Knockdown of YTHDF1
The shRNA target of YTHDF1 used in the study was 
GGA AAT GCC CAA CCT ACT TCT. CMV-Cre along 
with AAV-DIO-YTHDF1-shRNA were stereotaxically 
injected into the bilateral vlPAG to knock down the 
expression of YTHDF1 in wild-type (WT) mice. CMV-
Cre-EGFP was injected into the vlPAG to knock down 
the expression of YTHDF1 in  YTHDF1flox/flox  (YTHDF1fl/

fl) mice. CamkIIα-Cre along with AAV-DIO-YTHDF1-
shRNA were used to specifically knock down YTHDF1 
in the vlPAG excitatory neurons of WT mice, whereas 
CamkIIα-Cre-EGFP was used in  YTHDF1fl/fl mice. We 
applied Vgat-Cre with AAV-DIO-YTHDF1-shRNA in 
WT mice, Vgat-Cre-EGFP in  YTHDF1fl/fl mice, and 
AAV-DIO-YTHDF1-shRNA in Gad2-Cre mice to knock 
down YTHDF1 in vlPAG inhibitory neurons. Sst-Cre, 
PV-Cre, or Cck-Cre along with AAV-DIO-YTHDF1-
shRNA were used to knock down YTHDF1 in Sst-
expressing, PV-expressing, or Cck-expressing neurons. 
We also constructed Vgat-YTHDF1-shRNA and Sst-
YTHDF1-shRNA to knock down YTHDF1 in inhibitory 
neurons and Sst-expressing neurons for dendritic spine 
analyses. The mice were housed in the cages for 3 weeks 
without any other treatment after the virus injection to 
ensure stable transgene expression from the AAV. The 
verification of the specificity of Sst-Cre as a promoter and 
the knockdown efficiencies of CMV-YTHDF1-shRNA, 
CamkIIα-YTHDF1-shRNA, Vgat-YTHDF1-shRNA, and 
Sst-YTHDF1-shRNA are shown in Additional file 1: Fig. 
S1.

Calcium signal recordings
All the mice were anesthetized with pentobarbital 
sodium. AAV-hSyn-GCaMp6s was used for the nonse-
lective detection of calcium signaling in neurons, and 
AAV-EF1α-DIO-GCaMp6s with Vgat-Cre or Sst-Cre 
were utilized to detect calcium signaling in inhibitory 
neurons or Sst-expressing neurons. An optical fiber 
(200-μm core, 0.37 NA; Inper, Inc.) was placed in a 
ceramic ferrule and inserted into the vlPAG (Additional 

file 1: Fig. S1). All the mice were individually housed and 
allowed to recover for 1 week after surgery. The 470-nm 
laser power was set to 40 μW. GCaMP fluorescence was 
detected by a fiber photometry system (Thinkerbiotech, 
China), and MATLAB software (R2021b) was used to 
analyze the calcium signals. The baseline fluorescence 
was acquired prior to each signal recording (5  min). 
The signals were normalized to the baseline to calculate 
△F/F0 = (Fsignal − Fbaseline)/Fbaseline.

Immunohistochemical (IHC) analyses
The mice were perfused with 4% paraformaldehyde 
under anesthesia. The brain tissues were cut into 
20  μm-thick sections after 30% DEPC-sucrose dehydra-
tion at 4 °C. The tissue samples used for the c-fos analysis 
were prepared 1  h after the establishment of naloxone-
precipitated morphine withdrawal, and the tissue sam-
ples used for other analyses were prepared 24 h after the 
establishment of morphine withdrawal. Primary antibod-
ies against YTHDF1 (Proteintech, 26,787–1-AP, 1:200), 
c-fos (Abcam, ab222699, 1:200), NF-κB (Cell Signal-
ing Technology, 8242  T, 1:200), p-NF-κB (Affinity Bio-
sciences, AF2006, 1:100), IL-1β (Abcam, ab9722, 1:200), 
IL-6 (Affinity Biosciences, DF6087, 1:200), TNF-α (Affin-
ity Biosciences, AF7014, 1:200), NeuN (Merck, MAB377, 
1:200), GFAP (Abcam, ab4648, 1:100), and Sst (Abcam, 
ab111912, 1:100) diluted in hybridization solution were 
then incubated with the vlPAG sections at 4 °C overnight. 
The sections were subsequently incubated with fluores-
cein secondary antibodies conjugated with Cy3 or Alexa 
Fluor 488 at room temperature (approximately 26  °C) 
for 1 h. Finally, the sections were stained with DAPI and 
imaged using a confocal microscope (Nikon) equipped 
with a digital camera.

Western blotting
The proteins extracted from the vlPAG were quantified 
using a BCA protein assay kit, separated on SDS‒PAGE 
gels, and transferred onto PVDF membranes. TBST with 
3% skim milk was applied to block the PVDF membranes 
with gentle shaking at room temperature (approximately 
26  °C) for 1  h to avoid nonspecific binding. Primary 
antibodies against YTHDF1 (Proteintech, 26,787–1-
AP, 1:1000), NF-κB (Cell Signaling Technology, 8242  T, 
1:1000), p-NF-κB (Affinity Biosciences, AF2006, 1:1000), 
IL-1β (Abcam, ab9722, 1:1000), IL-6 (Affinity Bio-
sciences, DF6087, 1:1000), TNF-α (Affinity Biosciences, 
AF7014, 1:1000) and GAPDH (Fude Biological Tech-
nology, FD0063, 1:1000) were then incubated with the 
PVDF membranes at 4 °C overnight. After the membrane 
was rinsed three times with TBST, it was incubated for 
1 h with an anti-rabbit IgG secondary antibody at room 
temperature. Immunostained bands were detected using 
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Immobilon Western Chemiluminescent HRP Substrate 
(Millipore, WBKLS0500) and an Image Quant LAS 4000 
mini system (GE Healthcare). Band intensities were ana-
lyzed using ImageJ and normalized to those of GAPDH.

RNA extraction and real‑time quantitative polymerase 
chain reaction (PCR)
TRIzol was used to extract total DNA from the vlPAG, 
and reverse transcription was performed using the poly-
merase chain reaction (PCR) production kit (Accurate 
Biology, AG 11706) according to the manufacturer’s 
instructions. The primer pair of YTHDF1 used for qRT‒
PCR was as follows: forwards: 5′-ACC TGT CCA GCT 
ATT ACC CG-3′, reverse: 5′-TGG TGA GGT ATG GAA 
TCG GAG-3′. The reaction cycling conditions were as 
follows: initial denaturation at 95 °C for 3 min, followed 
by 40 thermal cycles of 10 s at 95  °C, 20 s at 58  °C, and 
10 s at 72 °C. The ratio of mRNA expression in the vlPAG 
tissues was analyzed via the  2−ΔΔCT method.

Dendritic spine analysis
One month before the morphine withdrawal model was 
established, sparsely labeled viruses, Hysn-FLP:FDIO-
EGFP, Vgat-FLP:FDIO-EGFP, and Sst-FLP:FDIO-EGFP, 
obtained from Brain Case Biotechnology Corporation 
(Shenzhen, China), were injected into the mouse vlPAG 
to label the morphology of the dendritic spines. We used 
a laser confocal microscope to capture images of den-
dritic spines in multilayer Z-axes, and reconstructed the 
dendritic spine images. The spines were classified into 
one of four morphological subtypes: filopodial, thin, 
stubby, or mushroom shaped. ImageJ was used (http:// 
rsbweb. nih. gov/ ij) to calculate the density of thin, stubby, 
and mushroom-shaped dendritic spines. Approximately 
10 randomly selected neurons were analyzed per con-
dition across two coverslips. The density of spines was 
scored in dendritic segments 10  μm in length. Finally, 
we counted and used the number of dendritic spines per 
10 μm to describe the density of the dendritic spines.

Electrophysiological recordings
The mice were deeply anesthetized with pentobarbital 
sodium and decapitated. Coronal slices (250  μm thick) 
containing the vlPAG were prepared using a vibratome 
(VT1200S, Leica) in ice-cold cutting solution contain-
ing the following components: 110 mM choline chloride, 
2.5  mM KCl, 1.3  mM  NaH2PO4, 7  mM  MgCl2·6H2O, 
0.5  mM  CaCl2·2H2O, 25  mM  NaHCO3, and 20  mM 
D-glucose. Slices were recovered at 32  °C for 30  min 
in artificial cerebrospinal fluid (ACSF) containing 
125 mM NaCl, 2.5 mM KCl, 2 mM  CaCl2·2H2O, 1.3 mM 
 NaH2PO4, 25  mM  NaHCO3, 1.3  mM  MgCl2·6H2O, and 
10 mM D-glucose, equilibrated with 95/5%  O2/CO2. The 

brain slices were incubated at room temperature until 
they were transferred into a recording chamber.

AAV-EF1α-DIO-EGFP along with Vgat-Cre were 
used to label GABAergic neurons in the vlPAG. AAV-
EF1α-DIO-EGFP along with Sst-Cre were used to label 
the Sst-expressing neurons in the vlPAG. A P97 micro-
pipette puller was used to prepare borosilicate pipettes 
with a resistance of 3 to 5 megohms. A Multiclamp 700B 
amplifier and Digidata 1550A with pClamp 10.6 software 
(Molecular Devices) were used to perform electrophysi-
ological recordings. Whole-cell voltage clamp recording 
was performed to measure mIPSCs. The mIPSCs were 
recorded using a bath solution that contained block-
ers of sodium channel currents (1  μM tetrodotoxin, 
Sigma, 554,412) and glutamatergic synaptic transmission 
(10  μM DNQX, Sigma, D0540), with the pipette solu-
tion containing 140  mM CsCl, 10  mM HEPES, 4  mM 
 MgCl2·6H2O, 0.5  mM EGTA, 4  mM  Na2ATP, 0.4  mM 
 Na4GTP, and 10 mM QX-314 (pH 7.3, 297 mOsm). The 
recordings lasted for more than 10  min at a − 70-mV 
holding potential for the mIPSCs, ensuring that 1–2 min 
of stable data were recorded for analysis. Clampfit v10.6 
software (Molecular Devices) was used to initially pro-
cess the data from the voltage clamp recordings. mIPSCs 
were detected and analyzed using MiniAnalysis (Synap-
tosoft). The threshold for mIPSC detection was 10 pA. 
Automatic detection was manually verified post hoc. Sta-
tistical analysis and data plotting were performed using 
GraphPad Prism v9.2.

Bioinformatic analysis of single‑cell RNA sequencing data
The raw single-cell RNA sequencing (scRNA-seq) data 
from GBM samples (GSE240626) [32, 33] were obtained 
from the Gene Expression Omnibus (GEO, http:// www. 
ncbi. nlm. nih. gov/ geo/) database. Codes are available 
on request. The R package “DoubletFinder” algorithm 
(https:// github. com/ chris- mcgin nisuc sf/ Doubl etFin der) 
[34]  was applied to computationally detect doublets. 
Doublets were removed from each sample individually, 
with an expected doublet rate of 0.05 and default param-
eters used otherwise. The remaining cells that survived 
the doublet-detection filtering criteria were single cells. 
The R package Seurat (version 3.2.3, https:// satij alab. org/ 
seurat) [35] was subsequently used to combine and con-
vert the expression information of the remaining cells to 
the Seurat object. Next, the cells that had fewer than 101 
UMIs, expressed fewer than 501 genes, or had more than 
15% UMIs linked to mitochondrial genes were removed. 
Next, the NormalizeData and ScaleData functions of the 
Seurat package were run. We integrated the scRNA-seq 
data with the Harmony algorithm (https:// github. com/ 
immun ogeno mics/ harmo ny) [36] to correct for the batch 
effect. We obtained cell clusters using the FindCluster 

http://rsbweb.nih.gov/ij
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https://github.com/immunogenomics/harmony
https://github.com/immunogenomics/harmony
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function of the Seurat package and visualized cells with 
the uniform manifold approximation and projection 
(UMAP) algorithm.

We annotated the cell clusters based on their average 
gene expression of canonical markers, including epend-
ymocyte (Dnah11), ASTRO (Slca10), microglial (Cx3cr1), 
endothelial (Pecam), OLIGOS (S100b/Opalin), inhibitory 
neuron (Gad2), and excitatory neuron (slc17a6/Slc17a8/
Tph2/Gabra6) markers, which were consistent with the 
original studies.

Statistical analysis
The data were analyzed using SPSS (SPSS version 
25.0; IBM, USA). All the data are presented as the 
means ± standard errors of the means (SEMs). All the 
statistical analyses were two-tailed comparisons. Two-
sample independent t tests and Mann‒Whitney U tests 
were used to analyze the data, when appropriate. A P 
value less than 0.05 was considered statistically signifi-
cant (N.S. = not significant, P > 0.05; *P < 0.05, **P < 0.01, 
and ***P < 0.001).

Results
YTHDF1 was upregulated in the vlPAG of mice 
with morphine withdrawal, and YTHDF1 knockdown 
relieved morphine withdrawal responses
We first established a naloxone-precipitated mor-
phine withdrawal model to explore the effects of vlPAG 
YTHDF1 on morphine withdrawal-induced somatic 
signs and conditioned place aversion (CPA) (Fig.  1a–b). 
After chronic exposure to morphine, naloxone elic-
ited physical signs of morphine withdrawal (Fig. 1c) and 
induced CPA (Fig.  1d) without affecting the ability of 
the animals to move (Fig.  1e). In the naloxone-precipi-
tated morphine withdrawal model mice, the number of 
c-fos+ neurons was significantly increased in the vlPAG 
(Fig. 1f ), indicating increased neuronal activation in the 
vlPAG. Using AAV-hSyn-GCaMp6s, we found that the 
 Ca2+ signal in the vlPAG was markedly increased in mor-
phine withdrawal model mice (Fig.  1g–h), which also 
indicated increased neuronal activity. The density of den-
dritic spines, marked by Hysn-FLP:FDIO-EGFP, was sig-
nificantly greater in the morphine-withdrawal mice than 
in the control mice (Fig. 1i), indicating increased synaptic 
activity. After the nonselective detection of mIPSCs in 
vlPAG neurons, the results revealed that the frequency of 
mIPSCs increased in morphine withdrawal model mice 
(Fig. 1j–k) without a significant change in the amplitude 
of mIPSCs (Fig. 1l), indicating increased inhibitory syn-
aptic transmission during morphine withdrawal.

Next, we explored the role of vlPAG YTHDF1 in mor-
phine withdrawal. The PCR results revealed that the 
relative expression of the YTHDF1 mRNA in the vlPAG 

was increased in the morphine withdrawal model mice 
(Fig.  2a). Both the WB and IHC results revealed a sig-
nificant increase in YTHDF1 expression in the morphine 
withdrawal model mice (Fig.  2b–c). We knocked down 
the expression of vlPAG YTHDF1 in wild-type (WT) 
mice and  YTHDF1flox/flox  (YTHDF1fl/fl) mice to further 
confirm the role of vlPAG YTHDF1 in morphine with-
drawal responses. We injected CMV-Cre along with 
AAV-DIO-YTHDF1-shRNA into the vlPAG of WT mice 
to knock down YTHDF1. Downregulation of vlPAG 
YTHDF1 effectively alleviated all somatic signs of mor-
phine withdrawal, including jumps, paw tremors, teeth 
chattering, wet-dog shakes, diarrhea, and loss of body 
weight, and lowered the morphine withdrawal score 
(Fig.  2d). The aversion score improved after the knock-
down of vlPAG YTHDF1 (Fig.  2e). The knockdown of 
YTHDF1 resulted in a decreased number of c-fos + neu-
rons (Fig.  2f ) and a reduced density of dendritic spines 
(Fig.  2g), indicating attenuated neuronal and synaptic 
activity in mice with YTHDF1 knockdown subjected to 
morphine withdrawal. Similar results were observed in 
the  YTHDF1fl/fl mice. CMV-Cre-EGFP was used to con-
ditionally knock down YTHDF1 in  YTHDF1fl/fl mice. 
Knocking down vlPAG YTHDF1 in  YTHDF1fl/fl mice also 
relieved the physical symptoms of morphine withdrawal 
and reduced the morphine withdrawal score (Fig.  2h), 
along with improving the aversion score (Fig. 2i). We also 
detected diminished c-fos signals (Fig. 2j) and a reduced 
dendritic spine density (Fig. 2k) in the  YTHDF1fl/fl mice 
treated with CMV-Cre-EGFP. These data suggest that 
the downregulation of vlPAG YTHDF1 could be benefi-
cial for the modulation of morphine withdrawal-related 
somatic signs and CPA and that this modulation might be 
relevant to neuronal and synaptic activity in the vlPAG.

YTHDF1 from vlPAG inhibitory neurons facilitated 
morphine withdrawal responses
We reanalyzed the single-cell RNA sequencing (scRNA-
seq) data from a previous study to examine the expres-
sion of the YTHDF1 gene in each cell type in the vlPAG 
[32, 33]. A total of 12,638 cell transcriptomes were 
retained for subsequent analysis and were annotated 
into 11 major cell types (Fig. 3a–c). We found that most 
neurons in the vlPAG that expressed YTHDF1 were 
either excitatory neurons or inhibitory neurons. We 
further verified this finding through the results of IHC 
shown in Fig.  3d–e, which indicated that YTHDF1 was 
co-expressed in CamkIIα + neurons or Vgat + neurons 
in the vlPAG. More information about the normalized 
expression of cell markers in each cell cluster is shown in 
Additional file 1: Fig. S2, and the expression of YTHDF1 
in NeuN + , CX3CR1 + , and GFAP + neurons is shown in 
Additional file 1: Fig. S3.
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As different subtypes of neurons in the vlPAG have 
been reported to possibly exert different effects [9], we 
next selectively knocked down YTHDF1 originating 
from inhibitory or excitatory neurons to investigate the 
roles of different vlPAG neurons in morphine withdrawal 
responses. First, we investigated the action of excitatory 
neurons in the vlPAG. AAV-CamkIIα-Cre along with 
AAV-DIO-YTHDF1-shRNA were utilized to specifically 
knock down YTHDF1 expression in excitatory neurons 
in WT mice. The results revealed that the somatic signs 

of morphine withdrawal were not alleviated (Fig.  4a), 
and the aversion scores did not differ significantly 
between the two groups (Fig. 4b). We also knocked down 
YTHDF1 originating from vlPAG excitatory neurons in 
 YTHDF1fl/fl mice. Similarly, knocking down YTHDF1 in 
vlPAG excitatory neurons in  YTHDF1fl/fl mice did not 
cause significant changes in the somatic signs of mor-
phine withdrawal (Fig. 4c) or aversion scores (Fig. 4d).

We subsequently investigated the effect of YTHDF1 
from inhibitory neurons on morphine withdrawal 

Fig. 2 vlPAG YTHDF1 was upregulated in morphine withdrawal model mice, and YTHDF1 knockdown attenuated morphine withdrawal responses. 
a The relative expression of the YTHDF1 mRNA was increased in morphine withdrawal model mice (***P < 0.001, t test, n = 6). b Western blotting 
revealed that YTHDF1 expression was increased in morphine withdrawal model mice (***P < 0.001, t test, n = 6). c IHC images showing that YTHDF1 
expression was upregulated after morphine withdrawal. Scale bar = 100 μm. d The morphine withdrawal score (***P < 0.001, t test, n = 10) 
of WT mice was significantly lower after the knockdown of vlPAG YTHDF1. e Aversion was alleviated in WT mice after the knockdown of vlPAG 
YTHDF1 (***P < 0.001, t test, n = 10). f IHC images showing that the number of c-fos + neurons was decreased in WT mice after the knockdown 
of vlPAG YTHDF1 (scale bar = 100 μm), and the corresponding statistical results are shown (***P < 0.001, t test, n = 6). g The density of dendritic 
spines was significantly reduced in WT mice after the knockdown of vlPAG YTHDF1 (***P < 0.001, t test, n = 6). h The morphine withdrawal score 
(***P < 0.001, t test, n = 10) of the  YTHDF1fl/fl mice was significantly lower after vlPAG YTHDF1 was knocked down. i Aversion was alleviated 
in  YTHDF1fl/fl mice after the knockdown of vlPAG YTHDF1 (***P < 0.001, t test, n = 10). j IHC images showing that the number of c-fos + neurons 
was reduced in  YTHDF1fl/fl mice after the knockdown of vlPAG YTHDF1 (scale bar = 100 μm), and the corresponding statistical results are shown 
(**P < 0.01, t test, n = 6). k The density of dendritic spines was significantly reduced in  YTHDF1fl/fl mice after the knockdown of vlPAG YTHDF1 
(***P < 0.001, t test, n = 6). The data are shown as the means ± SEMs
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responses. AAV-Vgat-Cre along with AAV-DIO-
YTHDF1-shRNA were injected into the vlPAG of WT 
mice to selectively knock down YTHDF1 expression 
in inhibitory neurons. The knockdown of YTHDF1 in 
vlPAG inhibitory neurons relieved the physical symptoms 
of morphine withdrawal, reduced the morphine with-
drawal score (Fig. 4e), and improved the morphine with-
drawal-induced CPA (Fig. 4f ). We performed additional 
tests using  YTHDF1fl/fl mice injected with AAV-Vgat-Cre 
and Gad2-Cre mice injected with AAV-DIO-YTHDF1-
shRNA. The somatic signs of morphine withdrawal and 
CPA performance improved when the expression of 
YTHDF1 in inhibitory neurons was inhibited in both 
the  YTHDF1fl/fl mice (Fig. 4g–h) and the Gad2-Cre mice 

(Fig. 4i–j). These results indicate that YTHDF1 originat-
ing from inhibitory neurons, but not excitatory neurons, 
in the vlPAG participates in the modulation of morphine 
withdrawal-related somatic signs and CPA.

YTHDF1 may modulate morphine withdrawal responses 
through NF‑κB
Since YTHDF1 expressed in vlPAG inhibitory neurons 
regulates morphine withdrawal responses, the underly-
ing mechanism is worthy of investigation. Our previous 
study demonstrated that the YTHDF1‒TRAF6 path-
way contributes to morphine tolerance and hyperalge-
sia in the PAG by regulating proinflammatory cytokines 
and the transcription factor related to inflammatory 

Fig. 3 Expression level of the YTHDF1 gene in different cell types in the vlPAG based on single-cell RNA-seq data. a UMAP plot of 12,638 single 
cells grouped into 11 major cell types in the vlPAG. Each dot represents a single cell, which is colored according to the cell type. b Feature plot 
of the normalized expression of the YTHDF1 gene in each cell type in the vlPAG; the depth of color from gray to blue represents low to high 
expression. c The expression level of the YTHDF1 gene in each cell cluster in the vlPAG. d–e IHC images depicting the co-expression of YTHDF1 
in CamkIIα + (d) and Vgat + (e) neurons
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response, including IL-1β, IL-6, TNF-α, and NF-κB [14]. 
Whether the interaction between YTHDF1 and proin-
flammatory cytokines or transcription factors related to 
inflammatory response from vlPAG inhibitory neurons 
affects the process of morphine withdrawal needs clari-
fication. We analyzed the single-cell sequencing data to 
determine the expression levels of IL-1β, IL-6, TNF-
α, and NF-κB in the vlPAG. As shown in Fig. 5a–i, only 
NF-κB, but not IL-1β, IL-6, or TNF-α, was found to be 
expressed in the inhibitory neurons. Thus, we next inves-
tigated the effect of YTHDF1-NF-κB from vlPAG inhibi-
tory neurons on morphine withdrawal responses. In the 
morphine withdrawal model mice, Vgat-Cre and DIO-
YTHDF1-shRNA were injected into the vlPAG to inhibit 
the expression of YTHDF1 in the inhibitory neurons. The 
levels of IL-1β, IL-6, TNF-α, and NF-κB were examined 
through IHC and western blotting after the inhibition of 
YTHDF1. After the inhibition of YTHDF1, the levels of 
NF-κB and p-NF-κB were reduced (Fig.  6a–c), whereas 
the expression of IL-1β, IL-6, or TNF-α was not signifi-
cantly changed (Additional file 1: Fig. S4). The WB results 

revealed that the reduction in the p-NF-κB level was 
greater than that in the NF-κB level (Fig.  6c), implying 
that the phosphorylation level of NF-κB was also down-
regulated after the knockdown of YTHDF1. Thus, we 
speculate that YTHDF1 from vlPAG inhibitory neurons 
modulates morphine withdrawal responses by regulating 
the expression and phosphorylation of NF-κB.

Next, we examined neuronal and synaptic activity 
after the inhibition of YTHDF1 from vlPAG inhibitory 
neurons. The co-expression of c-fos and YTHDF1 in 
inhibitory neurons was significantly reduced in mor-
phine withdrawal model mice treated with Vgat-Cre 
along with DIO-YTHDF1-shRNA (Fig. 6d). We injected 
AAV-EF1α-DIO-GCaMp6s along with Vgat-Cre into 
the vlPAG to detect  Ca2+ signals in inhibitory neurons, 
and the results revealed that after the downregulation 
of YTHDF1 from the vlPAG inhibitory neurons, the 
 Ca2+ signal was obviously weakened (Fig.  6e–f ), sug-
gesting decreased neuroexcitability in the vlPAG neu-
rons after the downregulation of YTHDF1 in inhibitory 
neurons. Through labeling with Vgat-FLP:FDIO-EGFP 

Fig. 4 The knockdown of YTHDF1 in CamkIIα + neurons in the vlPAG had no effect on the morphine withdrawal response, whereas the knockdown 
of YTHDF1 in Vgat + neurons in the vlPAG attenuated the morphine withdrawal response. a The morphine withdrawal score of WT mice 
was not significantly affected after the knockdown of YTHDF1 in CamkIIα + neurons (N.S. = not significant, t test, n = 10). b The aversion score 
of WT mice did not change significantly after the knockdown of YTHDF1 in CamkIIα + neurons (N.S. = not significant, t test, n = 10). c The morphine 
withdrawal score of  YTHDF1fl/fl mice was not significantly affected after the knockdown of YTHDF1 in CamkIIα + neurons (N.S. = not significant, 
t test; n = 10). d The aversion score of  YTHDF1fl/fl mice did not change significantly after the knockdown of YTHDF1 in CamkIIα + neurons 
(N.S. = not significant, t test, n = 10). e The morphine withdrawal score of WT mice was decreased (***P < 0.001, Mann‒Whitney U test, n = 10) 
after the knockdown of YTHDF1 in Vgat + neurons. f Aversion was alleviated in WT mice after the knockdown of YTHDF1 in Vgat + neurons 
(**P < 0.01, t test, n = 10). g The morphine withdrawal score of  YTHDF1fl/fl mice was decreased (***P < 0.001, t test, n = 10) after the knockdown 
of YTHDF1 in Vgat + neurons. h Aversion was alleviated in  YTHDF1fl/fl mice after the knockdown of YTHDF1 in Vgat + neurons (**P < 0.01, t 
test, n = 10). i The morphine withdrawal score of Gad2-Cre mice was decreased (***P < 0.001, t test, n = 10) after the knockdown of YTHDF1 
in Vgat + neurons. j Aversion was alleviated in Gad2-Cre mice after the knockdown of YTHDF1 in Vgat + neurons (**P < 0.01, t test, n = 10). The data 
are shown as the means ± SEMs
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and knocking down YTHDF1 with Vgat-YTHDF1-
shRNA, we found that the density of dendritic spines 
was reduced after the inhibition of YTHDF1 in inhibi-
tory neurons (Fig.  6g). AAV-EF1α-DIO-EGFP along 
with Vgat-Cre were used to label GABAergic neurons 
in the vlPAG, followed by selective electrophysiologi-
cal recordings. The results revealed that the frequency 
of mIPSCs in the vlPAG decreased when the expres-
sion of YTHDF1 in inhibitory neurons was knocked 
down, whereas the amplitude of mIPSCs remained 
the same (Fig.  6h–j), indicating the effect of YTHDF1 
on the inhibitory synaptic transmission intensity that 
participates in the modulation of morphine withdrawal 
responses. These results demonstrated that YTHDF1 
from vlPAG inhibitory neurons might alter the excit-
ability of neurons and the intensity of inhibitory syn-
aptic transmission, facilitating morphine withdrawal 
responses.

YTHDF1 from Sst‑expressing neurons facilitated morphine 
withdrawal responses
GABAergic cells are the primary source of inhibition 
in the adult brain, and different subtypes of GABAer-
gic neurons perform certain functions in the brain [37]. 
Next, we aimed to explore whether different subtypes of 
inhibitory neurons in the vlPAG exert different effects 
during morphine withdrawal. The neuropeptide soma-
tostatin (Sst), the calcium-binding protein parvalbu-
min (PV), and the ionotropic serotonin receptor 5HT3a 
(5HT3aR) are the three main markers of GABAergic 
inhibitory neurons [38]. The scRNA-seq data of the 
Gad2 + inhibitory neurons extracted from the GEO sam-
ple GSE240626 [32, 33] were used to explore the expres-
sion of the YTHDF1 and NF-κB genes in each inhibitory 
neuron cluster in the vlPAG, and a total of 4791 cell tran-
scriptomes were retained for subsequent analysis and 
annotated into 7 major inhibitory neuron clusters (Fig. 7). 

Fig. 5 Expression levels of the IL-1β, IL-6, TNF-α, and NF-κB genes in different cell types in the vlPAG based on single-cell RNA-seq data. a–d Violin 
plots showing the expression levels of the TNF-α (a), IL-1β (b), IL-6 (c), and NF-κB (d) genes in each cell cluster in the vlPAG. e–h Feature plots 
of the normalized expression of the TNF-α (e), IL-1β (f), IL-6 (g), or NF-κB (h) genes in each cell type in the vlPAG. (i) Dot plot showing the expression 
levels of YTHDF1, TNF-α, IL-1β, IL-6, and NF-κB in each cell cluster in the vlPAG
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More information about the normalized expression of 
cell markers in each cell cluster is shown in Additional 
file  1: Fig. S5. As shown in Fig.  7, YTHDF1 and NF-κB 

were expressed in Sst-expressing inhibitory neurons in 
the vlPAG.

We further investigated the relationship between 
YTHDF1 in Sst-expressing neurons and the level of 

Fig. 6 The levels of NF-κB and p-NF-κB were downregulated after the knockdown of YTHDF1 in Vgat + neurons in the vlPAG. a–b IHC images 
showing the co-expression of YTHDF1 and NF-κB (a) or p-NF-κB (b); the levels of NF-κB (a) and p-NF-κB (b) were reduced after the knockdown 
of YTHDF1 in Vgat + neurons in the vlPAG. c Western blotting revealed that the expression of NF-κB (***P < 0.001, t test, n = 6) and the ratio 
of p-NF-κB to NF-κB (*P < 0.05, t test, n = 6) were reduced after the knockdown of YTHDF1 in Vgat + neurons in the vlPAG. d IHC images showing 
the reduced expression of YTHDF1 in c-fos + neurons after the knockdown of YTHDF1 in Vgat + neurons in the vlPAG (scale bar = 100 μm), 
and the corresponding statistical results are shown (**P < 0.01, t test, n = 6). e–f  Ca2+ signaling was reduced in morphine withdrawal model mice 
after the inhibition of YTHDF1 in vlPAG inhibitory neurons; the corresponding mean GCaMp6s signal along with the statistical results are shown 
(***P < 0.001, t test, n = 6). g The density of dendritic spines was significantly reduced after the knockdown of YTHDF1 in Vgat + neurons in the vlPAG 
(**P < 0.01, t test, n = 6). h–j Representative traces of mIPSCs recorded in vlPAG GABAergic neurons from morphine withdrawal model mice 
and statistical data for the average frequency and amplitude of mIPSCs show the decreased mIPSC frequency after the knockdown of YTHDF1 
in vlPAG GABAergic neurons (**P < 0.01, t test, n = 6). The data are shown as the means ± SEMs
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NF-κB to obtain more information about the pathway 
involved in the modulation of morphine withdrawal 
responses. When we knocked down YTHDF1 in vlPAG 
Sst-expressing neurons in normal mice, the levels of 
NF-κB and p-NFκB were reduced without affecting the 
ratio of p-NF-κB to NF-κB (Fig. 8a). The overexpression 
of YTHDF1 in vlPAG Sst-expressing neurons in normal 
mice resulted in the upregulation of NF-κB and p-NF-κB 
without affecting the ratio of p-NF-κB to NF-κB (Fig. 8b). 
We then knocked down YTHDF1 in vlPAG Sst-express-
ing neurons in morphine withdrawal model mice, result-
ing in the downregulation of both NF-κB and p-NFκB 
and slightly reduced p-NF-κB/NF-κB values (Fig. 8c). This 

finding was verified through the results of IHC (Fig. 8d–
e). Inhibition of YTHDF1 in vlPAG Sst-expressing neu-
rons relieved morphine withdrawal-related somatic signs 
(Fig. 8f ) and aversion (Fig. 8g). We further confirmed that 
the knockdown of NF-κB in Sst-expressing neurons alle-
viated the physical symptoms of morphine withdrawal 
and the aversion response (Additional file 1: Fig. S6). We 
also selectively knocked down YTHDF1 expression in dif-
ferent inhibitory neurons to compare the outcomes. We 
found that the knockdown of YTHDF1 in Cck-express-
ing or PV-expressing neurons did not cause changes in 
morphine withdrawal-induced responses (Additional 
file  1: Fig. S6). Again, we tested neuronal and synaptic 

Fig. 7 Expression levels of the YTHDF1 or NF-κB genes in different types of inhibitory neurons in the vlPAG based on single-cell RNA-seq data. 
a UMAP plot of 4791 single cells grouped into 7 major types of inhibitory neurons among the Gad2 + inhibitory neurons in the vlPAG. Each dot 
represents a single cell, which is colored according to the cell type. b Feature plots of the normalized expression of marker genes in different 
types of inhibitory neurons in the vlPAG; the depth of color from gray to blue represents low to high expression. c Violin plots of the normalized 
expression of marker genes in different types of inhibitory neurons in the vlPAG. d Dot plot showing the expression levels of YTHDF1, TNF-α, IL-1β, 
IL-6, and NF-κB in each inhibitory neuron cluster in the vlPAG. e Feature plot of the normalized expression of the YTHDF1 gene in each inhibitory 
neuron cluster in the vlPAG. f Violin plot of the normalized expression of the YTHDF1 gene in each inhibitory neuron cluster in the vlPAG. g Feature 
plot of the normalized expression of the NF-κB gene in each inhibitory neuron cluster in the vlPAG. h Violin plot of the normalized expression 
of the NF-κB gene in each inhibitory neuron cluster in the vlPAG
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activity after the inhibition of YTHDF1 in Sst-express-
ing neurons. After the knockdown of YTHDF1 in Sst-
expressing neurons, the co-expression of YTHDF1 and 
c-fos was significantly decreased (Fig.  9a). We injected 
AAV-EF1α-DIO-GCaMp6s with Sst-Cre into the vlPAG 
to detect  Ca2+ signals in Sst-expressing neurons, and 
downregulation of YTHDF1 in Sst-expressing neurons 
elicited a notable reduction in  Ca2+ signals in the vlPAG 
(Fig.  9b–c), similar to the downregulation of YTHDF1 
in inhibitory neurons. The density of dendritic spines in 
Sst-expressing neurons, marked by Sst-FLP:FDIO-EGFP, 

was reduced with the downregulation of YTHDF1 in Sst-
expressing neurons (Fig. 9d). By recording the mIPSCs of 
Sst-expressing neurons, we found that the frequency of 
mIPSCs in the vlPAG was significantly decreased without 
significant changes in the amplitude of mIPSCs (Fig. 9e–
g), indicating that inhibitory synaptic transmission was 
reduced when Sst-expressing neurons were inhibited. 
These results indicate that the vlPAG YTHDF1 that par-
ticipates in modulating morphine withdrawal responses 
originates from Sst-expressing neurons. Therefore, we 
assume that the modulation of morphine withdrawal 

Fig. 8 The knockdown of YTHDF1 in Sst-expressing neurons in the vlPAG resulted in the downregulation of NF-κB and p-NF-κB and attenuated 
morphine withdrawal responses. a Western blotting revealed that the expression of NF-κB was decreased (**P < 0.01, t test, n = 6) 
after the knockdown of YTHDF1 in Sst-expressing neurons in the vlPAG of normal mice, without affecting the ratio of p-NF-κB to NF-κB (N.S. = not 
significant, t test, n = 6). b Western blotting revealed that the expression of NF-κB was increased (**P < 0.01, t test, n = 6) after the overexpression 
of YTHDF1 in Sst-expressing neurons in the vlPAG of normal mice, but the ratio of p-NF-κB to NF-κB was not significantly different (N.S. = not 
significant, t test, n = 6). c Western blotting revealed that the expression of NF-κB (**P < 0.01, t test, n = 6) and the ratio of p-NF-κB to NF-κB (*P < 0.05, 
t test, n = 6) were reduced after the knockdown of YTHDF1 in Sst-expressing neurons in the vlPAG of morphine withdrawal model mice. d–e IHC 
images showing the co-expression of NF-κB (d) or p-NF-κB (e) and YTHDF1, revealing reduced NF-κB (d) or p-NF-κB (e) levels after the knockdown 
of YTHDF1 in Sst-expressing neurons in the vlPAG. f The morphine withdrawal score (***P < 0.001, t test, n = 10) was decreased after the knockdown 
of YTHDF1 in Sst-expressing neurons in the vlPAG. g Aversion was alleviated after the knockdown of YTHDF1 in Sst-expressing neurons in the vlPAG 
(**P < 0.01, t test, n = 10). The data are shown as the means ± SEMs
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responses is mediated mainly by YTHDF1 in vlPAG Sst-
expressing inhibitory neurons by regulating the expres-
sion and phosphorylation level of NF-κB and mediating 
the neuronal and synaptic activities of Sst-expressing 
inhibitory neurons.

Discussion
In the present study, we showed that YTHDF1 is upregu-
lated in the vlPAG of morphine withdrawal model mice. 
The knockdown of vlPAG YTHDF1 in inhibitory neu-
rons, but not excitatory neurons, alleviates the morphine 

withdrawal response. In addition, only YTHDF1 in Sst-
expressing neurons, rather than in PV-expressing or 
Cck-expressing neurons, affects morphine withdrawal 
responses. Morphine withdrawal causes increased neu-
ronal activity and inhibitory synaptic transmission in 
mice, which can be reversed by the inhibition of YTHDF1 
originating from inhibitory neurons and Sst-expressing 
neurons in the vlPAG. Downregulation of YTHDF1 leads 
to decreased levels of NF-κB and p-NF-κB. In addition, 
the knockdown of NF-κB in Sst-expressing neurons also 
attenuates the morphine withdrawal responses. The 

Fig. 9 Knockdown of YTHDF1 in Sst-expressing neurons attenuated neuronal activity and inhibited synaptic transmission in the vlPAG. a 
IHC images showing the reduced co-expression of YTHDF1 in c-fos + neurons after the knockdown of YTHDF1 in Sst-expressing neurons 
in the vlPAG (scale bar = 100 μm); the corresponding statistical results are shown (***P < 0.001, t test, n = 6). b–c  Ca2+ signaling was reduced 
in morphine withdrawal model mice after the inhibition of YTHDF1 in vlPAG Sst-expressing neurons, and the corresponding mean GCaMp6s 
signal, along with the statistical results are shown (***P < 0.001, t test, n = 6). d The density of dendritic spines was significantly reduced 
after the knockdown of YTHDF1 in Sst-expressing neurons in the vlPAG (**P < 0.01, t test, n = 6). e–g Representative traces of mIPSCs recorded 
in vlPAG Sst-expressing neurons from morphine withdrawal mice and statistical data for the average frequency and amplitude of mIPSCs showing 
the decreased mIPSC frequency after the knockdown of YTHDF1 in vlPAG Sst-expressing neurons (**P < 0.01, t test, n = 6). The data are shown 
as the means ± SEMs
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YTHDF1-NF-κB pathway in Sst-expressing neurons in 
the vlPAG participates in modulating morphine with-
drawal responses.

The role of the PAG in the process of morphine with-
drawal has been suggested in published studies [39, 40]. 
Our previous study showed that GABAergic neurons in 
the vlPAG can modulate morphine withdrawal-induced 
conditioned place aversion [9]. This finding is consist-
ent with the present study. As the most prevalent inter-
nal RNA modification of mammalian mRNAs,  m6A has 
been reported to modulate neuronal functions, includ-
ing dopaminergic signaling in the mouse midbrain [41]. 
Upregulation of  m6A has been observed with increasing 
behavioral experience and memory formation [12, 42]. 
YTHDF1, an  m6A-binding protein, can facilitate behavio-
ral experiences and memory processes through its ability 
to modulate  m6A-modified mRNAs [43]. We demon-
strated that the levels of YTHDF1 and its relative mRNA 
expression in the vlPAG are increased in morphine 
withdrawal model mice. The physical symptoms and 
CPA induced by morphine withdrawal might be directly 
related to the upregulation of YTHDF1 in the vlPAG. 
This result is supported by the finding that not only the 
somatic signs of morphine withdrawal but also the aver-
sion score improved after the knockdown of YTHDF1 
in the vlPAG of WT mice and  YTHDF1fl/fl mice. In the 
present study, the results revealed that YTHDF1 from 
the inhibitory neurons in the vlPAG affects the mor-
phine withdrawal response, whereas YTHDF1 from 
the excitatory neurons is unlikely to cause changes in 
the response. We previously reported that the inhibi-
tion of vlPAG GABAergic neurons significantly attenu-
ates the conditioned place aversion (CPA) induced by 
naloxone-precipitated morphine withdrawal, whereas 
the activation or inhibition of glutamatergic neurons 
or the activation of GABAergic neurons does not affect 
or alter the CPA response [9]. However, Sst-expressing 
glutamatergic neurons in the lateral/ventrolateral PAG 
might facilitate mechanical and thermal hypersensitivity 
and affect behavior in mice with neuropathic pain [44]. 
The discrepancy between the results of these studies is 
probably due to the factors being studied and the differ-
ences in the neural circuits that mediate morphine with-
drawal and neuropathic pain. The midbrain PAG plays a 
pivotal role in integrating a range of analgesic, behavio-
ral, and autonomic responses to threat, stress, and pain 
[45]. Opioids and cannabinoids are thought to activate 
descending analgesic pathways by relieving GABAergic 
inhibition of the PAG [46, 47]. The inhibitory control of 
PAG descending outputs is thought to be derived from 
GABAergic interneurons within this brain structure [16, 
48]. Lau et al. reported that opioids activate the descend-
ing PAG-RVM analgesic pathway by relieving GABAergic 

inhibition of PAG neurons, which project to the RVM 
[49]. Bryony et al. showed that opioids nonselectively dis-
inhibit PAG output neurons and interneurons by acting 
on both intrinsic and extrinsic GABAergic neurons [50]. 
When morphine administration is terminated in mice, 
the effect of relieving the GABAergic inhibition of PAG 
is weakened, with the upregulation of YTHDF1 expres-
sion in inhibitory neurons. Therefore, when YTHDF1 
originating from vlPAG inhibitory neurons is knocked 
down, the inhibitory effects of the inhibitory neurons 
mediated by YTHDF1 are weakened, which could be one 
of the important pathways for the modulation of mor-
phine withdrawal responses. Compared with those of 
normal mice, the number of c-fos + neurons was greater, 
the calcium signal was stronger in morphine withdrawal 
model mice, and the density of dendritic spines and the 
frequency of mIPSCs were greater. These results indicate 
that the morphine withdrawal response might be related 
to strengthened neuronal activity and inhibitory synaptic 
transmission in the vlPAG. The knockdown of YTHDF1 
in vlPAG inhibitory neurons and Sst-expressing neu-
rons, which attenuated morphine withdrawal responses, 
resulted in a decreased number of c-fos + neurons, weak-
ened calcium signals, a lower density of dendritic spines 
and a lower frequency of mIPSCs, suggesting that vlPAG 
YTHDF1 might regulate morphine withdrawal responses 
through the modulation of neuronal and synaptic activi-
ties. Our results revealed that, in morphine withdrawal 
model mice, the frequency of mIPSCs increased, whereas 
the activity of neurons increased. The increased fre-
quency of mIPSCs suggests increased inhibitory synap-
tic transmission, probably indicating hyperexcitability 
in GABAergic neurons in the PAG [51, 52]. We are not 
sure whether the increased levels of presynaptic inhibi-
tory transmitter could exert an auto-mediating effect on 
the neurons themselves and further affect neuroexcit-
ability. Moreover, we are not sure whether the release of 
other transmitters, such as glutamate, are altered, which 
might further affect the excitability of neurons [53]. 
The decreased frequency of mIPSCs suggested reduced 
inhibitory transmitter release. The interaction between 
the density of dendritic spines and the frequency of mIP-
SCs in this study requires additional experiments for 
verification.

In terms of neuron numbers, GABAergic neurons 
constitute 10 to 20% of the neuronal population across 
all cortical circuits [54, 55]. The response of subtypes of 
GABAergic interneurons (INs) to neuromodulators var-
ies, which profoundly affects the function of neocorti-
cal circuits and is responsible for the dynamic changes 
associated with different brain states and behavioral con-
texts [56]. The characterization of GABAergic neurons 
involves examining the expression of certain markers, 
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including the calcium-binding protein parvalbumin 
(PV), the neuropeptide somatostatin (Sst), and the iono-
tropic serotonin receptor 5HT3a (5HT3aR) [38]. PV, Sst, 
and 5HT3aR reportedly account for nearly 100% of the 
GABAergic neurons in the primary somatosensory cor-
tex, and Cck-expressing cells represent an important sub-
group of 5HT3aR interneurons. Sst- and PV-INs, which 
function in the prelimbic cortex as a disinhibitory archi-
tecture, are coordinated by morphine via different opioid 
receptors to disinhibit pyramidal neurons and enhance 
reward [57]. Kirstie et  al. reported that fear condition-
ing activates a heterogeneous neuronal population in 
the medial prefrontal cortex that is largely composed of 
Sst-INs [58]. Researchers have not clearly determined 
whether morphine withdrawal responses engage spe-
cific inhibitory neurons in the vlPAG. Thus, we explored 
the roles of different inhibitory neuron subtypes in the 
vlPAG in morphine withdrawal. Our analysis of scRNA-
seq data revealed that YTHDF1 is expressed within Sst-
expressing inhibitory neurons. Our results confirmed 
that the inhibition of YTHDF1 in Sst-expressing neurons 
in the vlPAG effectively alleviated somatic signs of mor-
phine withdrawal and morphine withdrawal-induced 
aversion. On the other hand, the expression of YTHDF1 
in PV-expressing inhibitory neurons or Cck-expressing 
inhibitory neurons was very low in the scRNA-seq analy-
sis. Our results indicated that the inhibition of YTHDF1 
in PV-expressing or Cck-expressing neurons in the 
vlPAG did not result in changes in morphine withdrawal 
responses. However, we cannot conclude that the PV-
expressing or Cck-expressing neurons in the vlPAG do 
not participate in the developmental process of morphine 
withdrawal. These neurons may participate in modula-
tion through other pathways.

We previously reported that D1R-MSNs or D2R-MSNs 
in the nucleus accumbens (NAc) contribute to the devel-
opmental process of morphine withdrawal but play dif-
ferent roles in aspects of behavior or psychology [59]. 
Zhu et al. observed that excitatory afferents arising from 
the paraventricular nucleus of the thalamus and basolat-
eral amygdala differentially control D2 and D1 MSNs in 
the NAc, leading to somatic and emotional abnormalities 
after withdrawal [60]. In the present study, we showed 
that the knockdown of YTHDF1 in inhibitory neurons 
in the vlPAG not only relieves somatic signs of morphine 
withdrawal but also improves the aversion response. This 
discrepancy might be due to the different brain regions 
and circuits studied. The downstream effect of YTHDF1 
from inhibitory neurons in the vlPAG remains unclear. 
Whether the inhibition of YTHDF1 in the vlPAG could 
simultaneously affect D1R-MSNs and D2R-MSNs in the 
NAc to alter the somatic signs of morphine withdrawal 
and aversion is not clear.

We have made efforts to investigate the role of the 
YTHDF1‒TRAF6 pathway in morphine tolerance and 
hyperalgesia [14]. We found that IL-1β, IL-6, TNF-α, and 
NF-κB are regulated by YTHDF1 in the PAG in the pre-
vious study [14]. However, only NF-κB, but not IL-1β, 
IL-6, or TNF-α, interfered with the morphine withdrawal 
response in the present study. The levels of NF-κB and 
p-NF-κB were reduced after the knockdown of vlPAG 
YTHDF1 in morphine withdrawal model mice, whereas 
the degree of reduction in p-NF-κB levels was greater 
than that in NF-κB levels. We found that the levels of 
NF-κB and p-NF-κB were reduced or increased simul-
taneously with the downregulation or upregulation of 
YTHDF1 in Sst-expressing neurons in normal mice, 
respectively, without causing a significant change in the 
ratio of p-NF-κB to NF-κB. Our speculation is that the 
level of NF-κB might be modulated by YTHDF1, whereas 
the level of p-NF-κB is regulated not only by YTHDF1 but 
also by morphine withdrawal. This finding is consistent 
with those of previous studies. Russo et al. documented 
that the inhibition of NF-κB decreases the number of 
basal dendritic spines on NAc neurons after chronic 
cocaine exposure and blocks the rewarding effects of 
cocaine and the ability of previous cocaine exposure to 
increase the preference for cocaine [61]. The phospho-
rylation of NF-κB in the NAc has been reported to play 
a critical role in morphine-induced conditioned place 
preference [62], and the inhibition of NF-κB has been 
reported to attenuate morphine-naloxone-induced opi-
oid withdrawal syndrome [63]. In this study, the results 
of the analysis of the scRNA sequencing data revealed 
that the expression levels of IL-1β, IL-6, and TNF-α were 
very low within the vlPAG inhibitory neurons. Proin-
flammatory cytokines, including IL-1β, IL-6, and TNF-α, 
are expressed mainly in microglia or astrocytes. In this 
study, we explored the reactions of these proinflamma-
tory cytokines in inhibitory neurons. Other cytokines, 
such as IL-1β, IL-6, and TNF-α, might modulate the 
state of neuroinflammation in mice with morphine with-
drawal through other pathways. Whether the inhibitory 
neurons in the vlPAG directly release inflammatory fac-
tors to mediate morphine withdrawal responses remains 
unclear, and more experiments are needed to confirm 
these findings.

This study has limitations. Notably, animals treated 
with saline instead of morphine were commonly used as 
controls for naloxone-precipitated withdrawal in other 
studies, which is different from our study design. A pre-
vious study showed that the administration of naloxone 
without chronic morphine exposure does not induce 
symptoms similar to those induced by morphine with-
drawal [60]. A more comprehensive approach for our 
study would be to include another control group in 
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which morphine was replaced with saline. Moreover, the 
detailed mechanism by which synaptic activity and elec-
trophysiology affect morphine withdrawal has not been 
revealed. The exact effect of NF-κB on the modulation 
of morphine withdrawal and its clear pathway are still 
uncertain.

Conclusions
In summary, our findings reveal that YTHDF1 originat-
ing from inhibitory neurons, especially Sst-expressing 
neurons in the vlPAG, is crucial for the modulation of 
morphine withdrawal responses and that the underly-
ing mechanism might be related to the regulation of the 
expression and phosphorylation of NF-κB. This mecha-
nism may provide a target for the management of opi-
oid withdrawal responses in the population with opioid 
addiction.
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Additional file 1: Figure S1-S7. Figure S1. Supplemental information on 
calcium signaling and virus efficiency. (a) Schematic of the method for 
expressing GCaMp6s. (b) Co-staining experiment of Sst-Cre + DIO-EGFP 
and an antibody against somatostatin showing the specificity of Sst-Cre 
as a promoter. (c-f ) Knockdown efficiency of the CMV-YTHDF1-shRNA 
(***P < 0.001, t test, n = 6), CamkIIα-YTHDF1-shRNA (**P < 0.01, t test, 
n = 6), Vgat-YTHDF1-shRNA (***P < 0.001, t test, n = 6), and Sst-YTHDF1-
shRNA (**P < 0.01, t test, n = 6). Figure S2. The normalized expression of 
cell markers in each cell cluster in the PAG. (a) Feature plots showing the 
normalized expression of cell markers in each cell cluster in the PAG. (b) 
Violin plots showing the normalized expression of cell markers (rows) in 
each cell cluster (columns) in the PAG. Cell clusters and the expression 
level of each gene are indicated on the x- and y-axes, respectively. Figure 
S3. Expression of YTHDF1 in certain types of neurons. (a) IHC images 
showing the expression of YTHDF1 in NeuN + neurons. (b) IHC images 
showing the expression of YTHDF1 in CX3CR1 + neurons. (c) IHC images 
showing the expression of YTHDF1 in GFAP + neurons. Figure S4. Expres-
sion levels of IL-1β, IL-6, and TNF-α after the knockdown of YTHDF1 in the 
vlPAG. (a-b) IHC images showing that the expression level of IL-1β was not 
significantly changed after the knockdown of YTHDF1 in the vlPAG (a), 
which was verified by the western blot results (N.S. = not significant, t test, 
n = 6) (b). (c-d) IHC images showing that the expression level of IL-6 was 
not significantly changed after the knockdown of YTHDF1 in the vlPAG 

(c), which was verified by the western blot results (N.S. = not significant, 
t test; n = 6) (d). (e–f ) IHC images showing that the expression level of 
TNF-α was not significantly changed after the knockdown of YTHDF1 in 
the vlPAG (e), which was verified by the western blot results (N.S. = not 
significant, t test, n = 6) (f ). Figure S5. The normalized expression of cellular 
markers of inhibitory neurons in each cell cluster in the vlPAG. (a) Feature 
plots showing the normalized expression of cellular markers of inhibitory 
neurons in each cell cluster in the vlPAG. (b) Violin plots showing the 
normalized expression of cellular markers of inhibitory neurons (rows) in 
each cell cluster (columns) in the vlPAG. Cell clusters and the expression 
level of each gene are indicated on the x- and y-axes, respectively. Figure 
S6. Supplemental information on the changes in morphine withdrawal 
responses under different conditions. (a) Morphine withdrawal scores 
(***P < 0.001, t test, n = 10) were decreased after NF-κB was knocked 
down in the Sst-expressing inhibitory neurons in the vlPAG. (b) Aversion 
was alleviated after the knockdown of NF-κB in Sst-expressing inhibi-
tory neurons in the vlPAG (**P < 0.01, t test, n = 10). (c-d) Feature plots of 
the normalized expression of the marker genes Pvalb (c) or CCK (d) in 
different inhibitory neuron clusters in the vlPAG. (e) Morphine withdrawal 
scores were not significantly affected after the knockdown of YTHDF1 in 
Pvalb-expressing inhibitory neurons in the vlPAG (N.S. = not significant, t 
test, n = 10). (f ) The aversion score did not change significantly after the 
knockdown of YTHDF1 in Pvalb-expressing inhibitory neurons in the 
vlPAG (N.S. = not significant, t test, n = 10). (g) The morphine withdrawal 
score was not significantly affected after the knockdown of YTHDF1 in the 
CCK-8-expressing inhibitory neurons in the vlPAG (N.S. = not significant, t 
test, n = 10). (h) The aversion score did not change significantly after the 
knockdown of YTHDF1 in CCK-expressing inhibitory neurons in the vlPAG 
(N.S. = not significant, t test, n = 10). Figure S7. Raw images of all western 
blots analysed in the present study.
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