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N E U R O S C I E N C E

Astrocytes contribute to pain gating in the spinal cord
Qian Xu1,2, Neil C. Ford3, Shaoqiu He3, Qian Huang3, Michael Anderson1, Zhiyong Chen3, 
Fei Yang3, LaTasha K. Crawford4, Michael J. Caterina1,4,5, Yun Guan3,5*, Xinzhong Dong1,2,5*

Various pain therapies have been developed on the basis of the gate control theory of pain, which postulates that 
nonpainful sensory inputs mediated by large-diameter afferent fibers (A-fibers) can attenuate noxious signals 
relayed to the brain. To date, this theory has focused only on neuronal mechanisms. Here, we identified an un-
precedented function of astrocytes in the gating of nociceptive signals transmitted by neurokinin 1 receptor–positive 
(NK1R+) projection neurons in the spinal cord. Electrical stimulation of peripheral A-fibers in naïve mice activated 
spinal astrocytes, which in turn induced long-term depression (LTD) in NK1R+ neurons and antinociception through 
activation of endogenous adenosinergic mechanisms. Suppression of astrocyte activation by pharmacologic, 
chemogenetic, and optogenetic manipulations blocked the induction of LTD in NK1R+ neurons and pain inhibition 
by A-fiber stimulation. Collectively, our study introduces astrocytes as an important component of pain gating 
by activation of A-fibers, which thus exert nonneuronal control of pain.

INTRODUCTION
The gate control theory of pain proposed by Melzack and Wall (1) 
in 1965 provided a mechanism to explain pain inhibition by peripheral 
nonnoxious input. Various pain therapies that use neurostimulation 
of A-fibers have been developed since the establishment of this 
theory, such as spinal cord stimulation and peripheral nerve stimu-
lation (2, 3). To date, our understanding of how these therapies 
alleviate pain has been based solely on neuronal mechanisms as 
postulated by this theory.

Peripheral sensory neurons, whose cell bodies reside in the dorsal 
root ganglion (DRG) and trigeminal ganglion, detect and transmit 
sensory information from the periphery to the central nervous system 
(CNS). These neurons and their afferent nerves consist of diverse 
types. Most large myelinated afferents (A-fibers) are low-threshold 
mechanoreceptors that mediate nonpainful signals. Most of the 
thinly myelinated afferents (A-fibers) and unmyelinated afferents 
(C-fibers) are thermoreceptors or nociceptors, which detect and 
transmit painful signals (4, 5). Most A- and C-fibers terminate in 
the superficial spinal cord (laminae I and II), whereas A-fibers 
project into deeper laminae III to V. In the spinal cord, painful 
signals are modulated by local interneurons before being sent to the 
brain via projection neurons (6, 7). Approximately 80% of lamina I 
projection neurons are neurokinin 1 receptor–positive (NK1R+) 
neurons (8, 9) and play a pivotal role in the transmission of noxious 
stimuli (10, 11).

The gate control theory proposed that input from nonpainful 
A-fibers closes the “gate” by activating spinal inhibitory interneurons, 
thereby attenuating pain signals transmitted by projection neurons 
to the brain (12, 13). Although neuronal mechanisms of spinal pain 
gating have been comprehensively studied (14–17), the role of glial 
cells has been largely overlooked. Astrocytes, which are widely located 

in the CNS, provide various types of metabolic support to neurons 
and contribute to information processing within neuronal circuits by 
modulating neuronal excitability and synaptic transmission (18, 19). 
Mounting evidence suggests that astrocytes can be activated by 
multiple neurotransmitters and, in turn, secrete glial transmitters 
such as adenosine 5′-triphosphate (ATP), glutamate, d-serine, and 
-aminobutyric acid (GABA) (20–23). Thus, astrocytes play a critical 
role in pain modulation (24–26).

Most studies have suggested that activation of astrocytes facilitates 
or enhances pain transmission (24, 25). Here, we show that astro-
cyte activation by A-fiber stimulation can directly inhibit spinal 
NK1R+ projection neurons. Electrical stimulation (50 Hz) of A-fibers 
in naïve mice activated astrocytes from deep laminae to the super-
ficial spinal cord. These activated astrocytes acted as a gate by in-
ducing long-term depression (LTD) in NK1R+ projection neurons 
and inhibited pain through endogenous adenosinergic mechanisms. 
Thus, our new model introduces spinal astrocytes as an important 
component of pain gating, increasing our understanding of the 
nonneuronal gate control mechanisms.

RESULTS
A-stimulation activates astrocytes in the deeper laminae 
followed by those in superficial laminae of dorsal horn
Previous studies used glial fibrillary acidic protein (GFAP)–GCaMP6 
mice, in which GCaMP6s is expressed in astrocytes under GFAP-Cre 
control to study astrocyte function in the spinal cord (27, 28). To 
visualize astrocyte activity, we used two-photon in vivo calcium im-
aging of the spinal cord in GFAP-GCaMP6s mice (Fig. 1A). Double 
staining of spinal cord slices showed that GFAP-Cre labeled most 
GFAP immunoreactivity–positive astrocytes [0.72 correlation co-
efficient (CC)] but few Iba1-positive microglia (0.28 CC) and 
NeuN-positive neurons (0.22 CC; fig. S1). When 50-Hz low-intensity 
(20 A) electrical stimulation was applied to the sciatic nerve to acti-
vate A-fibers (29), fluorescence intensity increased in the superficial 
dorsal horn (laminae I to II) of GFAP-GCaMP6 mice, indicating an 
activation of astrocytes (Fig. 1, B and C). In this in vivo preparation, 
only fluorescence signals from superficial dorsal horn can be moni-
tored. Because A-fibers project mainly into the deeper dorsal horn 
(e.g., laminae III to V), we postulated that A-stimulation may 
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Fig. 1. A-stimulation activates spinal astrocytes in deep laminae followed by those in superficial laminae. (A) Schematic of two-photon microscopy setup for 
imaging spinal astrocytes in live GFAP-GCaMP6s mice. After stable baseline recording, the sciatic nerve was stimulated with 50-Hz electrical stimulation at A-fiber intensity 
(20 A, 0.1 ms, and 10 min) during live imaging. (B) Time-lapse color-coded images (top) and GCaMP6 traces (bottom) before (left), during (middle), and after (right) 50-Hz 
A-stimulation of the sciatic nerve in anesthetized mice. Nine activated astrocyte clusters in the visual field were identified during and after A-stimulation. Scale bars, 50 m. 
(C) Heatmap representation of calcium responses from 36 astrocytes in superficial laminae. N = 4 mice. (D) Schematic diagram illustrates confocal imaging setup for spinal 
cord slice preparations from GFAP-GCaMP6s mice. A-stimulation (50 Hz, 10 A, 0.1 ms, and 10 min) was administered to the ipsilateral dorsal root through a suction 
electrode. (E) Representative fluorescence images show acute activation of deep lamina astrocytes followed by activation of superficial astrocytes. Stimulation time is 
divided into phase I (0 to 5 min) and phase II (5 to 10 min). Arrows indicate activated astrocytes. Scale bar, 50 m. (F) Population data showing the number of activated 
astrocytes (n = 9 slices from six mice). (G) Representative fluorescence images show acute, simultaneous activation of deep lamina astrocytes and superficial astrocytes 
by C-fiber intensity stimulation of dorsal root. Stimulation time is divided into phase I (0 to 5 min) and phase II (5 to 10 min). Arrows indicate activated astrocytes. Scale bar, 
50 m. (H) Population data showing the number of activated astrocytes in deep and superficial laminae (n = 5 slices from three mice). Data are presented as means ± SEM, 
paired t test; **P < 0.01 and ***P < 0.001; ns, not significant.
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activate astrocytes in the deeper laminae first. To test this possibility, 
we performed GCaMP imaging of transverse spinal cord slices with 
dorsal root attached. Applying A-stimulation at the dorsal root acti-
vated astrocytes in the deeper laminae before those in superficial 
laminae I to II (Fig. 1, E and F). However, applying high-intensity 
electrical stimulation, which excites both A- and C-fibers in the 
dorsal root, activated astrocytes in deep and superficial laminae nearly 
simultaneously (Fig. 1, G and H). A-strength stimulation activated 
an average of 6.56 astrocytes in each spinal cord slice (n = 9 slices), 
and C-strength stimulation activated an average of 12.00 astrocytes 
(n = 5 slices). In addition, by stimulating the spinal cord slices with 
bath-applied BzATP [agonist of P2X7 purinergic receptor expressed 
only in glial cells; (30)], we determined that astrocytes activated by 
A-stimulation represent 11.29% of the total astrocyte population 
(fig. S2, A and B).

A-stimulation induces LTD of excitatory synaptic 
transmission in NK1R+ neurons
During spinal nociceptive transmission, NK1R+ neurons in the 
superficial laminae act as vital relays for ascending pain signals to 

reach the brain (6, 9). Therefore, we generated NK1R-CreGFP trans-
genic mice (Cre and GFP fusion protein expression under NK1 
promotor control) to examine the functional relationship between 
spinal astrocytes and NK1R+ neurons during nociceptive transmis-
sion. The histochemical results indicated that NK1R+ neurons were 
distributed in lamina I, lamina III, and deeper laminae (Fig. 2A). 
Colocalization experiments suggested that 64.86% of CreGFP in 
NK1R-CreGFP knock-in mice are NK1R immunoreactivity–positive 
neurons (fig. S3, A and B). In addition, the injection of Cholera Toxin 
Subunit B dye at parabrachial nuclei retrogradely labeled 57.69% of 
NK1-CreGFP+ neurons in the spinal cord, indicating that they are 
projection neurons (fig. S4, A and B). By patch-clamp recording of 
excitatory postsynaptic currents (EPSCs), we showed that in re-
sponse to test stimulation, NK1R+ neurons in lamina I received 
C-fiber inputs with 100% monosynaptic transmission and A-fiber 
inputs with 76% polysynaptic transmission (fig. S5, A and B). These 
data suggest that NK1R+ neurons and incoming C-fibers form di-
rect synapses and that most of the connections between NK1R+ 
neurons and A-fibers are indirect. In our study, we recorded NK1R-
GFP neurons, which represent a small subset of lamina I neurons. 

Fig. 2. A-stimulation induces LTD of C-fiber–evoked EPSCs (C-eEPSCs) in NK1R+ neurons. (A) GFP-Cre is knocked in to the NK1 gene. NK1-GFP neurons are present 
mainly in lamina I, lamina III, and deeper laminae of the spinal cord. Scale bar, 100 m. (B) Schematic diagram illustrates patch clamp recording from a spinal cord slice. 
Electrical A-stimulation (Sti., 50 Hz, 10 A, 0.1 ms, and 5 min) or a high-threshold test pulse (500 A, 0.1 ms) was applied to the ipsilateral dorsal root through a suction 
electrode. (C) Protocol of electrical A-stimulation that induced LTD in NK1R+ neurons in spinal cord slices. First, eEPSC baseline was recorded for 5 min. Then, A-electrical 
stimulation was delivered to the ipsilateral dorsal root. Last, poststimulation C-eEPSCs were recorded for 30 min after A-stimulation. (D) Representative traces show 
eEPSCs in lamina I NK1+ neurons in response to a test pulse before (black) and after (red) A- and sham stimulation. (E) Time course of C-eEPSC amplitudes before and 
after A-stimulation (n = 11 slices) and sham stimulation (n = 10 slices). (F) The amplitudes of C-fiber eEPSCs during each 5-min period were averaged for analysis. Data are 
presented as means ± SEM. SEM are shown as shaded range in (E). **P < 0.01 and ****P < 0.0001 by two-way mixed model analysis of variance (ANOVA) followed by 
Bonferroni post hoc comparisons; ns, not significant.
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They are likely a more homogeneous population and/or different 
from superficial dorsal horn neurons recorded in previous studies. 
In previous studies (31, 32), lamina I neurons, which may consist 
of different cell types, were randomly selected for recording, possibly 
contributing to the differences between our findings and those of 
prior studies in the percentage of neurons responding to 
A-stimulation. A-stimulation (50 Hz) induced a slowly devel-
oping LTD (lasting >30 min) of evoked EPSCs to C-fiber inputs 
(C-eEPSCs) in lamina I NK1R+ neurons (Fig. 2, D and E). Further-
more, the paired-pulse ratio increased significantly at 10 min and 
returned to prestimulation level at 20 min after A-stimulation (fig. 
S6, A and B). These findings suggest that the prolonged inhibi-
tion of C-eEPSCs in NK1R+ neurons by A-stimulation may ini-
tially involve a presynaptic mechanism, again highlighting the role 
of A-fiber inputs in gate control of spinal nociceptive transmis-
sion. We selected 50 Hz for A-stimulation because it is the most 
common frequency used for clinical pain therapy (e.g., dorsal col-
umn stimulation). It has been validated in preclinical studies 
(29, 33–35). We also tested 4- and 100-Hz frequencies to examine 
whether LTD induction by A-stimulation is frequency depen-
dent. In naïve mice, the peak amplitudes of C-fiber eEPSC were 
progressively decreased by both 50-  and 100-Hz A-stimula-
tion, but 4 Hz was ineffective (fig. S7, A to C).

Activation of astrocytes contributes to LTD in NK1R+ neurons 
after A-stimulation
Two-photon in vivo calcium imaging revealed that pretreatment of 
the spinal cord with A438079, a blocker of the glial-expressed P2X7 
receptor (36, 37), inhibited A-stimulation–induced astrocyte acti-
vation (fig. S8, A to C). LTD of C-eEPSCs after A-stimulation was 
also blocked by A438079 pretreatment (Fig. 3, A and C), suggesting 
that glial cell activation plays a role in the inhibition of NK1R+ neu-
rons by A-stimulation.

Because P2X7 receptors are expressed in different types of glial 
cells, we further delineated the involvement of astrocyte activation 
in LTD of C-eEPSCs induced by A-stimulation. First, we showed 
that pretreatment of spinal cord slices with the astrocyte-specific 
toxin l--aminoadipate (LAA) inhibited A-stimulation–induced 
LTD in NK1R+ neurons (38, 39) (Fig. 3, B and C). Second, we injected 
the dorsal spinal cord with AAV5-GFAP-hM4D(Gi)-mCherry virus 
to specifically express inhibitory designer receptors exclusively acti-
vated by designer drugs (DREADD) human M4 muscarinic (hM4) Di 
in spinal astrocytes (fig. S9, A and B). Bath application of clozapine 
N-oxide (CNO), which induces astrocytic Gi activation (40, 41), 
attenuated 50-Hz A-stimulation–induced LTD (Fig. 3, E and F). 
Last, we used an optogenetic method in which green light shone on 
spinal cord slices of GFAP-Cre;;Ai39 mice would silence astrocytes. 
A-stimulation induced LTD of evoked local field potential to 
C-fiber inputs in superficial dorsal horn of spinal slices, but the 
effect was blocked by optogenetic silencing of astrocytes (fig. S10, 
B to D). Collectively, these results from multiple approaches 
help to unravel the contribution of spinal astrocyte activation to 
A-stimulation–induced pain gating.

To test whether astrocyte activation also contributes to A-
stimulation–induced inhibition of deep dorsal horn neurons, we 
conducted in vivo recording of wide-dynamic range (WDR) neurons 
from deep laminae in rats. WDR neurons play an important role in 
spinal nociceptive transmission, and their responses to a suprathreshold 
electrical stimulus at the peripheral nerve or receptive field consist 

of an early A-component and a later C-component (33, 42). Stimula-
tion of A-fibers at 50 Hz on the sciatic nerves inhibited C-component 
firing. This effect was attenuated by spinal application of LAA, 
which inhibits astrocyte function (fig. S11). Thus, spinal astrocyte 
activation by A-stimulation may exert a similar inhibitory effect 
on nociceptive-processing neurons in deeper laminae, further sup-
porting our main hypothesis.

An endogenous adenosinergic mechanism contributes 
to A-stimulation–induced LTD of NK1R+ neurons
We next sought to understand the neurochemical mechanisms that 
underlie A-stimulation–induced astrocyte activation and NK1R+ 
neuron inhibition. In vivo microdialysis revealed an increased level 
of ATP in cerebrospinal fluid collected from the lumbar spinal cord 
after A-stimulation of sciatic nerve in mice (Fig. 4C). ATP may bind 
to P2X7 receptors to activate glial cells, which in turn release glial 
transmitters, including ATP (43).

ATP can be quickly converted enzymatically to adenosine in the 
extracellular space (44). The level of adenosine was also elevated in 
the cerebrospinal fluid after A-stimulation (Fig. 4D). A previous 
study showed that peripheral large fiber activation suppresses spinal 
dorsal horn neurons through an adenosine mechanism (45). How-
ever, it is unclear whether adenosine plays a role in astrocyte-mediated 
neuronal inhibition. We tested this possibility next. Bath application 
of ARL67156, an ATP-converting enzyme inhibitor (46), attenuated 
LTD in NK1R+ neurons in spinal cord slices after A-stimulation 
(Fig. 4, H and J). These findings suggest that endogenous adenosine 
may contribute to LTD induction and that one source may be the 
ATP that is released during A-stimulation. Immunohistochemistry 
staining showed that 85.81% of NK1R+ neurons expressed adenosine 
A1 receptors (Fig. 4E). Application of adenosine to the bath inhib-
ited C-eEPSCs in NK1R+ neurons (Fig. 4, F and G). The A1 receptor 
antagonist DPCPX (47) blocked A-stimulation–induced LTD in 
NK1R+ neurons (Fig. 4, I and J). Collectively, these findings suggest 
that A-stimulation may activate spinal astrocytes (likely a subset of 
astrocytes; see Discussion) and induce release of ATP. ATP is sub-
sequently converted into adenosine, which activates the A1 receptor 
on NK1R+ neurons, decreasing their excitability.

Our findings suggest that a GABAergic mechanism may also 
contribute to this form of LTD. Specifically, the GABAA receptor 
antagonist bicuculline, but not the GABAB receptor antagonist CGP 
52432, attenuated A-stimulation–induced LTD in NK1R+ neurons 
(fig. S12, A to C). Furthermore, in addition to the aforementioned 
astrocytic mechanism, we cannot rule out the possible involvement 
of microglial cells in A-stimulation–induced inhibition of NK1R+ 
neurons, as minocycline, which inhibits microglial activation, also 
blocked A-stimulation–induced inhibition (fig. S13, A and B).

Glial activation contributes to A-stimulation–induced 
pain inhibition
To directly test the role of spinal astrocyte activation in pain inhibi-
tion produced by electrical A-stimulation, we conducted pain 
behavior tests in mice. Mice that were lightly anesthetized with 
1% isoflurane received A-stimulation (50 Hz, 0.2 ms, and 20 A) 
through a pair of hook electrodes at the sciatic nerve for 10 min. 
They recovered from anesthesia within 10 min after completing 
A-stimulation and wound closure. Paw withdrawal latency to 
radiant heat stimulation was measured at 30, 60, and 120 min 
after A-stimulation. Compared to sham stimulation, electrical 
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Fig. 3. Astrocytes are the gate for LTD in NK1R+ neurons after A-stimulation. (A and B) C-eEPSC amplitudes were measured before and after A-stimulation (n = 9 slices) 
in spinal cord slices that had been exposed to P2X7 antagonist A438079 (10 M, A) or astrocyte-specific inhibitor LAA (1 mM; B) for 30 min by bath application. Insets: 
individual eEPSC traces recorded before (black) and after (red) A-stimulation. (C) Quantification of data in (A) and (B). A438079 partially blocked the A-stimulation–induced 
LTD. The significant inhibition appeared within the first 5 min and lasted for 30 min. Similar to A438079, LAA partially blocked the A-stimulation–induced LTD. The significant 
inhibition appeared within the first 5 min and lasted for 30 min. (D) Schematic diagram illustrates patch clamp recording from a spinal cord slice. hM4D(Gi) was expressed 
on spinal astrocytes through intraspinal injection of AAV5-GFAP-hM4D(Gi)-mCherry virus into NK1-GFP-Cre mice 3 weeks before patch clamp recording. (E) Time course 
of C-eEPSC amplitudes before and after A-stimulation in AAV5-GFAP-hM4D(Gi)-mCherry virus–injected (n = 10 slices) and control AAV5-GFAP-mCherry virus–injected 
(n = 7 slices) groups that received bath application of CNO (1 M). Insets: individual eEPSC traces before and after A-stimulation in hM4Di (top) and control (bottom) 
groups. (F) Quantification of data in (D). Astrocytic Gi activation with CNO blocked the A-stimulation–induced LTD. Data are presented as means ± SEM. SEM are shown 
as shaded range in (A), (B), and (E). *P < 0.05, **P < 0.01, ****P < 0.0001, #P < 0.05, and ##P < 0.01 versus the respective control by two-way mixed model ANOVA followed 
by Bonferroni post hoc comparisons.
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A-stimulation produced significant heat antinociception that was 
evident from 30 min through 60 min after application (Fig. 5B).

Using pharmacologic and chemogenetic approaches, we then 
suppressed astrocyte activation during electrical A-stimulation and 
the pain test. Pretreating the mice with an intrathecal injection of the 
astrocyte toxin LAA (100 nmol) significantly reduced A-stimulation–
induced heat antinociception, as compared to that with saline 
pretreatment (Fig. 5C). For chemogenetic inhibition of astrocytes, 
AAV5-GFAP-hM4D(Gi)-mCherry virus was injected into dorsal 
lumbar spinal cord 3 weeks before behavior testing to express the 
inhibitory DREADD on astrocytes. Direct inhibition of astrocytes with 
CNO also inhibited A-stimulation–induced heat antinociception 

(Fig. 5D). Thus, pain inhibition from A-stimulation may be depen-
dent, in part, on the activation of spinal astrocytes. Furthermore, 
pretreatment with an intrathecal injection of the adenosine receptor 
antagonist DPCPX (10 g/10 l) also reduced heat antinociception 
from A-stimulation (Fig. 5C), again suggesting an adenosinergic 
mechanism.

To rule out the potential influence of inhalation anesthesia 
and motor fiber activation during electrical A-stimulation on 
subsequent animal pain behavior, we used optogenetics to selectively 
activate sensory A-fibers. We generated MafA-Cre transgenic mice 
and used AAV1-Ef1a-DIO-ChETA-EYFP virus to selectively express 
ChETA in a MafA subpopulation of DRG neurons (Fig. 6, A and B). 

Fig. 4. Adenosinergic mechanism contributes to A-stimulation–induced LTD in NK1R+ neurons. (A) Schematic diagram illustrates in vivo microdialysis setup for 
measuring substance in spinal extracellular fluid. (B) Experimental timeline of microdialysis study. The microdialysis probe was inserted into the dorsal horn 2 hours before 
starting the microdialysis. (C and D) Quantification of ATP (C) and adenosine (D) in extracellular fluid of spinal cord. N = 6 to 7 mice. Both ATP and adenosine levels in-
creased from baseline during 10 min of A-stimulation. Two-way mixed model ANOVA with Bonferroni correction (repeated measure). *P < 0.05. (E) Representative image 
shows anti–adenosine A1 receptor antibody staining (arrows) of NK1R+ neurons. Scale bar, 50 m. (F) Time course of C-eEPSC amplitudes in NK1R+ neurons before, during, 
and after 5-min bath application of 10 M (n = 8 slices) and 100 M (n = 9 slices) adenosine. Inset: Individual eEPSC traces recorded before and after 100 M adenosine 
perfusion. (G) Adenosine significantly reduced C-eEPSC amplitudes in superficial NK1R+ neurons. *P < 0.05, **P < 0.01, and ####P < 0.0001 versus the respective baseline 
by paired t test. (H) C-eEPSC amplitudes were measured before and after A-stimulation (n = 7 slices) to spinal cords that received bath application of adenosine ecto-
nucleotidase antagonist ARL67156 (50 M). Insets: Individual eEPSC traces. (I) C-eEPSC amplitudes were measured before and after A-stimulation (n = 10 slices) to spinal 
cords that received bath application of A1 receptor antagonist DPCPX (2 M). Insets: Individual eEPSC traces. (J) The effect of ARL67156 and DPCPX on C-eEPSC amplitudes 
of superficial NK1R+ neurons. ARL67156 and DPCPX partially blocked the A-stimulation–induced LTD. Data are presented as means ± SEM. SEM are shown as shaded 
range in (F), (H), and (I). *P < 0.05, **P < 0.01, ****P < 0.0001, ##P < 0.01, ###P < 0.001, and ####P < 0.0001 versus the respective control by two-way mixed model ANOVA 
followed by Bonferroni post hoc comparisons.
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MafA is a transcription factor that is expressed specifically in large-
diameter, low-threshold mechanoreceptors (48); ChETA is an en-
hanced version of channel rhodopsin that can follow high-frequency 
light stimulation (49). Consistently, our data showed that 95% of 
MafA-Cre;Tdtomato–positive neurons in the DRG expressed NF200 
(a marker for large-diameter neurons) and that few of these neurons 
colabeled with markers of nociceptive neurons [calcitonin gene-
related peptide (CGRP), 2%; IB4, 5%; fig. S14, A and B]. The 
peripheral terminals of MafA-positive neurons expressing ChETA 
could be selectively activated by applying blue light to the hind paw. 
Ten minutes of photostimulation with 50-Hz blue light inhibited 
heat nociception in awake naïve mice (Fig. 6C). Consistent with 
findings from electrical A-stimulation, the pain inhibitory effect 
from photostimulation was blocked by pretreatment with LAA and 
DPCPX (Fig. 6D) and reduced by CNO in mice that expressed hM4Di 
in astrocytes (Fig. 6E). Together, these behavior findings suggest that 
pain inhibition by both electrical and photostimulation of A-fibers 

in the sciatic nerve depends on spinal astrocyte activation and in-
volves a spinal adenosinergic mechanism.

In addition to heat pain inhibition, we also determined the con-
tribution of astrocytes to A-stimulation–induced inhibition on 
mechanical pain. Paw withdrawal frequency to 0.4 and 1 g von Frey 
monofilament stimulation was significantly decreased between 30 
and 120 min after electrical A-stimulation, as compared to that after 
sham stimulation (fig. S15, A and B). Pretreatment with astrocyte 
toxin LAA (100 nmol) attenuated this effect, suggesting that mechan-
ical pain inhibition from A-stimulation may also depend on acti-
vation of spinal astrocytes (fig. S15, C and D).

DISCUSSION
The findings presented here suggest that electrical A-stimulation 
at peripheral nerves may activate a subset of astrocytes in the dorsal 
horn of naïve mice. A-fibers may release multiple neurotransmitters 

Fig. 5. Activation of astrocytes by A-stimulation inhibits heat nociception. (A) Paw withdrawal latency to radiant heat stimulation was measured in wild-type mice 
at 30, 60, and 120 min after A-electrical stimulation of the sciatic nerve. (B) Compared with sham stimulation (N = 8 mice), A-stimulation (N = 9 mice) produced a signif-
icant analgesic effect at 30 and 60 min. (C) Saline, LAA, or DPCPX was injected into mice intrathecally 30 min before A-stimulation. Compared with the saline control 
(N = 8 mice), LAA pretreatment (N = 7 mice) blocked A-stimulation–induced pain inhibition at 30 min. DPCPX pretreatment blocked pain inhibition at 60 min (N = 8 mice). 
(D) AAV5-GFAP-hM4D(Gi)-mCherry virus was injected into the spinal cord 3 weeks before behavior testing. CNO was injected intraperitoneally into GFAP-hM4D(Gi) virus–
pretreated mice 30 min before A-stimulation. Silencing of astrocytes in GFAP-hM4D(Gi) mice (N = 8 mice) blocked pain inhibition by A-stimulation at 60 min, as compared 
with that in the control group (N = 8 mice). Data are presented as means ± SEM. *P < 0.05, ***P < 0.001, ****P < 0.0001, ###P < 0.001, ####P < 0.0001, ^P < 0.05, and 
^^^^P < 0.0001 versus respective control groups by two-way mixed model ANOVA followed by Bonferroni post hoc comparisons.
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such as glutamate and ATP to engage astrocytes. Astrocytes activated 
by A-stimulation may act as a previously unknown nonneuronal 
gate for inhibiting spinal nociceptive transmission under physio-
logic conditions, in part through endogenous adenosinergic mech-
anisms (Fig. 7).

Astrocyte activation in the spinal cord was known to facilitate pain 
transmission or exacerbate pain. For example, noxious C-fiber stim-
ulation activates astrocytes and thereby leads to pain hypersensitivity 
through glial release of cytokines such as interleukin-1 and tumor 
necrosis factor– (32, 50). Optogenetic activation of spinal astrocytes 
expressing ChR2 under the GFAP promoter also elicits mechanical 
hypersensitivity in naïve rats (51). Although previous studies have 
shown that astrocytes can have an inhibitory effect on synaptic 
transmission by enhancing the inhibitory interneuron activities in 
the brain, it is unclear that astrocytes play an inhibitory role in spinal 

cord synaptic transmission in the context of pain gate control (52, 53). 
Here, we showed that activation of astrocytes by low-intensity 
A-stimulation did not elicit pain but rather suppressed nociception 
in naïve mice. In this case, a subset of astrocytes in deeper laminae 
was activated first, followed by activation of superficial astrocytes. 
This activation profile differs from that induced by previous methods, 
which have activated a large population of astrocytes nonselectively 
(51). Thus, different astrocyte activation patterns may lead to 
differences in glial neurotransmitter and neuromodulator release, 
resulting in a reduction rather than facilitation of pain transmission. 
Another possibility is regional diversity of astrocytes in the CNS 
(54). On the basis of gene expression profiles, distinct, regionally 
restricted subtypes of astrocytes have been identified in the brain 
and spinal cord, implying different phenotypes and functions (24). 
A recent study showed a population of astrocytes located in the 

Fig. 6. Activation of astrocytes by A-stimulation contributes to gate control of pain. (A) ChETA expression was induced in DRG neurons of MafA-Cre mice by intrathecal 
(It) AAV1-Ef1a-DIO-ChETA-EYFP virus injection 3 weeks before behavior testing. During behavior testing, 50-Hz blue laser light was shone directly onto the underside of 
the hind paw. (B) Staining shows virus expression in MafA/Tdtomato DRG neurons. Arrows indicate virus-infected DRG neurons. Scale bar, 50 m. (C) Application of 50-Hz 
blue light, but not green light (N = 10 mice), inhibited heat pain in MafA-ChETA mice (N = 12 mice) at 30 min, as compared with that in the wild-type group (N = 10 mice). 
WT, wild type. (D) Pretreatment with LAA (N = 10 mice) or DPCPX (N = 10 mice), but not saline (N = 10 mice), blocked blue light–induced pain inhibition at the 30-min time 
point. (E) Pretreatment of GFAP-hM4D(Gi) mice (N = 9 mice) with CNO blocked blue light–induced pain inhibition at 30 and 60 min compared with that in the control-virus 
group (N = 7 mice). Data are presented as means ± SEM. *P < 0.05, ***P < 0.001, ****P < 0.0001, #P < 0.05, ##P < 0.01, ###P < 0.001, and ####P < 0.0001 versus the respective 
control groups by two-way mixed model ANOVA followed by Bonferroni post hoc comparisons.



Xu et al., Sci. Adv. 7, eabi6287 (2021)     3 November 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

9 of 13

superficial spinal cord that is genetically defined by Hes5. One func-
tion of this astrocyte population is to gate descending noradrenergic 
control of mechanosensory behavior (19). It is possible that A-
stimulation in naïve animals activates a different subtype of astro-
cytes from that activated by noxious stimulation, thereby producing 
differing effects on pain.

A previously undescribed phenomenon that we observed was 
the propagation of astrocyte activation moving from deep laminae 
to the superficial layers after A-stimulation. One possible under-
lying mechanism by which astrocyte activation might be propagated 
is release of diffusible glial transmitters such as ATP, which acti-
vates P2 nucleotide receptors expressed in neighboring astrocytes 
(55). Alternatively, chemical messengers might travel via nondif-
fusible mechanisms, such as gap junctions (56). Thus, this calcium 
wave from a subset of astrocytes in deeper laminae may spread and 
activate a wider range of astrocytes. Chemogenetic or optogenetic 
manipulations modulate astrocyte function independent of Ca2+ 
signaling via P2X7. We thus used these cell type–selective ap-
proaches to suppress astrocytes, as a complementary alternative to 
inhibiting P2X7 channels. Upon application of CNO, hM4Di acti-
vates the G subunit of the Gi protein, which then stimulates G 
protein inwardly rectifying potassium channels, causing an efflux of 
potassium. Photostimulation of halorhodopsin promotes an influx 
of chloride ions. These changes are expected to attenuate astrocyte 
activity directly and may also indirectly affect P2X7 activation. 
However, we cannot exclude the possibility that A-fiber stimula-
tion activates astrocytes indirectly by activating interneurons or 
other mechanisms. In future studies, different mouse genetic tools 
will be needed to investigate how A-fiber stimulation activates 
interneurons.

ATP released by astrocytes can be readily converted into adenosine 
by ectonucleotidases in the extracellular space (57). Adenosine is an 
important neuromodulator that inhibits excitatory neurotransmis-
sion in the CNS, primarily by activating Gi-coupled presynaptic A1 
receptors to reduce neurotransmitter release and by activating post-
synaptic A1 receptors to decrease excitability (58, 59). Thus, adeno
sine has the net effect of inhibiting spinal nociceptive transmission 
(45, 60). Our findings indicate that nonneuronal pain gating governed 
by spinal astrocytes involves adenosinergic signaling. Nevertheless, 
other inhibitory mediators may also be at play. Activated astrocytes 

can release many glial neurotransmitters that modulate neuron excit-
ability (43, 58, 61). For example, the inhibitory neurotransmitter GABA, 
which is very widely distributed in the CNS, can be released by both 
neurons and glial cells (62). Previous studies showed that astrocytes in 
the olfactory bulb (63), thalamus (64), and hippocampus (52, 53, 65) 
can inhibit neighboring neurons through the release of GABA. We 
found that activation of GABAA receptor, but not GABAB receptor, in 
the spinal cord also contributed to the inhibition of NK1R+ neurons 
by A-stimulation. Nevertheless, the roles of spinal GABAergic signal-
ing in astrocyte-mediated pain gating remain to be investigated.

We are aware that both presynaptic mechanisms (e.g., reduced 
neurotransmitter release) and postsynaptic mechanisms (e.g., inhi-
bition of dorsal horn neurons) may contribute to pain inhibitory 
effects from A-stimulation. It is well known that glial cells are crit-
ical to maintaining homeostasis and modulating neuronal function 
in the CNS. It is possible that the nonneuronal pain inhibitory 
mechanism that we revealed may act in concert with these neuronal 
mechanisms. Future studies are needed to test whether astrocytes 
are involved in the neuronal mechanisms and whether these mech-
anisms are compromised if astrocytic activation by A-stimulation 
is inhibited.

In summary, our findings indicate that a subset of spinal astro-
cytes is an important contributor to pain “gate” control under phys-
iologic conditions. Astrocytes undergo morphologic and functional 
changes after injury, and astrogliosis in the spinal cord represents 
an important mechanism underlying chronic pain (24). Thus, 
it remains to be determined whether activation of astrocytes by 
A-stimulation also leads to pain inhibition under pathologic pain 
conditions.

MATERIALS AND METHODS
Mouse lines
The NK1R-GFP-Cre mouse line was generated by using a homol-
ogous recombination knock-in approach. GFP-Cre transgene was 
integrated into the start codon of the NK1R gene using two homol-
ogous arms targeting the sequences of TTTGCTGCCTTGCCG-
CAAAATG and CTGAAAATTAAGAAAGTGCCC to replace the 
entire NK1R coding sequence. The MafA-Cre knock-in mouse line 
was generated by a CRISPR-Cas9 approach. The entire MafA 

Fig. 7. Astrocyte-dependent gating mechanism of A-stimulation. Astrocyte activation in the spinal cord of naïve mice by peripheral A-stimulation generates synaptic 
LTD that leads to pain inhibition. This mechanism identifies a new role for spinal astrocytes in the physiologic gate control of pain. I, II, and III refer to laminae.
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coding sequence was replaced with Cre transgene by using gRNAs 
targeting the 5′ region of the MafA gene CGCCGCCCGTCGGGG-
CGCGGCCGGGCGCGGCGGCGGGGCTGGGGCCCCGG and 
the 3′ region of the Maf gene CCGGGGACAAGTTTGCGCAGG-
CCGCCCCGGTCTCGGTTCAGACTCTGAGG. GFAP-Cre and 
ROSA26LSL-GCaMP6s mouse lines were acquired from the 
Jackson Laboratory (Bar Harbor, ME). We included both male and 
female mice in our study. All experiments were carried out with 
protocols approved by the Animal Care and Use Committee of the 
Johns Hopkins University School of Medicine.

Two-photon in vivo imaging
Mice were anesthetized with an intraperitoneal injection of pento-
barbital (50 mg/kg), and spinal cord was exposed by dorsal laminectomy 
at the T12 level. We used 3% agarose to create a small well in which 
to place a 20× water immersion lens. Then, we carefully removed 
the dura mater and rotated the animal around the longitudinal axis 
by approximately 30° for imaging with the Scientifica Galvo Multi-
photon System and Coherent Chameleon Ultra II laser. We tuned 
the laser at 900 nm for two-photon excitation for GCaMP6m and 
set the laser power to the lowest level (~20 mW) to avoid photo-
toxicity. Image resolution was 512 × 512 pixels. Calcium signal 
amplitudes are expressed as a ratio of fluorescence difference to 
basal fluorescence (F/F).

Spinal cord slice preparation
Four- to 6-week-old mice were deeply anesthetized with 2% isoflurane. 
Spinal cord with dorsal root was rapidly removed and placed in 
ice-cold, low-sodium Krebs solution, which contained 95 mM NaCl, 
2.5 mM KCl, 26 mM NaHCO3, 1.25 mM NaH2PO4-H2O, 6 mM 
MgCl2, 1.5 mM CaCl2, 25 mM glucose, 50 mM sucrose, and 1 mM 
kynurenic acid, and was bubbled with 95% O2/5% CO2. We cut 
sagittal spinal cord slices (400 m) with dorsal roots or DRG attached 
on a vibratome (VT1200, Leica Biosystems, Buffalo Grove, IL, USA) and 
transferred them to low-sodium Krebs solution without kynurenic 
acid for recovery at 34°C for 45 min and then at room temperature for 
an additional hour before we used them for experimental recordings.

Evoked EPSCs
Slices were stabilized with a nylon harp and submerged in a low-
volume recording chamber (SD Instruments, San Diego, CA, USA), 
which was perfused with Krebs solution at a rate of 5 ml/min (125 mM 
NaCl, 2.5 mM KCl, 26 mM NaHCO3, 1.25 mM NaH2PO4-H2O, 
1 mM MgCl2, 2 mM CaCl2, and 25 mM glucose) and bubbled with 
95% O2/5% CO2. Thin-walled glass pipettes (World Precision In-
struments, Sarasota, FL) fabricated with a puller (P1000; Sutter In-
struments, Novato, CA) had resistances of 3 to 6 MΏ and were filled 
with an internal solution composed of 135 mM CsF, 5 mM CsCl, 
5 mM EGTA, 10 mM Na-HEPES, 1 mM Mg-ATP, 0.1 mM Na–
guanosine 5′-triphosphate, and 2 mM QX-314. Whole-cell patch-
clamp recording of NK1-positive neurons was carried out under 
oblique illumination with an Olympus fixed-stage microscope 
system. Data were acquired with pClamp 10 software and a Multi-
clamp amplifier (Molecular Devices, Sunnyvale, CA). Membrane 
current signals were sampled at 10 kHz and low-pass filtered at 
2 kHz. The P2X7 antagonist A438079 (10 M), astrocyte-specific 
blocker LAA (1 mM), ATP-converting enzyme inhibitor ARL67156 
(50 M), adenosine A1 receptor blocker DPCPX (2 M), microglia 
activity inhibitor minocycline (1 M), GABAA receptor antagonist 

bicuculline (10 M), and GABAB receptor antagonist CGP 52432 
(10 M) were applied to the bath solution 30 min before recording 
was begun. For hM4Di DREADD-dependent astrocyte silence re-
cording, CNO (1 M) was applied to the bath solution 30 min 
before recording was begun.

To evoke postsynaptic currents in NK1R+ neurons, we delivered 
paired-pulse test stimulation to the dorsal root through a suction 
electrode, which consisted of two synaptic volleys (500 A, 0.1 ms) 
400 ms apart at a frequency of 0.05 Hz (3 tests/min), using a 
Master-9 Pulse Stimulator and Iso-Flex Stimulus Isolator. Paired-
pulse test stimulation was used to calculate the paired-pulse ratio 
(second amplitude/first amplitude).

To differentiate monosynaptic and polysynaptic connections, we 
delivered 20 times C-fiber strength electrical stimulation at 1 Hz for 
C-fiber eEPSCs and 20 times A-fiber strength electrical stimulation 
at 20 Hz for A-fiber eEPSCs. Neurons with no failure in EPSCs 
were monosynaptically connected.

As in our previous study (34), the fastest component was consid-
ered to correspond to A-fiber activation [conduction velocity 
(CV): 5.7 ± 1.2 m/s]. A slower component was referred to as the 
A-compound action potential (CV: 1.6 ± 0.3 m/s). The slowest 
component was considered to correspond to C-fiber activation 
(CV: 0.7 ± 0.2 m/s). To evoke astrocyte activation, we delivered 
electrical A-stimulation to the dorsal root through a suction elec-
trode. Because A-fibers project mainly into the deeper dorsal horn 
(e.g., laminae III to V), it is conceivable that A-stimulation would 
activate astrocytes in the deeper laminae first. However, applying 
high-intensity electrical stimulation, which excites both A- and 
C-fibers in the dorsal root, activated astrocytes in both deep and 
superficial laminae nearly simultaneously. We also measured the 
distance (1.99 ± 0.13 mm) between the electrode stimulation site on 
the dorsal root and the superficial dorsal horn in the transverse spinal 
cord slice after recording.

Confocal spinal cord slice imaging
GFAP-GCaMP6 mice were deeply anesthetized with 2% isoflurane. 
Spinal cord with dorsal root was rapidly removed and cut into 400-m 
slices, similar to the way that spinal cord slices were prepared for 
patch-clamp recording. The GFP signals from GCaMP6 mice were 
measured with a 700 Zeiss confocal microscope as an indicator of 
Ca2+ transients. For slice imaging, we measured the number of acti-
vated astrocytes in each 5 min and found a 122 ± 15–s delayed acti-
vation in superficial laminae after A-stimulation.

Virus injection
Mice anesthetized by isoflurane underwent a laminectomy at the 
T13-L1 level. A fine glass capillary was inserted ~500 m from 
the dorsal surface into the spinal cord, and 500 nl of AAV5-GFAP-
hM4D(Gi)-mCherry virus or AAV5-GFAP104-mCherry was in-
jected at 50 nl/min. Three weeks later, animals were used for 
patch-clamp recording.

The virus used for optogenetic A-fiber activation was AAV1-
Ef1a-DIO-ChETA-EYFP. This virus was injected intrathecally into 
mice (pretreated with 25% intravenous mannitol) 3 weeks before 
behavior tests.

Microdialysis
Mice anesthetized by isoflurane underwent a laminectomy at the 
T13-L1 level. The microdialysis probe (CMA Microdialysis AB, 
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Stockholm, Sweden) was inserted into the dorsal horn at a 30 degree 
angle. The probe was connected to a microperfusion pump and 
perfused with artificial cerebrospinal fluid at a flow rate of 1 l/min. 
Samples were collected on ice after 2 hours of stabilization. ATP was 
detected by the ENLITEN ATP Assay System (FF2000, Promega, 
Madison, WI), and adenosine was detected by the Adenosine Assay 
Kit (KA4547, Abnova, Taipei City, Taiwan).

Behavior tests
For the Hargreaves test, mice were placed under a transparent plastic 
box (4.5 × 5 × 10 cm) on a 29°C transparent glass table. A light 
source placed under the transparent glass delivered a beam of light 
as a heat source to the hind paw. The latency for the animal to with-
draw its hind paw was recorded. If no response occurred by 30 s, we 
terminated the test to prevent burns. All drugs were injected intra-
thecally 30 min before behavioral studies. Mechanical sensitivity 
was assessed with the von Frey test by the frequency method. Two 
calibrated von Frey monofilaments (0.4 and 1 g) were used. Each 
von Frey filament was applied perpendicularly to the plantar side of 
the hind paw for approximately 1 s; the stimulation was repeated 
10 times to both hind paws. The occurrence of paw withdrawal in 
each of these 10 trials was expressed as a percent response frequency: 
paw withdrawal frequency = (number of paw withdrawals/10 trials) × 
100%. All the behavioral observations were fully blinded.

For electrical stimulation, mice were anesthetized by isoflurane, 
and a stimulus electrode was inserted under the sciatic nerve. 
A-stimulation of 50 Hz, 20 A was applied for 10 min. A sham 
group was anesthetized and underwent electrode insertion, but no 
stimulation was applied. For optogenetic stimulation, a 50-Hz blue 
laser or green laser was applied to the hind paw through the trans-
parent glass for 10 min. In any attempt to create a double knock-in 
mouse, the NK1R and MafA genes would interfere with each other 
because both are Cre transgenes. This technical limitation makes it 
nearly impossible to perform optogenetic activation in patch-clamp 
recordings or GCaMP imaging in our transgenic mice. Therefore, 
we performed MafA+ optogenetic activation in pain behavior tests 
only as a proof of principle.

Immunofluorescence
Two- to 4-month-old mice were anesthetized with pentobarbital 
and perfused with 0.1 M phosphate-buffered saline followed by 4% 
formaldehyde. Spinal cord and DRG were collected and postfixed at 
4°C for 2 hours. Tissues were cryoprotected in 30% sucrose overnight, 
sectioned with a cryostat, and placed on slides. The slides were 
incubated with primary antibodies overnight at 4°C and then with 
secondary antibody for 2 hours at room temperature. Primary anti-
bodies included mouse anti-GFAP (MAB360, Millipore; 1:1000), 
goat anti–adenosine A1-R (C-19; sc-7500, Santa Cruz Biotechnology; 
1:500), rabbit anti-CGRP (14959, Cell Signaling Technology; 1:1000), 
chicken anti-neurofilament (200 kDa; NF200; NFH7857983, Aves 
Labs; 1:1000), rabbit anti–substance P receptor antibody (NK1R, 
Ab5060, EMD Millipore; 1:500), rabbit anti-NeuN antibody 
(ab177487, Abcam; 1:1000), and rabbit IBA1 antibody (PA5-27436, 
Thermo Fisher Scientific; 1:500). Secondary antibodies included 
Alexa 488–conjugated goat anti-rabbit (A11008, Thermo Fisher 
Scientific; 1:500), Alexa 488–conjugated goat anti-mouse (A11001, 
Thermo Fisher Scientific; 1:500), Alexa 488–conjugated goat anti-
chicken (A11039, Thermo Fisher Scientific; 1:500), and Alexa 488–
conjugated donkey anti-goat (A11055, Thermo Fisher Scientific; 

1:500). To detect IB4 binding, we incubated sections with Griffonia 
simplicifolia isolectin GS-IB4, Alexa Fluor 488 conjugate (I21411, 
Thermo Fisher Scientific; 1:500).

For the colocalization analysis, the Coloc 2 plugin from ImageJ 
was used to evaluate the degree of correlation between pairs of pixels 
in the red and green channels. The Pearson’s CC (PCC), which 
measures the pixel-by-pixel covariance in the signal levels of two 
images, was used here. PCC values range from 1 for two images 
whose fluorescence intensities are perfectly, linearly related, to −1 
for two images whose fluorescence intensities are perfectly, but in-
versely, related to one another. For each staining, we measured 
six regions of interest within the superficial spinal cord from 
six different slides.

Statistical analysis
Data are presented as means ± SEM. N represents the number of 
mice analyzed in behavior tests, two-photon imaging, confocal 
imaging, and microdialysis, and the number of slices or neurons in 
electrophysiology recording. The distribution of the variables in 
each experimental group was assumed to be normal. For most 
statistical comparisons of two groups, we used two-way analysis of 
variance (ANOVA) followed by Bonferroni post hoc comparisons 
according to the experimental design. A two-tailed, paired Student’s 
t test was used for comparisons between pre- and post–A-stimulation 
in microdialysis experiments. Extended power analysis was used 
to justify the sample size. On the basis of previous studies, we assumed 
an SD of 2 for behavior tests or 0.3 for electrophysiology recording 
and that a sample size of six animals or seven slices per group would 
provide 80% (or 90%) power to detect a difference of 4 s or 50% in 
outcome between two groups. No data were excluded. Differences 
were considered to be statistically significant at P < 0.05.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abi6287

View/request a protocol for this paper from Bio-protocol.
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