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Abstract

Hyperalgesic priming, a form of pain plasticity initiated by initial injury, leads to heightened sensitivity to subsequent noxious stimuli,
contributing to chronic pain development in animals. While astrocytes play active roles in modulating synaptic transmission in
various pain models, their specific involvement in hyperalgesic priming remains elusive. Here, we show that spinal astrocytes are
essential for hyperalgesic priming formation in a mouse model of acid-induced muscle pain. We observed spinal astrocyte activation
4 h after initial acid injection, and inhibition of this activation prevented chronic pain development upon subsequent acid injection.
Chemogenetic activation of spinal astrocytes mimicked the first acid-induced hyperalgesic priming. We also demonstrated that spinal
phosphorylated extracellular regulated kinase (pERK)-positive neurons were mainly vesicular glutamate transporter-2 positive
(Vglut2®) neurons after the first acid injection, and inhibition of spinal pERK prevented astrocyte activation. Furthermore,
pharmacological inhibition of astrocytic glutamate transporters glutamate transporter-1 and glutamate-aspartate transporter
abolished the hyperalgesic priming. Collectively, our results suggest that pERK activation in Vglut2* neurons activate astrocytes
through astrocytic glutamate transporters. This process eventually establishes hyperalgesic priming through spinal D-serine. We
conclude that spinal astrocytes play a crucial role in the transition from acute to chronic pain.
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Significance Statement

The transition from acute to chronic pain is a complex process involving various molecular and cellular mechanisms, presenting sig-
nificant challenges for both patients and healthcare providers. Hyperalgesic priming defines this transition. Using intramuscular
acid-induced hyperalgesic priming and chronic muscle pain model, we discover the crucial role of spinal astrocytes in priming for-
mation. Our study indicates that the initial intramuscular acid injection activates spinal phosphorylated extracellular regulated kin-
ase in Vglut2® neurons, leading to spinal astrocyte activation and the initiation of the priming signal mediated by D-serine. These
findings offer insights into potential therapeutic strategies for managing the transition from acute pain to chronic muscle pain.

Introduction

Chronic pain represents a prevalent clinical condition in humans,
and it is impacting a significant portion of society (1, 2). Chronic
pain is marked by adaptive alterations in both the peripheral
and central nervous systems, these alterations are believed to dir-
ectly or indirectly contribute to the persistence of chronic pain
and hold potential as targets for therapeutic intervention (3-7).
Although peripheral and central nervous system alterations
play a role in transitioning from acute to chronic pain, the exact
mechanism remains elusive (8-10). Hyperalgesic priming is a

prolonged state in which animals display heightened sensitivity
to acute noxious stimuli (11-14). Understanding the mechanism
underlying the formation of hyperalgesic priming may provide
an opportunity to treat or manage chronic pain (13, 14).

Priming can occur in the peripheral or central nervous systems
(11, 15, 16). For example, activation of protein kinase C epsilon
(PKCe) in peripheral neurons induces hyperalgesic priming in per-
ipheral terminals of isolectin B4-positive nociceptors in an inflam-
matory pain model (17). Eliminating spinal NK1-positive neurons
resulted in the complete prevention of hyperalgesic priming in
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IL-6 or carrageenan-induced hyperalgesic priming model (18). Spinal
ERK signaling regulates spinal cord neuron plasticity, and itis crucial
for the hyperalgesic priming formation in the acid-induced muscle
pain (AIMP) model (12). These investigations provided evidence sup-
porting the involvement of plasticity in both peripheral nociceptors
(17, 19-22) and the spinal dorsal horn (SDH) (12, 20, 23).

In the central nervous system, astrocytes provide various
metabolic support to neurons and contribute to information pro-
cessing within neuronal circuits by modulating neuronal excit-
ability and synaptic transmission (24-27). Astrocytes can be
activated by multiple neurotransmitters and, in turn, secrete glial
transmitters such as adenosine 5'-triphosphate (ATP), glutamate,
D-serine, and y-aminobutyric acid (GABA) (28, 29). Inhibition of as-
trocytes by L-Aminoadipate (LAA) or knocking down the expres-
sion of spinal glial fibrillary acidic protein (GFAP) reduces pain
sensitivity in nerve-injured animals (30-32). A pinch on the hind
paw or intraplantar injection of capsaicin or formalin leads to in-
creased astrocyte activity in the SDH (30-32). Chemogenetic acti-
vation of SDH astrocytes induces mechanical hypersensitivity via
a D-serine/N-methyl-D-aspartate receptors-dependent pathway
(33, 34). These findings suggest that SDH astrocytes are sensitive
to noxious stimuli from the periphery and play a critical role in
pain modulation in different pain models (30-32).

Given the importance of astrocytes in modulating neuronal activ-
ities in various pathophysiological conditions, including chronic pain,
itis still unclear whether spinal astrocytes are involved in the hyper-
algesic priming and acute pain transition to chronic pain. To answer
this, we investigated the role of spinal astrocytes in hyperalgesic
priming using the AIMP model. We showed that the first intramuscu-
lar injection of acid saline (pH 4.0) activated spinal astrocytes in the
SDH. This spinal astrocyte activation depended on the activation of
ERK in Vglut2* neurons. These activated astrocytes induced hyper-
algesic priming through D-serine. Interestingly, we found that
pharmacological inhibition or knockdown of astrocytic glutamate
transporters glutamate transporter-1 (GLT-1) or GLAST prevented
the hyperalgesic priming without affecting the acute hyperalgesia
after the first acid injection. Our findings demonstrate that spinal as-
trocytes are involved in the development of hyperalgesic priming.

Results

Activation of spinal astrocytes contributes to the
first acid inducedhyperalgesic priming

Peripheral inflammation and nerve injuries activate astrocytes in
the brainstem and the spinal cord (33). GFAP is a component of
astrocyte intermediate filaments. The expression of GFAP increases
when astrocytes are activated; thus, increased GFAP is indicated as
astrocyte activation (35, 36). To investigate whether spinal astro-
cytes are involved in hyperalgesic priming, we examined the expres-
sion of spinal GFAP after the first acid injection (pH 4.0) in the AIMP
model. Compared to the control group (pH 7.2) saline, the protein
level of GFAP increased significantly 4 h, 1 day, and 4 days after
acid injection (pH 4.0) (Fig. 1A and B). The expression of GFAP de-
creased at 8 and 10 days in the acid-injected group and became com-
parable to those in the control group. Immunostaining of GFAP
revealed that the activated number and size of ipsilateral SDH astro-
cytes increased significantly 4 h after acid injection (Fig. 1C-E).
Interestingly, the results show that there are no changes in the ex-
pression of GFAP mRNA 4 h after the first acid injection (pH 4.0) com-
pared with the saline injection (pH 7.2) (Fig. S1A). Similar increasesin
the GFAP staining were also observed on the contralateral side
(Fig. S1B and C). We immunostained the astrocyte nuclear marker

Sox9 4 h after the acid (pH 4.0) or saline (pH 7.2) injection in the
SDH. Although Sox9 colocalized with GFAP, the Sox9 signals were
equally expressed in both groups (Fig. S1D). These results suggest
that acid injection activates spinal astrocytes. This activation of as-
trocytes peaks at 4 h and lasts until 4 days after acid injection.

To determine whether the acid-induced activation of astrocytes
plays a role in hyperalgesic priming in the AIMP model, we intra-
thecally infused astrocyte inhibitor LAA (37), dose (100 nmol) 1.5 h
before the first acid injection in AIMP model. We found that infusion
of LAA prevented the development of chronic pain induced by the
second acid injection but had no effect on the first acid-induced
hyperalgesia (Fig. 1F). Since the peak of increased GFAP was at 4 h
after acid injection (Fig. 1A), we also infused LAA 2 h after the first
acid injection. The effect of LAA infused 2 h after acid injection
was similar to the 1.5 h before acid injection (Fig. 1G). To confirm
the effect of LAA on astrocyte activation, we examined the protein
level and immunostaining of spinal GFAP 4 h after LAA treatment
with one acid injection. LAA treatment successfully decreased the
level of GFAP and decreased the number and size of activated astro-
cytes induced by acid injection (Fig. S2A and B). Next, we asked
whether the activation of GFAP after 4 h is involved in the hyper-
algesic priming. Infusion of LAA 6 h or 4 days after the first acid in-
jection did not affect the first acid-induced hyperalgesia or the
second acid-induced chronic pain (Fig. 1H and I). These results sug-
gest that astrocyte activation at 4 h induced by acid injection is re-
quired for the formation of hyperalgesic priming in the AIMP model.

Chemogenetic activation of spinal astrocyte is
sufficient to induce the hyperalgesic priming

To further confirm the involvement of astrocyte activation in the
priming formation, we used a designer receptor exclusively acti-
vated by designer drugs (DREADD) chemogenetic approach to in-
hibit or activate spinal astrocyte activity ipsilaterally by
expressing hM4D(Gi) or hM3D(Gq) driven by GFAP promoter, re-
spectively (38, 39). The experimental procedure is outlined in
Fig. 2A. hM3D(Gq) or hM4D(Gi) was activated by intraperitoneal
(i.p.) injection of clozapine-N-oxide (CNO) (3 mg/kg). Treatment
of CNO has no effect on the first acid-induced transient hyperalge-
sia in the hM4D, eGFP, and no-DREADD expression control groups
(Fig. 2B). However, second acid-induced chronic pain was pre-
vented in the hM4D but not the eGFP and no-DREADD expression
control groups (Fig. 2B). To confirm the inhibitory effect of hM4D
on astrocytes, we examined the expression of GFAP after CNO
treatment. Activation of hM4D by i.p. CNO led to a reduction of
GFAP expression after the first acid injection compared with the
1.p. saline group (Fig. 2C). Similar to those treated with LAA shown
in Fig. 1F, these results suggest that ipsilateral chemogenetic in-
hibition of astrocytes before the first acid injection disrupts prim-
ing signal and thus the second acid-induced chronic pain.

Next, we test whether direct activation of astrocytes could
mimic the effect of the first acid injection and induce hyperalgesic
priming. Treatment of CNO-induced transient hyperalgesia in the
hM3D group but not in the eGFP control group. Treatment of
CNO-induced transient hyperalgesia in the hM3D group but not
in the eGFP control group (Fig. 2D). Four days later, a single acid
injection induced chronic pain in the hM3D group but transient
hyperalgesia in the eGFP control group (Fig. 2D). Activation of
hM3D by CNO led to an increased expression of GFAP, indicative
of astrocyte activation, compared to saline group (Fig. 2E).

To examine the effect of contralateral manipulation of astro-
cytes on hyperalgesic priming, we expressed hM4D or hM3D on
the right side of SDH (Fig. S3). Interestingly, the inhibition of
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Fig. 1. Inhibition of spinal astrocyte activation disrupts hyperalgesic priming and prevents chronic pain. A) Western blot analysis of spinal GFAP protein
at1,4h,and 1, 4, 8,and 10 days after intramuscular (i.m.) first acid pH 4.0 injection. B) Quantification of GFAP protein expression levels. GFAP level at each
time point was normalized to the level of GAPDH and is presented as fold changes, compared to the control group pH 7.2 saline. All data were presented as
mean + SEM (n=4). *P < 0.05. C) Representative confocal images of GFAP in the dorsal horn 4 h after the first acid injection (n=4), (scale bar, 100 um).
D and E) The GFAP-expressing cell number and area at 4 h after acid pH 4.0 injection, data were presented as mean + SEM (n=4). *P < 0.05 compared to
control group saline pH 7.2. F) Mechanical threshold measurement for mice pretreated with intrathecal (i.t.) administration of 100 nmol LAA 90 min
before and G) 2 h after the first acid injection compared with i.t. saline. H) i.t. LAA at 6 h after the first acid, or I) at day 4 (90 min before the second acid
injection). Red arrows indicate the intrathecal injection of the drugs, and the green arrows indicate the i.m. injection of the acid pH 4.0, n = 8/group, data
are presented as mean + SEM, *P < 0.05 compared to i.t. saline pH 7.2 group.
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contralateral astrocyte activation by hM4D did not prevent acid- 4 days later did not induce prolonged mechanical hypersensitivity
induced hyperalgesic priming, as evidenced by the second acid- (Fig. S3B). These findings suggest that localized astrocyte activa-
induced prolonged mechanical hypersensitivity (Fig. S3A). tions can only prime neurons on the same side of the SDH.

Similarly, although right-side astrocyte activation by hM3D in- To assure the specific expression of DREADD in astrocytes, we

duced transient hyperalgesia, a following left-side acid injection immunostained the neuronal (NeuN), astrocytic (GFAP), and
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PpH 4.0 (scale bar, 100 pm).

microglial (Ibal) markers in the hM3D-mCherry-expressing SDH
and quantified their colocalization. Most of the mCherry signals
are colocalized with GFAP signals, with very few mCherry signals
colocalized with NeuN or Ibal signals (Fig. S4A and B).

Spinal phosphorylated extracellular regulated
kinase inhibition reduces GFAP expression at 4 h
after the first acid injection

We previously demonstrated that spinal neuronal activities, char-
acterized by increased phosphorylated extracellular regulated

kinase (pERK) signals, play an important role in the first acid-
induced hyperalgesic priming (12). Since astrocytes can be activated
by neuronal activities (24, 26, 40), we asked whether spinal as-
trocytes are also activated by neurons after the first acid injection.
To test this, we infused U0126 intrathecally, a mitogen-activated
protein kinase1/2 inhibitor, to inhibit pERK signals. U0126, but
not its inactive analog U0124, blocked the increased protein level
of GFAP induced by acid injection (Fig. 3A and B). U0126 but not
U0124 significantly reduced the size and number of GFAP" astro-
cytes (Fig. 3C and D). These results showed that inhibition of
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PERK signals prevented the activation of astrocytes induced by acid
injection, which implies neuronal activation is required for the
astrocyte activation during hyperalgesic priming.

Activation of spinal Vglut2* excitatory neurons induces pain-
like behaviors (41-43). Vglut2* excitatory neurons are expressed
mainly at the laminae II/III of the SDH (42). To test whether the
PERK' neurons involved in the hyperalgesic priming are Vglut2*
neurons, we examined the expression of pERK in Vglut2-Cre:
Ail4 reporter mice after one acid injection. We found that pERK"
neurons were mainly colocalized with Vglut2* neurons 2 h after
acid injection on both sides of SDH (Fig. 3E and F). To test whether
activation of Vglut2* neurons leads to astrocyte activation, we ex-
pressed hM3D specifically in Vglut2* neurons by intraspinal injec-
tion of AAV5-hSyn-DIO-hM3D(Gq)-mCherry in Vglut2 — IRES-Cre
mice. The experimental procedure is outlined in Fig. 3G, and the
infection numbers of neurons are confirmed in Fig. S5.
Chemogenetic activation of Vglut2* neurons induced transient
hyperalgesia and a single acid injection 4 days later induced
chronic pain (Fig. 3H, i.t. saline group). Activation of Vglut2* neu-
rons also increased the size and number of GFAP +astrocytes
(Fig. 31). These results suggest that activation of Vglut2* neurons
mimics the effect of the first acid injection and is sufficient to in-
duce hyperalgesic priming. We then test whether activation of as-
trocytes following Vglut2" neurons is required for hyperalgesic
priming. LAA treatment before i.p. injection of CNO had no effect
on the transient hyperalgesia induced by activating Vglut2* neu-
rons (Fig. 3H, i.t. LAA group). However, LAA treatment prevented
the activated Vglut2* neurons-induced hyperalgesic priming as
indicated by the prevention of single acid-induced chronic pain
(Fig. 3H, i.t. LAA group) and reduced GFAP + astrocytes (Fig. 3I).
These results suggest that acid injection induces activation of spi-
nal Vglut2* neurons, subsequently activating astrocytes toinitiate
hyperalgesic priming.

Inhibition or knockdown of spinal astrocytic
glutamate transporters blunts the hyperalgesic
priming after the first acid injection

Glutamate is the main neurotransmitter in the spinal Vglut2* neu-
rons (43, 44), contributing to nociceptive transmission in different
pain models (41, 42, 45). We hypothesized that first acid injection
triggers glutamate released from Vglut2" neurons and the released
glutamate activates astrocytes. Since astrocytes uptake glutamate
and control extracellular glutamate concentration via specific
astrocytic glutamate transporters, glutamate transporters GLT-1,
and glutamate-aspartate transporter (GLAST) (46-48), we tested
whether inhibition of glutamate uptake by GLT-1 and GLAST could
prevent acid-induced hyperalgesic priming. Inhibition of GLT-1 or
GLAST using 1 pg threo-B-benzyloxyaspartic acid (TBOA) or dihy-
drokainate (DHK), respectively (49), prevented the second acid-
induced chronic pain but did not affect the first acid-induced tran-
sient hyperalgesia (Fig. 4A and B). To ensure the inhibition of GLT-1
or GLAST prevents the activation of astrocytes induced by acid in-
jection, we examined the expression of GFAP after TBOA or DHK
treatment. TBOA or DHK treatment reduced the size and number
of GFAP" astrocytes induced by acid injection (Fig. S6). In addition
to the pharmacological approach, we also used antisense oligonu-
cleotides (ASOs) to down-regulate the expression of GLT-1 and
GLAST. Specific ASO targeting GLT-1 and GLAST were i.t. injected
7 days before the first acid injection. Treatments of GLT-1 ASO or
GLAST ASO also prevented the development of second acid-
induced chronic pain (Fig. 4C). These results suggest that spinal
astrocyte glutamate transporters GLT-1 and GLAST are important

for the acid-induced hyperalgesic priming. The mRNA knockdown
efficiency of GLAST-ASO and GLT-1-ASO was validated by gPCR,
and the spinal GLAST and GLT-1 mRNA expression reduced until
1month after intrathecal infusion of ASO to GLAST or GLT-1 separ-
ately (Fig. S7).

To test whether direct activation of glutamate transporter can
mimic the effect of first acid injection in hyperalgesic priming, we
intrathecally injected the GLT-1 activator LDN-212320 and in-
jected acid 4 days later. Treatment of LDN-212320 did not induce
hyperalgesic sensitivity, but a single acid injection 4 days later in-
duced chronic pain compared to the saline group (Fig. 4D).
Intrathecal injection of LDN-212320 increased the expression of
spinal GFAP compared to the saline group (Fig. S8). These results
suggest that activation of the spinal glutamate transporter acti-
vates astrocytes and thus induces hyperalgesic priming.

D-Serine plays an important role in hyperalgesic
priming

Activation of astrocytes releases gliotransmitters such as ATP,
glutamate, D-serine, and GABA in response to various neurotrans-
mitters (50, 51). These gliotransmitters subsequently engage with
presynaptic and postsynaptic receptors to regulate synaptic
transmission (28, 29). Direct i.t. administration of D-serine indu-
ces mechanical hypersensitivity in naive mice, and this hypersen-
sitivity depends on the endogenous levels and activities of NMDA
glutamate receptors in the spinal cord (52-54). Thus, we measured
and found that the level of spinal cord D-amino acid increased sig-
nificantly 4 h after acid injection compared to the saline group
(Fig. 5A). D-Serine is abundant D-amino acid and is converted
from L-serine by serine racemase (55). To test whether D-serine
is involved in the hyperalgesia priming, we inhibited serine race-
mase using L-serine O-sulfate potassium salt (L-SOS) (56). L-S0OS
(10 nmol) had no effect on the transient hyperalgesia induced by
the first acid injection (Fig. 5B); however, it prevented the second
acid-induced chronic pain (Fig. 5B). We also tested whether
D-serine can mimic the effect of first acid injection in hyperalgesic
priming. Intrathecal injection of D-serine (10 pg) but not L-serine
induced transient hyperalgesia. However, a single acid injection
4 days later induced chronic pain in the D-serine but not the
L-serine group (Fig. 5C).

To confirm that D-serine is necessary for the establishment of
hyperalgesic priming triggered by astrocyte activation, we tested
the effect of L-SOS after chemogenetic activation of astrocytes
on hyperalgesic priming. The experimental procedure is outlined
in Fig. SD. L-SOS treatment prevented the hyperalgesic priming in-
duced by hM3D-mediated activation of astrocytes as evidenced by
the lack of chronic pain induced by a single acid injection 4 days
later compared to the saline group (Fig. 5E). These results implied
that D-serine is most likely required for hyperalgesic priming after
chemogenetic activation of astrocytes.

Discussion

The current study demonstrates that spinal astrocyte activation
plays a pivotal role in the hyperalgesic priming in the AIMP model.
The primary conclusions of this study are as follows: (i) increased
spinal GFAP expression peaked at 4 h after the first acid injection
and lasted only until 4 days; (ii) the activation of the spinal astro-
cytes at 4 h after the first acid injection is required for the estab-
lishment of hyperalgesic priming but not essential for the
transient hyperalgesia; (iii) the activation of SDH Vglut2* neurons
isrequired for the activation of astrocytes induced by the first acid
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GAPDH,; all data were presented as mean + SEM (n = 3). *P < 0.05. C) Representative confocal images of GFAP immunofluorescent staining in the lumbar spinal
cord 4 h after the first acid pretreated with i.t. U0126 vs. i.t. U0124 and D) Quantification of GFAP positive cell number (Left panel), and area in square
micrometer (right panel). n=4. E) Representative confocal images of bilateral pERK immunofluorescent staining in a transverse section of the spinal cord of
Vglut2-Cre::Ai14 mice, pERK positive signals (green) are located in tdTomato (Red). F) Quantification indicating the percentage of pERK positive neurons in
Vglut2 glutamatergic neurons in both ipsilateral (Ipsi.) and contralateral (Cont.) sides to acid injection at 4 h; data were presented as mean + SEM. *P < 0.05.
(n=4). G) A diagram illustrating the spinal injection of AAV5-hSyn-DIO-hM3D(Gq)-mCherry virus in Vglut2 ~ IRES-Cre mice, at day 4 after CNO; the first acid
was injected into two groups pretreated withi.t. LAA ori.t. saline. H) Mechanical response measurements following administration of CNOin both thei.t. LAA
and saline groups. I) Representative confocal images of spinal GFAP after i.p. CNO injection ini.t. LAA group after first acid injection in comparison with i.t.
saline group. Red arrow indicates CNO and the green arrow indicates the intramuscular injection of the acid pH 4.0 (scale bar, 100 pm).
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Fig. 4. Inhibition or knockdown of astrocytic glutamate transporters (GLT-1 and GLAST) prevents hyperalgesic priming. A and B) Mechanical threshold
measurement for the effect of i.t. (DHK and TBOA) prior to first acid pH 4.0 followed by second acid at day 4; (i.t. Dose =1 pg/5 pL) in comparison with i.t.
saline as a control group, n=7. C) Mechanical threshold measurement after intrathecal injection of Sug of GLT-1 or GLAST ASO 7 days before the first acid
injection, the ASO-treated groups compared with i.t. ASO-NS (nonspecific control) as control n==6. *P < 0.05 compared to i.t. ASO-NS control group. D)

Mechanical threshold measurement shows the effect of i.t. GLT-1 activator LDN-212320 followed by the first acid injection at day 4, n=6, vs. i.t. saline
control group. Data were presented as mean + SEM P < 0.05 compared to i.t. control groups. Red arrows indicate the intrathecal injection of the drugs,

and the green arrows indicate the intramuscular injection of the acid pH 4.0.

injection; (iv) the activation of astrocytes is mediated by astrocytic
glutamate transporters (GLT-1 or/and GLAST); (v) direct activa-
tion of ipsilateral astrocytes using chemogenetic tools induces
transient hyperalgesia and hyperalgesic priming; and (vi) spinal
D-serine is the potential transmitter for the hyperalgesic priming
following the first acid or astrocyte activation. The graphical sum-
mary is presented in Fig. SO.

Activated astrocytes have been observed in response to nerve
injuries like spinal nerve ligation (57-60), chronic constriction in-
jury (59-61), and spinal cord injury (62, 63), as well as in various
other pain models, including inflammatory pain models (64, 65),
chemotherapy-induced pain (66, 67) and arthritis (65, 68). These
activated astrocytes regulate synaptic plasticity within the SDH
in pain neural circuits, suggesting their involvement in the estab-
lishment and persistence of chronic pain (69).

Here, we showed that spinal GFAP transiently increased at 4 h
after the first acid injection; additionally, using pharmacological
and chemogenetic approaches, we demonstrated that astrocyte
activation in the spinal cord involved in the hyperalgesic priming
initiation after the first acid injection, while not affect the transi-
ent hyperalgesia. However, chemogenetic activation of spinal as-
trocytes induced a transient hyperalgesia and mimicked the first
acid-induced hyperalgesic priming when the following acid is in-
jected ipsilaterally but not contralaterally. These findings suggest
that localized astrocyte activation can only prime neurons on the
same side of the dorsal horn. The underlying mechanism of this
lateralization effect of astrocyte activation on hyperalgesic prim-
ing needs further investigation.

The reason why direct chemogenetic activation of spinal astro-
cytesinduced transient hyperalgesia is not clear. One possibility is

that direct chemogenetic activation of astrocytes via the
Gg-dependent pathway may induce different downstream effects
compared to those induced by acid injection (70-72). The findings
are consistent with previous research that demonstrated how op-
togenetic activation of spinal astrocytes expressing ChR2 under
the GFAP promoter can induce transient mechanical sensitivity
in naive mice (71, 73). Our chemogenetic and pharmacological
findings suggest that early activation of astrocytes is required
for the hyperalgesic priming; nonetheless, inhibition of astrocytes
after priming formation, 4 h, 1 day, or 4 days after the first acid,
did not affect the chronic muscle pain induced by the second
acid. These results are consistent with our previous findings
that hyperalgesic priming formation required 4 to 6 h to initiate
after the first acid injection (12).

Activation of spinal astrocytes in the neuropathic pain model
depends on the continuous signals from nerve injury (63, 74), re-
sulting in increased excitatory synaptic transmission and central
sensitization, ultimately leading to chronic pain (75, 76).
Additional research indicates that enhanced neuronal activity re-
sults in the activation of astrocytes within the spinal cord and
various regions of the brain (26, 40, 77). Astrocytic activation is de-
layed compared with the early response of microglia and neuronal
pathways in the SDH in the neuropathic pain model (78-80).
Astrocyte activation is crucial for maintaining the chronic pain
states after peripheral nerve injury (62, 80). However, the under-
lying synaptic pathways from the peripheral fibers to astrocyte ac-
tivation in the SDH in the neuropathic pain model remain unclear
Following peripheral injury, astrocytes in the SDH are activated by
pro-inflammatory cytokines, ATP, and signaling molecules re-
leased from damaged neurons and immune cells, resulting in
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Fig.5. D-serine is the potential gliotransmitter responsible for the hyperalgesic priming. A) Measurement of spinal D-amino acid level at 4 h after the first
acid injection in compared with i.m. pH 7.2 saline, n = 3. B) Mechanical threshold measurement after 10 nmol L-SOS (serine racemase inhibitor) before the
first acid pH 4.0 injection, and C) after thei.t. injection of endogenous D-serine followed by i.m. first acid injection 4 days after in compared with L-serine
as control, n=7, D) Experimental scheme showing spinal injection of AAV5-GFAP-hM3d(Gq)-mCherry and experiment procedures, the first acid pH 4.0
hasbeeninjected at day 4 after CNO injection into two groups pretreated withi.t. L-SOS or i.t. saline. E) Bilateral mechanical test, chemogenetic activation
of astrocytes with CNO in i.t. L-SOS group in comparison with the i.t. saline group, n=7. Data were presented as mean + SEM *P < 0.05. The red arrows
indicate the intrathecal injection, and the black arrow for the CNO injection and the green arrows indicate the acid injection.

elevated expression of reactive astrocyte markers and further re-
lease of inflammatory mediators (81, 82).

In the acid-induced chronic muscle pain model, one single acid
injection leads to bilateral transient mechanical hypersensitivity,
and a second acid injection ipsilaterally or contralaterally 2-8
days after the first acid injection leads to bilateral chronic mech-
anical but not thermal hypersensitivity (11, 83-86). Additionally,

the acid injection produces no obvious inflammation or damage
in the muscle (84, 86). Unlike the neuropathic pain model, where
a continuous nociceptive signal from the injury site leads to
chronic pain, the first acid injection does not produce continuous
stimulation from the injection site and only induces transient
mechanical hypersensitivity. Our study shows that astrocytes
are activated 4 h after acid injection, and this activation requires
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ERK activity in Vglut2* neurons and astrocytic glutamate trans-
porters in the SDH (Figs. 3 and S9).

Excitation of Vglut2* neurons increases neuronal activity and
synaptic glutamate release in the SDH region (87). Extrasynaptic
glutamate is cleared from the synaptic cleft by astrocytic gluta-
mate transporters GLT-1 and additional glutamate transporter
GLAST (46, 49, 88). We showed that inhibition or knockdown of
GLAST or GLT-1 using specific glutamate transporters inhibitors
(DHK and TBOA) or ASOs prevented the hyperalgesic priming in-
duced by the first acid injection. DHK or TBOA also attenuated
the astrocyte activation, as indicated by the decrease in spinal
GFAPimmunoreactivity after the first acid injection. These results
suggest that astrocyte glutamate transporters are most likely re-
sponsible for the astrocyte activation induced by first acid injec-
tion via Vglut2* neurons in the dorsal horn region.

In the neuropathic pain model, the expression of GLT-1 and
GLAST in the spinal cord initially increased after nerve injury
and then gradually decreased (89). Spinal administration of the
glutamate transporter activator Riluzole effectively attenuated
neuropathic paininrats (90). Additionally, inhibition of spinal glu-
tamate transporters induces spontaneous nociceptive behaviors
and heightened sensitivity to thermal and mechanical pain in
naive mice (49, 91). However, inhibition of spinal GLT-1 or
GLAST has been shown to reduce pain in the complete Freund’s
adjuvant inflammatory pain model and the formalin model (92).
Knockdown of spinal GLT-1 resulted in a significant decrease in
nociceptive behavior in the formalin model (92, 93). These studies
suggest that astrocyte glutamate transporters are important
modulators in chronic pain. Manipulation of these transporters
could have positive or negative effects on chronic pain, depending
on the pain models. In this study, inhibition or knockdown of
astrocyte glutamate transporters prevented the astrocyte activa-
tion and thus the acid-induced hyperalgesic priming.

D-Serine, glutamate, ATP, and GABA are known gliotransmit-
ters released by activated astrocytes (28, 29). These gliotransmit-
ters act on neurons in seconds and minutes to regulate
neuronal synaptic transmission and plasticity (28, 94). Several
studies utilized pharmacological and molecular approaches to
demonstrate the effect of D-serine on naive mice. For example,
i.t. injection of D-serine induced mechanical allodynia, and this
nociception depends on the endogenous levels and activities of
NMDA glutamate receptors in the spinal cord (52-54). D-Serine
modulates PKC-dependent phosphorylation of the NMDA recep-
tor GluN1 subunit and contributes to nociception facilitation
(95). In the context of hyperalgesic priming, our study suggests
that spinal D-serine levels may increase 4 h after the first acid
injection.

Furthermore, reducing spinal D-serine by racemase inhibitor
L-SOS blunted the hyperalgesic priming induced by the first acid
injection or by chemogenetic activation of astrocytes. Besides, a
direct i.t. injection of exogenous D-serine but not L-serine mim-
icked the first acid-induced hyperalgesic priming. In the current
study, we i.t. injected 10 pg D-serine, which induced transient
mechanical hyperalgesia lasting up to 4h in C57BL/6 female
mice. A previous study showed that i.t. injection of 500 nmol
D-serine increased paw withdrawal frequency to mechanical
stimuli lasting up to 90 min after injection in Institute of Cancer
Research (ICR) male mice (54). The contradictory results could
be due to different concentrations of D-serine, gender, and strain
of mice used in these studies. Our results suggest that D-serine is
the gliotransmitter that may be released after the first acid injec-
tion and is required for priming formation. D-Serine plays a cru-
cial role in the induction of long-term potentiation (LTP) (96, 97).

Our previous study showed that spinal LTP was enhanced by
PKC activation during the priming state 4 days after acid injection,
even in the absence of mechanical hyperalgesia (12). Previous
studies have shown that D-serine facilitates NMDA-induced noci-
ception, partly by modulating PKC-dependent pGluN1 expression
(95, 96, 98). In conclusion, the current study discovers a distinct
role of spinal astrocytes mediating hyperalgesic priming which
is responsible for the transition from acute to chronic pain. Our re-
sults support the working model that the first acid injection trig-
gers pERK signaling pathway within the Vglut2-expressing
neurons in the dorsal horn, which leads to the activation of spinal
astrocytes through glutamate transporters (GLAST and GLT-1).
Activated astrocytes are likely to release D-serine, potentially af-
fecting spinal neurons to activate the hyperalgesic priming signal-
ing. Further exploration is needed to fully understand spinal
D-serine’s prevalence and physiological consequences in initiat-
ing hyperalgesic priming and its impact on the spinal neural
network.

Materials and methods

Animals

All research was conducted at the Institute of Biomedical
Sciences, Academia Sinica (Taipei, Taiwan). The experiments
were approved under the protocols AS_ Institutional Animal
Care and Use Committee 21-12-1772 and 24-04-2156. All the
mice were kept in a specific pathogen-free habitat and ranged in
age from 7 to 11 weeks. Female C57BL6 mice from (National
Laboratory Animal Center, Taiwan) and Vglut2-IRES-Cre mice
(Gift from Dr Jin-Chung Chen, Chang Gung University, Taiwan).
Mice were roughly distributed across various experimental
groups. The experimenter was not acquainted with the various
pharmacological treatments before the investigation.

Acid-induced hyperalgesic priming and chronic
muscle pain

Mice were subjected to anesthesia using 2% vaporized isoflurane,
and 20 pL of either acidic (pH 4.0) or control saline (pH 7.2) was
intramuscularly injected (84). The intramuscular injections were
administered into the left gastrocnemius muscle on day 0, fol-
lowed by a second injection on day 4 on the same side.
Subsequently, the animals, after a 30-min acclimatization period
in an acrylic chamber, received ten applications of Von Frey 1.0 g
filaments (North Coast Medical, Morgan Hill, CA, United States of
America), with a 30-s interval between each application, as previ-
ously described (99). The time intervals we chose were 4 h, 1, 4, 5,
6,9, and 12 days afterintramuscular acidic saline pH 4.0 or control
pH 7.2 injections. Bilateral mechanical scores were assessed by
testing the response count to stimulation of ten applications of
Von Frey filaments.

Intrathecal administration
The drugs were administered intrathecally using a 30-gauge nee-
dle into the dorsal spinal cord (100, 101). To do this, we used a 30G
needle connected to a Hamilton micro-syringe, which was care-
fully inserted between the L5/L6 vertebrae at the cauda equina,
with confirmation of successful insertion through the dura by ob-
serving a reflexive tail flick. Subsequently, we delivered a 5 pL vol-
ume of either control saline or the drug.

We utilized LAA (Sigma) as an astroglial toxin, administered
intrathecally at a concentration of 100 nmol per 5 uL of saline
(0.9% NaCl). Two inhibitors of glutamate transporter, DL-TBOA
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and DHK (Tocris Bioscience, Ellisville, MO, United States of
America) were used. Also, LDN-212320, a GLT-1 activator, was
obtained from MedChem Express, NJ, United States of America.
The dosages administered were determined based on previous
studies (49). The serine racemase inhibitor L-SOS (Santa Cruz
Biotechnology Inc., CA, United States of America), D-serine, and
L-serine from Sigma were also used. All treatments were dissolved
in 0.9% physiological saline. Additionally, 7 days before the first
acid injection, intrathecal injections of ASO targeting mouse
EAAT-1 (GLAST), EAAT-2 (GLT-1), and ASO-NS nonspecific control
were performed (102, 103). The ASO drugs were dissolved in saline
ata concentration of 1 pg/uL in a total volume of 5 uL. The sequen-
ces mentioned are detailed in Table 1.

Western blot

Mice given intramuscular injections of acidic saline (pH 4.0 vs. pH
7.2) were decapitated. The spinal cord’s lumbar segments (L3-L5)
were surgically extracted, quickly frozen in liquid nitrogen, and
kept at —80°C.

The spinal cord tissues were lysed using a modified lysis buffer
(20 mM Tris pH7.5, 1% Triton-X, NaCl 150 mM, Ethylenediamine tet-
raacetic acid 1 mM, and Ethylene glycol tetraacetic acid 1 mM,). Also,
the cocktail of protease inhibitors was added during the lysis process
(Roche). The crude homogenate was centrifuged for 12 min at
1,000 rpm. The supernatant was collected, and the pellets were dis-
carded. Proteins were then extracted (40 g of protein per sample was
calculated using the Bradford protein assay (Bio-Rad), After protein
concentration was measured, samples were heated for 5min at
95°C and loaded onto 10% stacking, 5% separating sodium dodecyl
sulfate-polyacrylamide gels for protein separation. Protein was elec-
trophoretically and transferred using nitrocellulose blotting mem-
branes (GE Healthcare). All membranes were blocked for 1h at
room temperature in TBS (150 mM NaCl, 20 mM TrisCl; pH=7.2)
containing 5% skimmed milk. The membranes were then subjected
to primary antibodies for an overnight duration at 4°C temperature,
washed three times at room temperature, incubated for an hour at
room temperature with the corresponding secondary antibody, and
rinsed at least three times for 10 min each time. After the final wash-
ing, protein-antibodies were identified using an ECL chemilumines-
cent kit (GE Healthcare). Rabbit monoclonal anti-mouse monoclonal
anti-GFAP was the primary antibody (1:500, cell signaling).
Secondary antibodies with dilution were produced using goat horse-
radish peroxidase (HRP)-conjugated anti-mouse secondary H + L IgG
(1:5,000, Cell signaling). GAPDH antibody HRP (1:10,000 Proteintech)
was used for loading control. The positive pixel area of specific bands
was measured using Image] software (Image] 1.45s; National
Institutes of Health, Bethesda, MD, United States of America) and
normalized against the corresponding GAPDH loading control
bands.

Immunofluorescent staining

For anesthesia, we utilized 2% isoflurane. Avertin
(Tribromoethanol) + 2-methyl-2-butanol with tert-amyl alcohol

Table 1. ASOs sequences.

Target gene Name of ASO Sequence of ASO

EAAT1 (GLAST) EAAT1-1st GTTGCTTTTGGTCATATTTTATCT
EAAT2 (GLT-1) EAAT2-866 CTTCCCACAAATCAAGCAGGCG
Not specified ASO-NS1 GTT TTC AAATAC ACCTTC AT
Not specified ASO-NS2 CCT TCC CTG AAG GTT CCT CC

(0.25 mg/g) (Sigma-Aldrich). Avertin was administered intraperi-
toneally to mice. After dissection, phosphate-buffer saline 25 mL
of 100 mM (PBS, pH 7.2) was transcardially administered, then
20 mL of 4% paraformaldehyde (PFA), the spinal cord’s lumbar
portion (L3-L5) was placed in 4% PFA for a second night at 4°C.
The tissues were then transferred to and kept at 4°C for 2 to
3 days while being treated in 30% sucrose in 100 mM PBS (pH 7.2).
After being cryoprotected, the spinal cord tissues were embedded
in O.C.T. (Leica-Cryo-embedding media) to be sectioned on a
cryostat 20 pm in all sections. Spinal cord sections were preincu-
bated in blocking buffer (5% bovine serum albumin with 0.1%
Triton-X-100 in TBS) for 1 h at room temperature before starting
the immunostaining process. The sections were then treated
with anti-GFAP (GAS5) Mouse mAb conjugated Alexa Fluor 555
(1:5,000; cell signaling), anti-pERK polyclonal antibody, and
anti-Neun (1:500; Cell signaling). The slides were washed three
times with TBS+0.05 Tween 20 (TBSt) and then incubated with
secondary antibodies overnight at 4°C (1:500; Thermo Fisher),
Fluoromount (Diagnostic BioSystems, Pleasanton, CA, United
States of America) was used to mount the immunolabeled sec-
tions on coated glass slides. For examination, we used an
LSM700 confocal scanning laser microscopy and analyzed using
(ZEN software). For the quantification of GFAP-activated cells
based on intensity and area, the MetaMorph Image Analysis
Software was performed using an image analyzer.

Chemogenetic manipulation and intraspinal virus
injection

We administered GFAP promoter-expressing AAV-5 to spinal as-
trocytes, which express the inhibitory or excitatory G protein-
coupled receptor hM4D(Gi) or hM3D(Gq), respectively (54) and
administered the hM4D or hM3D agonist CNO(3 mg/kg, i.p.) to in-
hibit or activate astrocytes, respectively. We used AAVs carrying
DREAD receptors includes AAV5-hM3D(Gq) or hM4D(Gi) (Gift
from Bryan Roth, Addgene viral prep # 50478 and # 50479 ;
http://n2t.net/addgene:50478 and http:/n2t.net/addgene:50479;
RRID: Addgene_50478 and Addgene_50479). For control we used
AAVS5.GFAP.eGFP.WPREhGH (Gift from James M. Wilson
[Addgene viral prep # 105549-AAVS; http:/n2t.net/addgene:
105549]; RRID:Addgene_105549) (38, 104). The mice underwent
lumber surgery as follows.

Mice lumbar surgery for intraspinal viral injection
The procedure for intraspinal viral injection was modified as de-
scribed (105). The mice were under continuous isoflurane anesthe-
sia, and breathing rates were monitored during the whole
procedure. We injected an AAV5 under GFAP promoter to express
the excitatory or inhibitory G protein-coupled receptor in astrocytes
(AAV5-GFAP-hM3D(Gg)-mCherry) or (AAV5-GFAP-hM4D(Gi)-
mCherry) or AAV5.GFAP.eGFP.WPRE . hGH using pulled glass capil-
lary micropipette. The depth of the micropipette in the dorsal is
300 um. Topical antibiotic ointment and an iodine disinfectant
were applied to the sutured area after the closure of the incision
using suture clips. The animal’s general health and behavior
were under control, and the wound was observed untilithad com-
pletely healed.

Measurement of the spinal D-amino acid after the
first acid injection

The L3-L5 lumbar spinal cord tissues were homogenized in a buf-
fer containing 100 mM Tris-HCIl pH 8.8 and 50 mM NaCl, then cen-
trifuged at 12,000xg for 10 min. The supernatants were filtered
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using an Amicon Ultra Centrifugal Filter (Merk Millipore) to re-
move molecules larger than 3kD. D-Amino acid levels in the fil-
trates were measured using DAAO as previously described (98,
106). Briefly, 10 uL of tissue filtrates or standard D-serine were
mixed with HRP (3U/mL), 0.8pg/mL Flavin Adenine
Dinucleotide, and luminol. After 20 min, the background lumines-
cence was measured, and then 2 U/mL DAAO (Sigma-Aldrich) was
added immediately before the next luminescent measurement.
The peak luminescence intensity of the tissue filtrate was ad-
justed by subtracting the background intensity at the time point
just before the addition of DAAO. The amount of D-amino acid
in the spinal cord was calculated from the fitted regression line
of the standard D-serine. One-way ANOVA followed by post hoc
Tukey was used to test statistically significant differences.

Statistics

The number of samples (n) mentioned in the figure legend and the
data are presented as mean + SEM. The Prism 6 program from
GraphPad software was used. For all data analysis, two-way
ANOVA was used with Bonferroni’s multiple comparison test to
measure statistical differences between groups. The western
blot gels were analyzed with Image J program software (NIH,
United States) using the gel analysis tool.
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