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Ventral posteromedial nucleus of the o
thalamus gates the spread of trigeminal
neuropathic pain
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Abstract

Background Widespread neuropathic pain usually affects a wide range of body areas and inflicts huge suffering on
patients. However, little is known about how it happens and effective therapeutic interventions are lacking.

Methods Widespread neuropathic pain was induced by partial infraorbital nerve transection (p-IONX) and evaluated
by measuring nociceptive thresholds. In vivo/vitro electrophysiology were used to evaluate neuronal activity. Virus
tracing strategies, combined with optogenetics and chemogenetics, were used to clarify the role of remodeling
circuit in widespread neuropathic pain.

Results We found that in mice receiving p-IONX, along with pain sensitization spreading from the orofacial area

to distal body parts, glutamatergic neurons in the ventral posteromedial nucleus of the thalamus (VPMY) were
hyperactive and more responsive to stimulations applied to the hind paw or tail. Tracing experiments revealed that a
remodeling was induced by p-IONX in the afferent circuitry of VPMY, notably evidenced by more projections from
glutamatergic neurons in the dorsal column nuclei (DCNM). Moreover, VPMSMH receiving afferents from the DCN
extended projections further to glutamatergic neurons in the posterior insular cortex (plC). Selective inhibition of the
terminals of DCNM in the VPM, the soma of VPM® or the terminals of VPM in the plC all alleviated trigeminal and
widespread neuropathic pain.

Conclusion These results demonstrate that hyperactive VPM®Y recruit new afferents from the DCN and relay the
extra-cephalic input to the pIC after p-IONX, thus hold a key position in trigeminal neuropathic pain and its spreading.
This study provides novel insights into the circuit mechanism and preclinical evidence for potential therapeutic
targets of widespread neuropathic pain.
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Introduction

Widespread neuropathic pain is a chronic condition
characterized by spontaneous and evoked pain in multi-
ple body regions, usually resulting from peripheral nerve
injury, but disproportionate in magnitude or duration to
the typical neuropathic pain [1-3]. In clinical practice, it
is frequently observed that damage to craniofacial nerves,
notably the infraorbital and inferior alveolar nerves, pre-
cipitates a heightened sensitivity to pain beyond the oro-
facial area [4—6]. For instance, trigeminal neuropathic
pain (TNP), a type of neuropathic pain originating from
trigeminal nerve injury, primarily presents as unilateral
orofacial pain [7]. However, it can extend beyond the
trigeminal territory in a subset of patients to contralat-
eral facial areas or even distal extremities with increased
intensity and persistence, leading to more severe pain
syndrome including anxiety and depression, both of
which are inadequately managed by standard treatment
with analgesics and antidepressants [8, 9]. Such phe-
nomena imply that craniofacial nerve injuries, known for
provoking severe pain in the orofacial region, predispose
people to widespread neuropathic pain. Coincidently, we
previously reported that pain sensitization after partial
infraorbital nerve transection (p-IONX) spreads from
orofacial region to distal body parts, but that after partial
sciatic nerve injury is restricted in the hind limb [10]. We
also reported that spinal neuroinflammation contributes
to the spreading process [6, 10, 11]. However, it is still
unknown whether brain changes are involved in wide-
spread neuropathic pain.

Accumulating studies have revealed that neural cir-
cuitry in the central nervous system (CNS) is undergoing
remodeling in response to peripheral nerve injury [12,
13]. Anatomical and morphological changes, such as the
restructuring of presynaptic axon terminals and postsyn-
aptic dendritic spines due to primary afferent fiber tran-
section or constriction, lead to functional modifications
within neural circuitry [14, 15]. This remodeling, particu-
larly the somatotopic remodeling, is strongly linked to the
development of phantom limb sensations [16]. Moreover,
it is found that thalamocortical reorganization develops
after inferior alveolar nerve transection and contributes
to the maintenance of extraterritorial pain [17]. In addi-
tion, transection of dorsal columns in macaque monkey
results in expansion of receptive field from the face to
the hand region of neurons in primary somatosensory
cortex and ventroposterior nucleus of thalamus [17]. Fur-
ther study identified that this expansion probably stems
from remodeling in the brain stem but not intracortical
or thalamocortical connections [18]. These findings indi-
cate that peripheral nerve injury is able to cause circuitry
remodeling in the brain and consequently may disturb
pain sensation.

Page 2 of 18

The sensory thalamus acts as an essential relay station
in the pain transmission pathway, conveying sensory
information from the secondary sensory neurons in the
spinal cord and brain stem to the cortex, for instance, the
somatosensory cortex, where the sensory and discrimi-
native aspects of pain are processed [19]. The ventral
posteromedial (VPM) and ventral posterolateral (VPL)
thalamic nuclei, the two components of sensory thala-
mus, encode sensations from distinct body regions [20,
21]. The former predominantly processes orofacial sen-
sory input from the trigeminal nuclei, while the latter
primarily receives sensory information from the trunk
and limbs via the dorsal column nuclei (DCN, compris-
ing the gracile and cuneate nuclei) and the spinal dor-
sal horn [22, 23]. Under physiological conditions, these
sensory pathways maintain a high degree of specificity
and independence, a mechanism critical for the precise
discrimination of the location and intensity of stimuli.
The key position that the VPM holds in the trigemino-
thalamic pathway underscores its importance in pain and
its management. Studies have indicated that the rhyth-
mic burst firing of thalamic neurons may be involved in
the development of chronic pain, and abnormal activity
of VPM neurons are frequently observed in patients with
neuropathic pain [24]. Moreover, deep brain stimula-
tion (DBS) has been shown to effectively alleviate refrac-
tory facial pain [25]. Interestingly, few studies reported
that after infraorbital nerve transection, VPM neurons
exhibit responses to stimuli applied to the trunk or limbs,
and the VPM starts to recruit afferents from the cune-
ate nucleus [26, 27]. However, whether and how these
changes in the sensory thalamus contribute to the spread
of neuropathic pain remain to be elucidated.

In this study, we reported that the glutamatergic neu-
rons in the VPM (VPM®") recruit more projections from
the DCN after p-IONX. Selectively inhibiting this newly
developed circuit of DCN-VPM significantly delayed
and mitigated widespread pain sensitization. Moreover,
selective inhibition of VPM®" and their projection termi-
nals in the posterior insula cortex (pIC) alleviated both
trigeminal and widespread pain sensitization. The study
elucidates the circuit mechanism underlying the spread
of TNP and highlights the potential value of VPMSM in
the treatment of TNP with or without spread.

Methods

Briefly, all animal procedures were approved by the Zhe-
jiang University Animal Experimentation Committee and
were conducted in accordance with the National Insti-
tutes of Health Guide for the Care and Use of Laboratory
Animals. Widespread neuropathic pain was induced by
p-IONX and evaluated on D3-D28 postoperatively (PO)
by measuring nociceptive thresholds to mechanical and
heat stimulation in different body regions. Single-unit
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and patch clamp recordings as well as fiber photometry
were conducted to evaluate neuronal activity on D7 PO.
Anterograde or retrograde virus tracing, combined with
optogenetics and chemogenetics, was used from D1-D7
or D7-D14 PO to clarify the role of circuits in widespread
neuropathic pain.

Animals

Adult (8-12 weeks old) male MRL/MP] (MRL thereaf-
ter) and Vglut2-Cre mice were used in this study. Breed-
ers were acquired from the Jackson Laboratory and
SLAC Laboratory Animal, respectively, and propagated
at Zhejiang University’s Experimental Animal Cen-
ter. Mice were group-housed (five per cage) under con-
trolled humidity (45-65%), temperature (22—24 °C), and
a 12-hour light/dark cycle (08:00 to 20:00 light period).
Regular chew and clean water were available ad libitum.
All procedures were in accordance with the guidelines of
the International Association for the Study of Pain [28]
and were approved by the Zhejiang University Animal
Experimentation Committee. Efforts were made to mini-
mize the animal use and suffering.

Partial infraorbital nerve transection surgery

The p-IONX surgery was performed as previously
described [6]. In brief, under isoflurane anesthesia (4%
for induction and 2% for maintenance), the mouth of the
mouse was opened by pulling the lower and upper fore
teeth with a rubber thread. Under the surgical micro-
scope, a 2—2.5 mm incision was made from the gingival
mucosa of the first molar on the left side to expose the
deep branches of the ION. Approximately 1 mm of the
nerve fibers was excised with a pair of microsurgical scis-
sors and an absorbent gelatin sponge was placed on the
wound. The nerve branches of mice in the sham group
were exposed but left uninjured.

Delivery of virus and agents

Stereotaxic intracerebral injection was performed on
a stereotaxic frame (RWD, China) under anesthesia
induced with an intraperitoneal (i.p.) injection of sodium
pentobarbital (50 mg/kg). The body temperature of
the mouse was kept at 36 °C throughout the procedure
using a heating pad. Small craniotomies were made over
the target nuclei either for immediate viral delivery or
implantation of guide cannula [outer diameter (o.d.):
0.41 mm; RWD, China] or chronic fiber optic cannula
[core diameter: 200 um, 0.22 mm numerical aperture
(NA); Newdoon, China]. The coordinates of target nuclei
relative to bregma were as follows according to the Paxi-
nos and Franklin (2001) atlas: right VPM (AP: -1.7 mm,
ML: -1.6 mm, DV: 3.5 mm), right pIC (AP: 0.2 mm, ML:
-3.4 mm, DV: 3.9 mm), and left DCN (AP: -7.7 mm, ML:
1.1 mm, DV: -4.2 mm). The cannulas were held in place
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by dental acrylic and the patency was maintained with
occlusion stylets. For virus injection, a thin glass capillary
connected to a 1 pl microsyringe mounted on a micro-
pump (World Precision Instruments, USA, WPI) was
slowly lowered to the target nuclei. Virus at a total vol-
ume of 100—200 nl was delivered at a flow rate of 40 nl/
min. The glass capillary was left in place for an additional
5 min after injection to allow the diffusion of virus par-
ticles and minimize the reflux along the injection track.
The sites of cannula placement or viral expression were
histochemically confirmed on cryogenic brain sections at
the end of all experiments. The core of viral expression
should be within the target nuclei according to the brain
atlas and be matched with the cannula tips. Animals dis-
playing incorrect sites were excluded from all analysis.

Anterograde  tracing. ~ Virus  pAAV-CaMKlla-
hChR2(H134R)-EYFP (AAV-CaMKIla-ChR2, 1.7x10%
vg/ml, OBIO, China; 100 nl) or Cre-dependent virus
AAV-CAG-FLEX-ArchT-GFP (2.14x10'% vg/ml, OBIO;
100 nl) was injected into the DCN of MRL or Vglut2-
Cre mice. Three weeks later, mice were transcardially
perfused under deep anesthesia with pentobarbital, and
30 pum brain slices were prepared for tracing the EYFP
signal. For anterograde trans-monosynaptic tracing,
helper virus rAAV1/2-DIO-TK-GFP (AAV-DIO-TK-GFP,
2x10" vg/ml, BrainV'TA, China; 100 nl) was injected into
the VPM of Vglut2-Cre mice and H129ATK-mCherry
(3x10" vg/ml, BrainVTA; 100 nl) was injected into the
same place three weeks later. Seven days later, mice were
perfused, and brain slices were prepared for tracing the
mCherry signal.

Retrograde monosynaptic tracing. A mix of helper
viruses that contain rAAV-EFla-DIO-His-EGFP-2a-
TVA-WPRE-pA (AAV-DIO-TVA-EGFP, 3.77x10" vg/
ml, BrainVTA) and rAAV-EF1a-DIO-RVG-WPRE-pA
(AAV-DIO-RVG, 3.43x10'? vg/ml, BrainVTA; 1:1, 100
nl) was injected into the VPM or pIC of Vglut2-Cre mice.
Three weeks later, RV-EnvA-AG-DsRed (3.43x10'? vg/
ml, BrainVTA; 100 nl) was injected into the same sites.
Seven days after the last injection, mice were perfused,
and brain slices were prepared for tracing the DsRed
signal.

Triple-loop tracing strategy. Helper viruses that con-
tain rAAV-EFla-DIO-His-mcherry-2a-TVA-WPRE-pA
(AAV-DIO-TVA-mCherry, 5.33x10'? vg/ml, BrainVTA)
and rAAV-EF1a-DIO-RVG-WPRE-pA (AAV-DIO-RVG,
3.11x 10" vg/ml, BrainVTA; 1:1, 100 nl) were injected
into the VPM of Vglut2-Cre mice. Three weeks later,
RV-EnvA-AG-EGFP (2.00x10'? vg/ml, BrainVTA; 100
nl) was injected into the pIC. Seven days after the last
injection, mice were perfused, and brain slices were pre-
pared for tracing the DsRed signal.

Tracing strategy for whole-cell patch-clamp record-
ing. rAAV-Efla-DIO-EGFP-WPRE-pA (AAV-DIO-GFP,
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1.95x10' vg/ml, OBIO; 200 nl) and rAAV-Efla-DIO-
hChR2-mCherry-WPRE-pA (AAV-DIO-ChR2-mCherry,
1.63x10" vg/ml, OBIO; 200 nl) was injected into the
VPM and DCN of Vglut2-Cre mice respectively. Mice
were perfused at least three weeks later, and brain slices
were prepared for patch-clamp recording.

Chemogenetic  inhibition. Virus pAAV-CaMKIla-
hM4D(Gi)-mCherry-3xFlag-WPRE (AAV-CaMKIla-
hM4D(Gi)-mCherry, 1.26x10'® vg/ml, OBIO; 200 nl)
was injected into the VPM or DCN of MRL mice. Four
weeks later, clozapine-N-oxide (CNO; Abcam, ab141704,
UK) was administered intraperitoneally (0.1 mg/kg), or
via a cannula (30 pg) implanted in the VPM or pIC to
regulate neurons or neural circuits.

Fiber  photometry.  Virus  AAV2/8-mCaMKIla-
GCaMP6s-WPRE-pA-EYFP (AAV-CaMKIla-
GCaMP6s-EYFP, 2.82x10'? vg/ml, Taitool, China; 200
nl) was injected into the VPM of MRL mice. Four weeks
later, the calcium signal in response to noxious stimula-
tion of the tail was recorded by an optical fiber.

Behavioral assessment

All behavioral tests were conducted during the light
phase (from 9 am to 5 pm). Mice were habituated in the
testing room for at least 30 min before the test. Exam-
iners were blinded to the groups of mice. The testing
room was sound-proof and the illumination intensity
was maintained at 80 Ix with temperature at 24-26 °C.
After each trial, the mice were put back into their home
cages and the experimental apparatus was cleaned with
75% alcohol to eliminate the odor that may affect animal
behavior. Evoked pain-like behaviors were assessed on
different days.

Evoked pain-like behavior test of face. To test pain-like
behaviors evoked by stimulation of the left vibrissal pad,
the mouse was placed in a small cage made with metal
mesh ceiling and wood bottom (10x5x5 cm [3]). Face-
scratching is a manifestation of pain behavior in mice,
referring to unilateral or bilateral scratching with the
forepaw of the area innervated by the trigeminal nerve
[29]. The number of face-scratching was counted for
5 min immediately after a 1.0 g von Frey hair stimula-
tion. Noxious thermal stimulation was supplied by a
laser pulse. The laser with a pulse width of 150 ms gen-
erated by an infrared diode laser machine (LYPE, China)
was shot at the left vibrissal pad with the guidance of a
red aiming beam. Evoked pain-like behaviors included
scratching the vibrissal pad, shaking head or turning
around the body. The laser intensity (A) was started from
15 A and incremented by 1 A. Each intensity was tested 3
times with an interval of at least 5 min. The threshold was
defined as the intensity that induced pain-like behaviors
at least 2 times out of 3 trials [6].
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Evoked pain-like behavior test of hind paw. To test the
pain-like behaviors evoked by stimulation of the hind
paw, the mouse was placed in a plastic cylinder (height
of 9 cm and diameter of 8 cm) with metal mesh bottom.
Mechanical stimulation was applied to the plantar sur-
face of the left hind paw by a set of von Frey hairs (North
Coast Medical, Gilroy, CA) numbered 1-9 with bending
force 0.008, 0.02, 0.03, 0.07, 0.16, 0.4, 0.6, 1.0 and 1.4 g,
respectively. The test was started from hair No.5 (0.16 g)
and progressed according to an up-down method. Each
test constituted a constant number of five stimuli with an
interval of at least 5 min. Each stimulus lasted about 2 s.
A sharp withdrawal or an immediate flinch of the hind
paw indicated a positive response. The final number of
von Frey hair was determined by adding 0.5 to the num-
ber of the fifth test if responses were evoked or reduc-
ing 0.5 if not. The paw withdrawal threshold (PWT) to
mechanical stimulation was calculated by the equation:
PWT force=10(x*F+B) (F is the final number of von Frey
hair, x=0.240, B=-2.00) [30]. Noxious thermal stimula-
tion was supplied by a laser pulse with a wave width of
200 ms that was shot at the plantar surface of the left
hind paw. The laser intensity was increased by 1 A step,
and each intensity was tried 3 times with an interval of
at least 5 min. The PWT was defined as the intensity that
evoked withdrawal responses at least 2 times out of 3
trials.

Evoked pain-like behavior test of tail. The mechani-
cal threshold of tail was detected by von Frey test for
the hind paw as above described. A sharp swing or an
immediate flinch of the tail indicated a positive response.
Hargreaves test was used for the evaluation of thermal
nociception. A radiant heat source (Ugo Basile, Italy)
with an intensity of 20 W was positioned underneath the
glass bottom and aimed at the middle segment of tail.
The withdrawal latency was recorded automatically. Min-
imum and maximum cutoffs were assigned at 1 and 20 s,
respectively. The trial was repeated at a 15 min interval,
and the average of two trials was taken into analysis.

Conditioned place preference (CPP) test. The CPP test is
conventionally used to evaluate the affective responses to
a particular treatment. However, based on the hypothesis
that pain relief is rewarding, a pain-alleviating treatment
can induce preference for the paired place in rodents
[31]. Therefore, here we used the CPP test to examine
whether manipulation of neuronal activity affects the
affective status and/or spontaneous ongoing pain before
and on D14 PO, respectively. The CPP test was con-
ducted in a three-chamber apparatus that consists of two
compartments of equal size (45x40x35 cm [3]) joined
by a tunnel (40x9x35 cm [3]). Mice were first exposed
to the pre-conditioning phase during which they were
placed in the apparatus across 2 days and were allowed
to explore the box freely for 30 min each day. Animal
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behaviors on the second day were recorded by a digital
video camera (Logitech, Switzerland) and the data in the
last 15 min were analyzed by the ANY maze software to
verify the absence of preference to any chamber. Animals
spending more than 80% (720 s) or less than 20% (180 s)
of the total time in any of the chambers were excluded
from further testing. A four-day conditioning phase was
then performed. Mice receiving CNO were placed into
the box on one side for 30 min without access to other
boxes on the third and the fifth days, while those receiv-
ing saline were placed into the other side on the fourth
and the sixth days for 30 min. The post-conditioning
phase was performed on day 7. Mice were placed into the
middle tunnel with free access to chambers on both sides
and their movements in each chamber were recorded for
15 min. The time spent in either chamber was analyzed
by the ANY-maze and compared with that in the pre-
conditioning phase.

Immunohistochemistry and imaging

Mice were deeply anesthetized with pentobarbital
(100 mg/kg, i.p.), and then perfused with ice-cold PBS
followed by 4% PFA. Brains were removed and post-
fixed overnight in the same fixative, then dehydrated
by infiltration in 30% sucrose for 48 h at 4 °C. Coronal
slices were cut using a cryostat (ThermoFisher Scientific,
USA) at 30 um thickness and stored at -80 °C. Fluores-
cent images were captured by a fluorescence microscope
(Olympus, Japan). For immunofluorescence staining,
the sections were incubated with blocking buffer (0.1%
Triton X-100, 5% donkey serum in PBS) for 2 h at room
temperature (RT), and then were treated with primary
antibodies against CaMKIla (1:500, rabbit, Abcam,
ab171095) or GABA (1:500, rabbit, Sigma, USA, A2052)
at 4 °C for 24 h. After washing three times for 5 min with
PBS, the sections were incubated with donkey anti-rabbit
AlexaFluor 594 (1:1000, Abcam, ab150080) or donkey
anti-mouse AlexaFluor 488 (1:1000, Abcam, ab150105)
conjugated secondary antibody for 2 h at RT. After
repeated washing, the sections were then covered with
glass coverslips and images were captured by a laser con-
focal microscope (Leica, German).

Fiber photometry

An optic fiber (0.d.: 0.20 mm, 0.37 NA; Inper, China)
placed in a ceramic ferrule was inserted into the VPM 3
weeks after AAV-CaMKIla-GCaMP6s-EYFP injection.
Mice were then allowed to recover for at least 1 week
before subsequent test. The fiber photometry record-
ing system (Thinkertech, China) used a dichroic mir-
ror (MD498, Thorlabs, USA) to reflect a 488 nm laser
(OBIS 488LS, Coherent, USA), which was focused with
a 10x objective lens (0.3 NA; Olympus) and then coupled
to an optical commutator (Doric Lenses, Canada). The
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commutator and the implanted fiber were guided by
a fiber cable (0.d.: 0.20 mm, 0.37 NA). GCaMP fluores-
cence was filtered using a GFP bandpass filter and col-
lected using a photomultiplier tube (R3896, Hamamatsu,
Japan). The amplifier converted the photomultiplier tube
current output into a voltage signal that was further fil-
tered by a low-pass filter (4 Hz cutoff; Brownlee, USA).
The analog voltage signals were digitized at 500 Hz and
recorded. Mice were anesthetized with isoflurane inhala-
tion and mounted on a stereotaxic frame to ensure the
head stable. Recording began after the mouse woke up
from anesthesia. The fiber was connected to the fiber
photometry setup and the baseline signals were recorded
for 3 min before stimuli were applied. Pulse train elec-
trical stimulation (automatic generator, 1 mA, 200 ms
duration, 30 s intervals, 3 min duration/trail), pinch (clip-
ping the tail for 10 s using a toothed plastic clip) or heat
(immersing the tail into 55 °C hot water for 3 s duration)
stimulation was applied on the tail. The calcium signals
were then recorded continuously for 5 min. Photometry
data were exported as MATLAB files for further analy-
sis. We derived the values of fluorescence change (AF/F)
by calculating (F-F;)/E,, where F is the averaged fluores-
cence over the 1 min baseline period before stimulation.
AF/F value for each mouse was presented as heatmaps
and the averaged values were presented in plots with the
SEM indicated by a shaded area.

In vivo single-unit recordings

Mice were anesthetized with 20% urethane (1.4 g/kg,
i.p; Sigma-Aldrich, USA) and mounted on a stereo-
taxic frame. A small craniotomy was performed over the
right VPM and VPL. The microelectrodes that consisted
of 8 channels of wires (25 um; AM-Systems, USA) with
impedances of 1-2 MQ were lowered into the target
nuclei by a micromanipulator. Acquisition and analysis
of data from single-unit recordings were conducted as
previously described [32]. In short, signals were acquired
by a multichannel acquisition system (Blackrock Micro-
systems, USA) with a sampling rate of 30 kHz and were
high- and low-passed at 250 Hz and 7.5 kHz, respectively.
The signals were analyzed by Offline Sorter (Plexon,
USA) and NeuroExplorer 4.0 (NEX, USA). Putative glu-
tamatergic neurons were identified by their wide spike
waveform (full width at half maximum>0.30 ms) and
sharp autocorrelation [33, 34]. The spontaneous and
evoked firing of glutamatergic neurons in the right VPM
(VPM®) and VPL (VPLY) were recorded 7 days after
sham or p-IONX operation. The spontaneous firing was
recorded for 3 min before recording the evoked firing by
brush and pinch stimulation. Brush stimulus was applied
by swapping the left vibrissal pad or hind paw for 60 s
using a hairy brush. Pinch stimulus was applied by clip-
ping the hind paw for 30 s using a toothed plastic clip.
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Average firing rate before and during stimulation was
quantified and compared. The response pattern of neu-
ronal activity was classified as increased or decreased if
the firing rates increased or decreased by more than 20%
during stimulation compared with that before stimula-
tion. Those that changed by no more than 20% were con-
sidered as no change.

Patch clamp electrophysiology
Brain slice preparation. Mice were deeply anesthetized
with isoflurane and the brain was quickly removed to
icy cold artificial cerebral spinal fluid (ACSF) oxygen-
ated with 95% O, and 5% CO,. Coronal slices (300 um)
that included the VPM and VPL were obtained using a
vibratome (VT1000, Leica Instruments, Germany). The
slices were then incubated for at least 30 min at 33 °C and
another 1 h at RT in oxygenated ACSE. The brain slices
were then transferred to a slice chamber and were con-
tinuously perfused with oxygenated ASCF at a rate of
3—4 ml/min before electrophysiological recordings at RT.
For action potential recordings, the ACSF contained (in
mM): 120 NaCl, 11 Dextrose, 2.5 KCl, 1.28 MgSO,, 3.3
CaCl,, 1 NaH,PO,, and 14.3 NaHCO,, with pH at 7.4 and
osmolarity at 310.5 mOsm. For spontaneous post-syn-
aptic current recordings, a low divalent ion ACSF con-
taining (in mM): 125 NaCl, 3.5 KCl, 1.25 NaH,PO,, 0.5
MgCl,, 26 NaHCO;, 25 Dextrose, and 1 CaCl,, with pH
at 7.4 and osmolarity at 310.5 mOsm was used.
Whole-cell patch-clamp recordings. Neurons of VPM
and VPL in brain slices were visualized and recorded
under an infrared differential interference contrast video
microscopy mounted on an upright microscope (FNI,
Nikon, Japan) that was equipped with a 340/0.80 water-
immersion objective and a charge-coupled device cam-
era (Clara-E, Andor Technology, UK). To record action
potentials, pipettes with resistance of 5-10 MQ and
outer diameter of 1.5 mm were filled with a K*-based
recording solution containing (in mM): 140 K-gluconate,
5 NaCl, 0.2 EGTA, 2 Mg-ATP and 10 HEPES. Stepped
currents (0-200 pA, 10 pA per step) were injected into
neurons to elicit action potentials. To record spontane-
ous excitatory and inhibitory post-synaptic currents
(SEPSCs and sIPSCs), cesium-based recording solution
containing (in mM): 100 CsCH,SO,, 20 KCI, 10 HEPES,
4 Mg-ATP, 0.3 Tris-GTP, 7 Tris,-Phosphocreatine, and
3 QX-314) was used. The holding potential was —60 mV
and +10 mV for recording sEPSCs and sIPSCs, respec-
tively. Optical stimulation was performed using a blue
laser (473 nm, 10 V, 20 ms, 5-10 Hz) through an optical
fiber positioned 0.2 mm above the surface of the target
brain region. The signals were amplified by the amplifier
(EPC10, HEKA Instruments, Germany), and digitized
at 10 kHz. The low-pass filter was set at 2.8 kHz. If the
series resistance changed by more than 20% during the
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recordings, the neuron was immediately abandoned. Data
were further analyzed with MiniAnalysis Program (Syn-
atosoft Inc, USA) and Clampfit 10.7 software (Molecular
Devices, USA) to provide spreadsheets for the generation
of cumulative probability plots. The amplitude and inter-
event interval of post-synaptic currents were collected.

Statistical analysis

All data are expressed as the mean+SEM. The required
sample sizes were estimated based on our experience
and pilot experiments and Power analysis was used to
justify the sample size. Statistical analysis was conducted
by GraphPad Prism 8.0 (GraphPad Software, USA). Stu-
dent’s t-test was used to compare data of two groups. For
comparisons among multiple groups, data were analyzed
using one-way or two-way analysis of variance (ANOVA)
with Tukey’s or Bonferroni’s post-hoc analyses. Sig-
nificance levels are displayed as *p<0.05, **p<0.01 and
**#*p<0.001.

Results

Neuronal activity of VPM®" is enhanced after p-IONX

On D3 PO and thereafter, mice in the p-IONX group
exhibited a significant increase in scratching behavior
and a notable decrease in the pain threshold to mechani-
cal and heat stimulation applied to the vibrissal pad, com-
pared with that before surgery (BL) and the sham group
(Fig. 1A and B), suggesting the establishment of trigemi-
nal neuropathic pain. From D7 PO, the p-IONX group
demonstrated a substantial decrease in both mechanical
and thermal pain thresholds in the hind paw (Fig. 1C).
Furthermore, a reduction in pain thresholds was detected
on the tail, together verifying that pain sensitization had
spread from the territory of nerve injured to distal body
areas (Fig. 1D).

We then explored whether the neuronal activity of sen-
sory thalamus is changed following p-IONX. It has been
proposed that neurons in the VPM and VPL are glutama-
tergic in rodents [35]. Whole-cell recordings revealed no
change in resting membrane potentials in VPM and VPL
neurons, but a significant reduction in rheobase (the low-
est current intensity that evoked action potential firing)
was detected alongside an elevated firing rate in response
to stepwise current injection in VPM but not VPL neu-
rons on D7 PO (Fig. 2A-D). Moreover, the amplitude and
frequency of sEPSCs but not sIPSCs in VPM neurons
were elevated significantly in the p-IONX group (Fig. 2E-
G). In contrast, no differences in the postsynaptic cur-
rents were detected between the p-IONX and sham
groups in VPL neurons (Fig. 2E, H-I).

In addition, the firing activity of VPM and VPL neu-
rons was examined by in vivo single-unit recordings on
D7 PO (Fig. 2J). The glutamatergic nature of recorded
neurons was identified by the characteristic waveform
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Fig. 1 p-IONX induces widespread neuropathic pain. A, Schedule of experimental procedure of pain-like behavior examination. B, Face mechanical and
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and the autocorrelation of neuronal discharge (Fig. 2K).
It was revealed that the spontaneous firing of VPMS
rather than VPLSM was substantially increased in the
p-IONX group (Fig. 2L). Moreover, we found that VPM-
Gl and VPLE™ responded to orofacial stimulation in
three patterns: increased, decreased and no change. In
sham-treated mice, the proportions of three response
patterns in both VPL and VPM neurons were similar
(Fig. 2M). The average firing frequency of VPM™" was
increased by orofacial stimulation, whereas VPL™ did
not show such shift (Fig. 2N-P). However, compared with
the sham-treated group, VPM™ in p-IONX treated mice
displayed a larger fraction (73.3% versus 26.7%) of the
increased pattern in response to orofacial brush stimula-
tion, leading to a significant elevation of the average fir-
ing frequency. By contrast, VPLE" exhibited no notable
changes in response patterns as well as average firing fre-
quency (Fig. 2M-P). These findings demonstrate that the
excitability and excitatory synaptic transmission of gluta-
matergic neurons in the VPM but not VPL are markedly
augmented following infraorbital nerve injury.

VPME! are more responsive to sensory input from extra-
cephalic regions following p-IONX

After demonstrating VPMC!Y, rather than VPLEY, were
hyperactive following p-IONX, we then investigated
whether VPM™ were involved in integrating sensory
input from distant body regions beyond the orofacial

area. The response of VPM®™ to innocuous (brush for
60 s) or noxious (pinch for 30 s) stimulation at the hind
paw was examined on D7 PO (Fig. 3A-B). We found
that although response pattern composition to brush
was similar across groups, the p-IONX mice exhibited a
substantially higher proportion of increased pattern in
response to pinch (Fig. 3C). Meanwhile, VPM™ in the
p-IONX group manifested a marked increase in firing
frequency upon both types of stimulation, with a post-
stimulus return to baseline levels gradually. By contrast,
the sham group showed only a mild increase, signifi-
cantly less pronounced than the p-IONX group (Fig. 3D-
G). These results indicate that VPMS™ in p-IONX mice
respond with an amplified extent to stimulation of the
hind paw, implying a remodeling of afferents.
Considering the responses of VPM®!" to stimulation
might be influenced by light anesthesia, which is neces-
sary for single-unit recordings, we then examined the
changes of calcium signals of VPM®!" induced by noxious
stimulation of the tail in awake animals (Fig. 3H-I). In the
p-IONX group, the calcium signal in VPM®" showed a
pronounced elevation in response to continuous 1-mA
electrical shocks to the tail (Fig. 3]-M) or a 10 s of noxious
pinch (Fig. 3N-O). In contrast, the sham group did not
exhibit evident changes in calcium signal. Additionally,
exposure of the mouse tail to hot water at 55 °C resulted
in a substantial increase in calcium signal (Fig. 3P-Q).
These data indicate that VPMS™ in p-IONX-treated mice
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are more responsive to noxious stimulation applied to the  explored the role of VPM" in trigeminal and widespread
tail. Taken together, it was demonstrated that VPM®"  neuropathic pain by chemogenetically inhibiting their
are hyperactive after p-IONX and their responsiveness  activities. In mice receiving AAV-CaMKIla-hM4D(Gi)-
to peripheral stimulation extends beyond orofacial area, = mCherry injection into the VPM, CNO was administered
suggesting a possible involvement of VPM®" in wide- i.p. daily for consecutive eight days during D7-D14 after

spread pain sensitization. p-IONX and the inhibition of neuronal activity by CNO

was verified by patch clamp recordings (Fig. 4A-C). It
Inhibition of VPMS" or the circuit to the pIC alleviates was found that inhibition of VPMS" elevated mechani-
widespread neuropathic pain and associated aversion cal and thermal pain thresholds of the face and hind paw

After confirming the hypersensitivity of VPM" to stim-  (Fig. 4D-E). In addition, in the CPP test, p-IONX mice
ulation of wide body regions after p-IONX, we further = spent more time in the side paired with CNO than that
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Fig. 4 Chemogenetic inhibition of VPM® alleviates widespread neuropathic pain and associated aversion. A, Experimental design for chemogenetic
inhibition of VPMCY. CNO was delivered daily during D7-D14 after p-IONX. B, Schematic of the AAV-CaMKlla-hM4D(Gi)-mCherry injection in the VPM (left)
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in the saline-paired side (Fig. 4F-G). Moreover, the pref-
erence rate for the CNO-paired side significantly was
increased in p-IONX mice (Fig. 4H-I). These results indi-
cate that chemogenetic inhibition of VPMS" alleviated
trigeminal and widespread neuropathic pain and/or asso-
ciated aversive affect, demonstrating the pivotal role of
VPMEM hyperactivity therein.

To further establish the role of VPMS®™ in widespread
neuropathic pain, we probed the involvement of the cir-
cuit from VPM to pIC, which receives projections from
multiple thalamic nuclei and is conventionally consid-
ered as a key area for pain perception [36, 37]. A mix of
Cre-dependent helper virus AAV-DIO-TK-GFP and a
genetically modified version of Herpes simplex virus type
1 strain 129 (H129ATK-mCherry) was injected into the
VPM of Vglut2-Cre mice (Fig. 5A-B). Intense mCherry-
labeled neurons were identified in the pIC and highly
overlapped with CaMKIlIa (Fig. 5C), indicating the pIC
neurons receiving VPM™ projections are mainly gluta-
minergic. Then we inhibited the circuit of VPMS" to pIC
by chemogenetics. AAV-CaMKIla-hM4D(Gi)-mCherry
was injected into the VPM and a cannula was implanted
in the pIC, through which CNO was administered for
consecutive eight days during D7-D14 after p-IONX to

selectively inhibit the projection terminals of VPMS" in
the pIC (Fig. 5D-E). CNO treatment elevated the pain
thresholds both on the face and hind paw (Fig. 5F-G).
Moreover, in the CPP test, p-IONX mice showed pref-
erence to the CNO paired box (Fig. 5H-J). These results
together suggest that inhibition of the circuit of VPM-
pIC alleviates trigeminal and widespread neuropathic
pain. Therefore, we concluded that VPM®" gate trigemi-
nal neuropathic pain and its spread after p-IONX at least
by the circuit to pIC.

VPME! recruit more afferents from the DCN following
p-IONX

After establishing the crucial role of VPM®" in wide-
spread neuropathic pain, we used Vglut2-Cre mice
expressing Cre recombinase in glutamatergic neurons
to study whether p-IONX changed the afferent pro-
file of VPMSM, We first confirmed that Vglut2-Cre mice
developed widespread neuropathic pain after p-IONX
(Fig. 6A-B), then Cre-dependent mixed helper viruses
AAV-DIO-TVA-EGFP and AAV-DIO-RVG were injected
into the VPM after p-IONX. Three weeks later, the rabies
virus RV-EnvA-AG-DsRed was injected into the same
site (Fig. 6C-D). The presence of helper viruses facilitated
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Fig. 5 Chemogenetic inhibition of VPM®U-pIC circuit alleviates widespread neuropathic pain and associated aversion. A, Schematic of the Cre-depen-
dent anterograde trans-monosynaptic herpes simplex virus tracing strategy. B, Representative photomicrographs of the virus infection in the VPM of
Vglut2-Cre mice (left) and m-Cherry-labeled neurons in the pIC (right). Starter cells (yellow) in the left panel co-express AAV-DIO-TK-GFP (green) and
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paw before and after p-IONX. Yellow shadow areas indicate CNO delivery. H, Representative heat maps in the CPP test. I, J, K, Time spent by the mice in
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trans-monosynaptic retrograde RV spread. We identified = S1HL, S1Tr, and DCN was significantly increased, while
intense DsRed-labeled neurons in the ipsilateral barrel that in the S2 was decreased after p-IONX (Fig. 6G-H).
field (S1BF), forelimb region (S1FL) and jaw region (S1J)  Of note, more projections from the DCN indicate the
of the primary somatosensory cortex, secondary somato-  recruitment of new afferents conveying sensory input
sensory cortex (S2), and caudal part of the spinal tri- from the trunk and limbs.

geminal nucleus (Sp5c¢), etc. Interestingly, the DsRed was

evident in the DCN of p-IONX-treated mice, but was  VPM®" relay afferents from the DCN to pIC following
hardly observed in the sham-treated group (Fig. 6E-F).  p-lIONX

We counted the number of neurons in these brain regions  Tracing experiments were further performed to examine
projecting to VPM®" in two groups and found that out ~ whether the newly recruited afferents of VPMS" from
of all VPM®"_projecting neurons, the percentage in the the DCN after p-IONX were integrated into the pain
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AAV-DIO-RVG (green) and rabies RV-EnvA-AG-DsRed (red). The insert depicts the area shown in the white box in the VPM. E, F, DsRed-labeled neurons in
representative brain regions of sham-(E) and p-IONX-(F) treated mice. Scale bar, 500 um. G, Percentage of labeled neurons in each brain region in total
retrogradely labeled neurons. alC, anterior insular cortex; DCN, dorsal column nuclei; M1, primary motor cortex; S1BF, primary somatosensory cortex, bar-
rel field; STFL, primary somatosensory cortex, forelimb region; STHL, primary somatosensory cortex, hindlimb region; S1J, primary somatosensory cortex,
jaw region; S1Tr, primary somatosensory cortex, trunk region; Sp5¢, spinal trigeminal nucleus, caudal part; S2, secondary somatosensory cortex. H, Shift
of RV distribution ((p-IONX-Sham)/Sham) of the brain regions that significantly changed projection intensity to the VPM. n=4 mice. Significance was cal-
culated by means of two-way ANOVA with Bonferroni’s post hoc test in A, B. Student’s t test in G. *p < 0.05, **p < 0.01 and ***p < 0.001, p-IONX versus sham

processing cortex. Cre-dependent virus AAV-CaMKIla-
ChR2-EYFP was injected into the DCN of Vglut2-Cre
mice on D14 PO, and a mixture of AAV-DIO-TVA-GFP
and AAV-DIO-RVG viruses was injected into the pIC.
After three weeks of virus expression, RV-AG-DsRed was
injected into the pIC, followed by one week of expression
before perfusion and slicing for observation (Fig. 7A).
This approach achieved retrograde trans-monosynaptic
tracing of glutamatergic neurons in the pIC (pIC®") and
anterograde tracing of glutamatergic neurons in the DCN
(DCNEM), The terminals of DCNS™ and the pIC"-pro-
jecting neurons were labeled with green (EYFP) and red
(dsRed) in the thalamus, respectively. Starter cells in the
pIC were labeled with both green and red, while DCNS!
with green (Fig. 7B). We found that dsRed-labeled pIC-
projecting neurons were distributed in both the VPM and
VPL, regardless of the sham and p-IONX groups. Green

projection terminals of DCN were observed almost only
in the VPL of sham-treated mice. In the p-IONX group,
however, EYFP was observed in both the VPL and VPM.
Moreover, there was an overlap of EYFP and dsRed in
the VPM of p-IONX mice (Fig. 7C), indicating the VPM
might relay the projections from DCN®Y further to
pICGlu.

To provide direct evidence for this speculation, a mix-
ture of AAV-DIO-TVA-mCherry and AAV-DIO-RVG
virus was injected into the VPM of Vglut2-cre mice, and
RV-AG-EGFP virus was injected into the pIC 3 weeks
later (Fig. 7D). Thus, RV specifically infected pICS"-
projecting VPM™ and further trans-monosynaptically
labeled the afferent regions with EGFP. We found that
in both sham and p-IONX mice, EGFP was distributed
in the Sp5c, indicating VPMS! relay projections of Sp5c
neurons to pIC®"™, Moreover, EGFP was also observed
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Fig. 7 VPMCV relay DCN afferents to pIC® after p-IONX. A, Schematic of the Cre-dependent tracing strategy. B, Typical images of the infection site of
RV-dsRed in the plIC (left) and AAV-CAG-FLEX-ChR2-EYFP in the DCN (right). C, Typical images of dsRed from the plC and EYFP from the DCN in the VPM
and VPL of sham-treated (left) and p-IONX-treated mice (right). D, Schematic of the Cre-dependent triple-loop tracing strategy. E, Typical image of the
starter cells (yellow) in the VPM. F, Typical images of EGFP-labeled neurons in the Sp5c and DCN that are retrogradely traced from plC-projecting VPM®M

in sham-treated (left) and p-IONX-treated mice (right). n=4 mice

in the DCN of p-IONX but not sham group (Fig. 7E-F).
These results demonstrate that VPMS" receive projec-
tions from DCN®™ and further project to pIC®™ after
p-IONX.

Early inhibition of the DCN-VPM circuit suppresses
widespread neuropathic pain

To elucidate the role of the DCN-VPM circuit in the
spread of neuropathic pain after p-IONX, we first inves-
tigated whether the projections of DCNS to VPM after
p-IONX were sufficient to activate VPMSM, We injected
AAV-DIO-EGFP in the VPM and AAV-DIO-ChR2-
mCherry in the DCN of Vglut2-Cre mice to label VPMS®
as green and the terminals of DCNS" in the VPM as red
(Fig. 8A-B). In brain slices, we found that brief blue light
stimulation of DCN™ terminals in the VPM reliably elic-
ited EPSCs in VPM neurons, which were eliminated by
the combination of NMDA receptor antagonist AP-5 and
AMPA receptor antagonist NBQX (Fig. 8C-D), indicating
that VPMS™" recruit new functional sensory input from
the DCN after p-IONX. Given that VPM®" was hyper-
active after p-IONX, it is very likely that the increased
afferents from the DCN contribute to the spread of neu-
ropathic pain.

This speculation was verified by manipulating the activ-
ity of DCN-VPM circuit. AAV-CaMKIIa-hM4D(Gi)-
mCherry virus was injected into the DCN of MRL mice
three weeks before p-IONX, and consecutive inhibition
was achieved by administering CNO daily through a can-
nula implanted in the VPM (Fig. 8E-G). We found that

chemogenetic inhibition of DCN®" terminals in the
VPM during D1-D7 PO relieved orofacial hypersensi-
tization and suppressed the development of pain sensi-
tization in the hind paw. These results demonstrate the
necessity of DCNSM-VPME!" circuit for p-IONX-induced
trigeminal and widespread neuropathic pain. In addition,
the analgesic effect gradually vanished after the cease
of CNO, as evidenced by thermal and mechanical pain
thresholds returning to the levels of saline group on D11
and D14 PO, respectively (Fig. 8H). In contrast, consecu-
tive inhibition of the circuit during D7-D14 PO showed
no effect on pain sensitization, both in the face and hind
paw (Fig. 8I). These results indicate that the development
of widespread pain sensitization after p-IONX is largely
dependent on the DCN-VPM circuit, while the mainte-
nance is not, once established.

Discussion

Widespread neuropathic pain, severely impacts patients’
physical and mental health and exerts a considerable per-
sonal and social burden. The scarcity of effective treat-
ments requires a better understanding of its neuronal
basis. One strategy is to achieve a precise recognition of
changes in the circuits that are involved in pain trans-
mission after nerve injury. Here, we identified an affer-
ent remodeling of cortex-projecting thalamic neurons
induced by infraorbital nerve injury, which gates the
spread of neuropathic pain from orofacial to distant body
regions. This study not only sheds new light on the mech-
anisms underlying the spread of pain hypersensitivity
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Fig. 8 Early inhibition of DCN-VPM circuit suppresses widespread neuropathic pain. A, Schematic of DCN injection of AAV-DIO-ChR2-mCherry and VPM
injection of AAV-DIO-EGFP in Vglut2-Cre mice and the recording configuration in brain slices. B, Typical images of the viral expression in the VPM of Vglut2-
Cre mice with DCN infusion of AAV-DIO-ChR2-mCherry and VPM infusion of AAV-DIO-EGFP. C, Sample traces of action potentials recorded from VPM
mCherry* neurons in brain slices evoked by blue light (473 nm, 20 ms, blue bar) stimulation of the DCN terminals in the VPM. D, Representative traces of
light-evoked currents (473 nm, 20 ms, blue bar) before (lower) and after (upper) AP5 +NBQX (10 uM) treatment. E, Experimental design for chemogenetic
inhibition of DCN®Y projections in the VPM. CNO was delivered daily during D1-D7 or D7-D14 after p-IONX. F, Schematic of the AAV-CaMKlla-hM4D(Gi)-
mCherry injection in the DCN and cannula implantation in the VPM of MRL mice. G, Typical image of the infection site in the DCN (left) and cannula
implantation in the VPM (right). H, I, Withdrawal thresholds to mechanical and noxious heat stimulation in the ipsilateral vibrissal pad (face) and hind paw
before and after p-IONX. CNO was delivered during D1-D7 after p-IONX, as the yellow shadow shows (H); CNO was delivered daily during D7-D14 after
p-IONX, as the yellow shadow shows (I). Significance was calculated by means of one-way ANOVA with Tukey's post hoc test and two-way ANOVA with
Bonferroni’s post hoc test in H, |. n=8 mice. *p<0.05, **p <0.01 and ***p <0.001, D3, D7, D11 and D14 versus BL in p-IONX + Saline group (blue); D3, D7,
D11 and D14 versus baseline in p-IONX+CNO group (yellow); #p < 0.05 and ##p < 0.01, p-IONX +saline versus p-IONX +CNO

following nerve injury, but also offers new insights into  Unsurprisingly, the present study revealed an increase
the treatment of widespread neuropathic pain. in excitatory neurotransmission and neuronal activ-

The sensory thalamus has long been implicated in neu- ity in VPMS", but not in VPLS™ after p-IONX. Intrigu-
ropathic pain. Following spinal nerve injury, the VPL is  ingly, the shift to hyperactivity of VPMS" after p-IONX
consistently engaged in the development of neuropathic =~ was temporally coinciding with the onset of widespread
pain in the trunk and extremities [38, 39]. By contrast, pain sensitization. Moreover, chemogenetic inhibition of
the VPM is preferentially activated after trigeminal nerve ~ VPMS! alleviated not only the orofacial pain sensitiza-
damage and is closely involved in pain in the orofacial tion, but also the widespread pain sensitization, demon-
area such as TNP, dental pain and migraine [40, 41].  strating the key role of VPM®™ in TNP and widespread
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neuropathic pain. We further elucidated the underlying
circuit for the proalgesic role of VPMS!, It’s known that
spinothalamic input to relay neurons in sensory thala-
mus is directed towards the cortex [42]. The circuit to
the insula cortex is integral to nociceptive processing,
cognitive aspects of pain, and the generation of the pain
perception [43, 44]. Particularly, pIC is part of the pain-
related cortical networks and plays a fundamental role in
the chronicity of pain [45]. We found that chemogenetic
inhibition of VPMS" terminals in the pIC alleviated TNP
as well as widespread pain, which is akin to the effect
of selective inhibition of VPMS", These results demon-
strate that hyperactive VPM™ after p-IONX contribute
to trigeminal and widespread neuropathic pain at least
via the circuit to pIC. In clinical practice, neuromodula-
tion approaches such as repetitive transcranial magnetic
stimulation (rTMS), transcranial direct current stimula-
tion (tDCS) and DBS have been used for refractory neu-
ropathic pain conditions based on their regulation of
neuronal excitability [46, 47]. Our study suggests that the
VPMEM-pICE™ circuit is a potential target of stimulation
for the treatment of trigeminal neuropathic pain with or

without spreading and worth further studies in clinical
settings.

The transmission of sensory input arising from dis-
tant body parts to the pIC via VPM®" was evidenced
by the elevated responsiveness of VPMS detected by
single-unit and fiber photometry after p-IONX. Addi-
tionally, retrograde monosynaptic tracing of VPM®M
revealed a substantial afferent remodeling, manifesting
as more afferents from the ipsilateral S1 and contralat-
eral DCN, but less from the ipsilateral S2. Among these,
the input from the DCN to VPM®!" showed the most
robust change after p-IONX. Furthermore, since the
DCN physiologically transmits tactile and proprioceptive
information from the trunk and limbs to the contralat-
eral VPL [27], we speculate that the increased afferents
from the DCN may underlie the heightened sensitivity
of VPMS" to sensory input from the hind paw or tail.
As expected, anterograde tracing experiments revealed
that terminals of DCN™ were distributed in the con-
tralateral VPL in the mice of sham group. However, in
p-IONX mice, projections of DCNS™ span both in the
VPM and VPL. Moreover, in vitro optogenetic activation
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of DCN" terminals elicited EPSCs in VPMSY, indicat-
ing VPMS! recruit more functional afferents from DCN-
Gl In addition, triple-loop tracing identified that VPMS!
relay DCN input to pIC®", forming a DCN-VPM-pIC
pathway. Given the activity of VPM™ and the circuit
to pIC was enhanced following infraorbital nerve injury,
the sensory input from the trunk and limbs would acti-
vate VPM" and further pICS", thus be perceived with
hypersensitivity.

The contribution of newly developed DCN-VPM path-
way to widespread neuropathic pain was verified by the
findings that chemogenetic inhibition of the terminals of
DCNS" in the VPM from D1 to D7 PO suppressed the
development of pain hypersensitivity in the hind paw.
Interestingly, this treatment also alleviated orofacial pain,
indicating a contribution of the excitatory input from the
DCN to the hyperexcitability of VPMS and trigeminal
neuropathic pain. However, inhibiting this circuit from
D7 to D14 PO had no effect on pain sensitization either
in the hind paw or the face. These results suggest that
although the DCNS™.VPM circuit plays a critical role
in the spreading process of neuropathic pain early after
trigeminal nerve injury, once the widespread pain sen-
sitization is established, inhibition of this circuit cannot
reduce pain either in the orofacial area or distant body
parts. This phenomenon is very likely due to that signifi-
cant sensitization of the VPM and pIC has formed and
persists later. These findings suggest that non-invasive
stimulation of the pIC and DBS of the VPM may be more
effective than stimulating the trunk and limbs for estab-
lished widespread pain, although the latter may retard
the spread of trigeminal pain at early stage. Additionally,
following p-IONX, notable changes in projections from
upstream nuclei of VPM®™ such as the S2, S1Tr, and
S1HL also developed. These regions have been reported
to be closely associated with the chronicity of neuro-
pathic pain and thus may also be involved in the main-
tenance of trigeminal and widespread neuropathic pain
[38, 48]. Identification of their exact roles is of great
significance for developing new therapeutic strategies.
Moreover, whether the excitability of VPLE™ undergoes
changes that contribute to widespread pain in later stage
requires to be further studied.

Although several lines of evidence indicate that inju-
ries to either spinal or cranial nerve induce remodeling
within the neural circuits, the mechanisms underlying
this phenomenon are not well understood. During devel-
opment, CNS neurons demonstrate vigorous axonal
growth [49]. However, upon maturation, these neurons
lose their intrinsic axonal growth capacity and exhibit
diminished reactivation of intrinsic growth programs.
Intriguingly, after peripheral nerve damage, synaptic
growth capabilities of CNS neurons are rekindled [50,
51]. Multiple factors, including neuron-autonomous
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mechanisms, the varied presence of molecular sig-
nals and interactions with other cells may be involved
in the regulation of axon growth and synapse forma-
tion. Emerging evidence underscores the critical role of
hypertrophic reactive astrocytes and microglia in induc-
ing local axon sprouting, regulating synaptic plastic-
ity, and orchestrating circuit reorganization [52], [53].
Moreover, neurotrophic factors, such as brain-derived
neurotrophic factor (BDNF), neurotrophin-3 (NT3), glia-
derived neurotrophic factor (GDNF), etc., are critical for
axon regeneration [54]. Indeed, the high expression of
inflammatory factors, glial cell activation, and the release
of neurotrophic factors are universally present following
nerve injury [55, 56]. Our team previously discovered
that there is a pervasive onset of neuroinflammation in
the brain, including the thalamus, marked by glial activa-
tion and the upregulation of proinflammatory cytokines
such as HMGB1 following p-IONX [6, 57]. Therefore,
neuroinflammatory responses are very likely involved in
the afferent remodeling of VPMS! after p-IONX. How-
ever, the distinct patterns of input changes from various
brain regions suggest that the reorganization may involve
a more complex mechanism.

Conclusion

In summary, the present study reveals that VPMS" hold
a key position in trigeminal and widespread neuropathic
pain after infraorbital nerve injury, and the spread of
neuropathic pain is related to the remodeling of afferents
from the DCN to the VPM. These results not only pro-
vide a circuitry explanation for the mechanisms under-
lying widespread neuropathic pain, but also recommend
inhibiting VPM or the glutamatergic circuit to pIC as a
potential interventional approach. Future clinical trials to
validate the effectiveness and safety of modulating these
targets are guaranteed.
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