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Abstract \
The trigeminal ganglion (TG) represents the craniofacial counterpart of the dorsal root ganglion (DRG) in the peripheral nervous

system (PNS). TG and DRG are clusters of cell bodies of highly specialized sensory neurons, with TG neurons innervating the head
and face and DRG neurons innervating the body. TG and DRG neurons are essential for detecting various mechanical, thermal, and
chemical stimuli and relaying these internal or external signals to the central nervous system (CNS). Despite sharing fundamental
similarities, TG and DRG differ significantly in many aspects under pathophysiological states. This review provides a comparison
between these 2 types of ganglia by highlighting their distinctions across anatomical locations, embryological origins, cellular
compositions, gene expression profiles and molecular signatures, ratios of A/C fibers, connections with the CNS, sympathetic fiber
sprouting, ectopic discharges, biophysical properties of ion channels, and neuron-glia interactions. These divergences may
contribute to certain differences in intensities and responses to the same stimuli or treatments between TG- and DRG-mediated
pain. Acknowledging their neurobiological distinctions underscores the importance of identifying potential pain targets within each

system independently and developing targeted therapeutic strategies for craniofacial vs somatic pain.
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1. Introduction

Somatosensation is a crucial sensory modality that enables
organisms to perceive and respond to diverse environmental and
internal stimuli, ensuring their survival and proper responses. This
intricate  sensory modality encompasses the detection of
mechanical, thermal, and chemical signals, as well as pro-
prioceptive information that helps maintain body posture and
movement.”3415% Central to the sensory system are the pseudo-
unipolar sensory neurons in the trigeminal ganglion (TG) and the
dorsal root ganglion (DRG).

The TG provides comprehensive sensory innervation to the
head and face through its 3 major branches: ophthalmic (V1),
maxillary (V2), and mandibular (V3).°' The neck is innervated by
upper cervical DRG neurons, which functionally converge with
trigeminal afferents within the trigeminocervical complex in the
brainstem.'*7° TG neurons comprise molecularly and function-
ally distinct subtypes, including nociceptors (pain), mechanor-
eceptors  (touch and pressure), and thermoreceptors
(temperature), which together encode diverse sensory inputs
from specialized orofacial structures such as the meninges,
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cornea, tooth pulp, tongue, and temporomandibular joint and
relay these signals to the central nervous system (CNS).'0:25:159
The structural diversity and innervation pattern of orofacial tissues
suggest that tissue-specific mechanisms are important for
trigeminal sensory perception. For example, the lingual nerve (a
branch of V3) conveys somatic sensations, including touch, pain,
and temperature, from the anterior parts of the tongue,”* '€ and
its interactions with the gustatory system shape the perception of
taste. Facial skin sensation across all 3 trigeminal divisions
encompasses light touch, pressure, vibration, pain, and temper-
ature. Tooth pulp afferents, carried predominantly by the inferior
alveolar nerve (a branch of V3) and the superior alveolar nerves (a
branch of V2), are largely nociceptive and represent one of the
densest peripheral nociceptor populations in the body, contrib-
uting to the exquisite sensitivity of dental pain.'®' TG afferents
innervating the mucosa of the nose, nasal cavity, and oral cavity,
as well as the corneal and conjunctival epithelia, are important for
detecting irritants and some chemicals through these epithelia
while also contributing to chemosensory perception through
interactions with the gustatory and olfactory sensory sys-
tems.*”18 A unique and anatomically distinctive feature of the
trigeminal sensory system is the organization of its proprioceptive
component. Unlike all other vertebrate primary sensory neurons,
whose cell bodies reside in peripheral ganglia, the somata of
proprioceptor neurons, for example, from muscle spindle
afferents of masticatory muscles and mechanosensory afferents
of periodontal ligaments and the TMJ are not located in the TG
but within the mesencephalic nucleus (Vmes) in the rostral
pons.®° The Vmes is the only locale where primary sensory cell
bodies are located inside the CNS, a phylogenetically conserved
arrangement that structurally distinguishes orofacial propriocep-
tion from other forms of somatic proprioception. The Vmes
neurons receive and transmit proprioceptive signals essential for
coordinating jaw movement, mastication, and motor function of
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the tongue and pharynx. Taken together, this structural
organization underpins the unique sensory function of the
trigeminal system and its key role not only in orofacial pain but
also covering the entire spectrum of head and face sensory
function of external environment and internal state.

The DRG provides sensory innervation to the trunk, limbs, and
viscera. Each DRG corresponds to a specific spinal segment and
contains neurons that convey sensory information from defined
body regions to the CNS. Similar to TG neurons, DRG neurons
comprise molecularly and functionally distinct subtypes, in-
cluding nociceptors, mechanoreceptors, and thermoreceptors,
that encode diverse sensory inputs from the skin, muscles, joints,
and internal organs such as the lungs, heart, stomach, intestines,
and bladder. DRG afferents also contribute to proprioceptive
sensation, with proprioceptive neuron cell bodies residing within
the DRG itself, in contrast to the trigeminal system.

Although TG and DRG share fundamental similarities in pain
processing, accumulating evidence supports the argument that
these 2 systems are not readily interchangeable. Clinically, for
example, while both TG and DRG neurons express calcitonin
gene-related peptide (CGRP) and serotonin 1D (5-HT1D)
receptors, therapies targeting these molecules effectively allevi-
ate TG-mediated migraine but have little or no effect on DRG-
mediated body pain. 24133142 Similarly, carbamazepine (CBZ2),
a voltage-gated sodium channel blocker, demonstrates efficacy
in managing trigeminal neuralgia (TN) in some patients, '8 but is
largely ineffective for neuropathic pain stemming from somatic
nerve injury.324%1%  Beyond differences in therapeutic
responses, patients consistently report craniofacial pain as more
severe and emotionally draining than body pain.’“%'*" Moreover,
diabetic neuropathy often causes neuropathic pain in the limbs
and trunk, frequently accompanied by paresthesia and allodynia,
whereas similar neuropathic symptoms are rare in the trigeminal
system.? These observations suggest that differential pain
processing between TG and DRG systems may arise from
underlying neurobiological distinctions.

This review synthesizes distinctions between TG and DRG in
anatomy, development, cellular composition, molecular profiles,
neural pathways, and functional properties. Although prior
publications have documented some of these differen-
ces, 25590192 \ye will expand earlier summaries and incorporate
recent advances. Acknowledging that TG and DRG share many
fundamental similarities, we avoid claiming they are entirely
distinct. Instead, this review intends to enhance our knowledge of
their neurobiological disparities and underscore that the mech-
anisms underlying TG-mediated pain should not be generally
assumed to mirror those of DRG-mediated pain. Recognizing
TG-specific characteristics may help guide the development of
more targeted and effective therapies for craniofacial pain.
Although we acknowledge that the trigeminal system supports
abroad range of sensory functions beyond nociception, including
touch, temperature, proprioception, and chemosensation, this
review focuses primarily on pain-related differences between TG
and DRG, given their clinical relevance and the potential
implications for precision medicine approaches to TG- vs DRG-
mediated pathological pain.

2. Methods

We employed a multifaceted approach to identify literature
addressing differences between TG and DRG. First, we
systematically searched electronic databases (PubMed, Scopus,
and Web of Science) using keywords relevant to the specific
aspects of TG-DRG distinctions outlined in the Results section.
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All retrieved articles were examined to determine whether they
provided direct comparative data between TG and DRG. When
direct comparative studies were unavailable for a given aspect,
we synthesized comparisons by integrating findings from in-
dependent studies examining TG and DRG separately, allowing
us to identify potential distinctions based on parallel but
noncomparative literature. Second, our search was supple-
mented by an extensive iterative review of references cited within
the identified articles, as well as subsequent publications citing
these articles, to capture additional relevant studies. Third, as
researchers with longstanding focus on trigeminal pain, the
authors systematically collected and curated literature describing
TG-DRG differences across multiple domains encountered
during routine literature review. This curated collection was
incorporated to complement systematic database searches and
capture studies that might be underrepresented in keyword-
based searches.

3. Results

3.1. Anatomical location, developmental origin, and
specialized target tissues

TGs are located within the trigeminal cave, a recess located in the
middle cranial fossa.'” By comparison, DRGs are located in the
intervertebral foramina along the spinal column, with each DRG
positioned near the dorsal root of its corresponding spinal
nerve.'” Both TG and DRG are enveloped by dura mater.%6:%2
This anatomical feature may have important functional implica-
tions, as the dura contains immune components that could
provide a potential route for immune cell access to the
ganglia.®%%®

TG originates from both the cranial neural crest cells and the
trigeminal placode.®*%'“® During embryogenesis, neural crest
cells migrate into the mesenchyme of the first pharyngeal arch.
These neural crest cells proliferate and differentiate into sensory
neurons that coalesce to form the TG, which later extends axonal
projections to create the trigeminal nerve’s 3 major branches (V1,
V2, and V3).2' Proper TG formation relies on reciprocal
interactions between placode cells and neural crest cells, with
disruptions to either population causing developmental defects.
In contrast, the DRG arises entirely from neural crest cells
migrating from the neural tube, which originates from the
ectodermal layer of the embryo."""""® These cells differentiate
into sensory neurons and aggregate along the embryonic spinal
cord to form DRGs. Each segment of neural crest cells
contributes to a distinct ganglion associated with a specific
spinal nerve, reflecting the body’s segmented organization.

DRG neurons provide sensory innervation to diverse tissues
and organs throughout the body, with cervical DRGs innervating
the neck, shoulders, and forelimbs, thoracic DRGs innervating
the trunk, and lumbar and sacral DRGs innervating the lower
body region.®" 1114 They transmit sensory information from the
skin, muscles, joints, and internal organs, such as the lungs,
heart, stomach, intestines, liver, bladder, and kidneys. Similar to
DRGs, TGs contain sensory neurons that innervate the skin,
muscles, and joints, but they also extend to specialized
craniofacial structures, such as the tooth pulp, comea, dura
mater, cavernous sinus, conjunctiva, lacrimal gland, nasal
mucosa, pineal gland, salivary glands, tongue, and vibrissae.'®®
Prior studies using combined immunohistochemistry, tracing,
and transcriptomic approaches have revealed the complex
organization of trigeminal innervation across these specialized
tissues. In the dental pulp, retrograde tracing studies show that
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the majority of pulp-innervating neurons are large-diameter
NF200* myelinated neurons, with approximately one-third co-
expressing CGRP, while nonpeptidergic I1B4™ neurons are very
few.?%** Transcriptomic analysis of retrogradely labeled dental
afferents further demonstrated that they are predominantly Ap-
low threshold mechanoreceptors (LTMRs) alongside A8 noci-
ceptors.®® In the tongue, TG afferent innervation through the
lingual nerve includes diverse neuronal populations, such as
peptidergic nociceptors, LTMRs, myelinated mechanosensory
neurons, and parvalbumin-positive (PV") neurons of yet un-
determined function.'97:193:163:169 Wjithin the TMJ musculoskel-
etal complex, it was recently revealed that TMJ tissues (eg, joint
capsule, anterior disc, and retrodisc) are primarily innervated by
peptidergic unmyelinated sensory fibers, with the remaining fibers
consisting largely of peptidergic myelinated afferents.” By
contrast, masseter muscle TG afferents comprise multiple
peptidergic and nonpeptidergic neuronal subtypes.* This broad
and specialized sensory coverage highlights the intricate nature
of TG functions, which presents significant challenges in di-
agnosing and managing craniofacial pain.

3.2. Cellular compositions

In humans, the number of neurons in TG varies across studies,
with estimates ranging from ~20,000 to ~157,000 neurons
depending on methodology and sampling.®”® DRG neuron
numbers vary depending on the segmental levels, with a study
showing ~60,000 neurons at cervical level 5 and ~100,000 at
cervical level 7.7 In mice, TG has ~20,000 neurons,®® whereas
DRG contains ~4,000 to 7,000 neurons depending on the
segments.’"® Mammalian peripheral sensory neuron subtypes
have been classified by size, conduction velocity, degree of
myelination, and cutaneous physiology. Recent advances in
single-cell transcriptomics have enabled cell-type discovery and
classification based on gene expression profiles, reflecting their
functional identities.

Employing cross-dataset integration and label-transfer analy-
ses, Bhuiyan et al. constructed harmonized cell atlases using
single-cell/single-nucleus RNA sequencing (sc/snRNA-seq) data
from 23 DRG datasets across human, rat, mouse, macaque, and
guinea pig, and 8 TG datasets from human and mouse.'? These
reference atlases enabled the harmonization of cell-type nomen-
clatures across studies, direct comparisons of cell types between
studies and species, improved transcriptomic coverage of lowly
expressed genes, and identification of rare cell populations within
the sensory ganglia. They found that the harmonized DRG
neuronal reference atlas contains 18 neuronal subtypes across
75,928 cells/nuclei, including A-fiber subtypes PV propriocep-
tors, Ntrk3"9" + Ntrk2 AB-rapid-adapting (RA)-LTMRs, Ntrk3"d"
+ S100a16 Ap-field/slow-adapting (SA)-LTMRs, Ntrk3°" +
Ntrk2 A3-LTMRs, Calca + Bmprib As-high-threshold mecha-
noreceptors (HTMRs), Calca + Smr2 A3-HTMRs, the C-fiber
subtypes Calca + Sstr2 nociceptors, Calca + Adra2a nocicep-
tors, Trpom8 cold thermoreceptors, Th c¢-LTMRs, Mrgprd
nociceptors, Mrgpra3 + Mrgprb4 c-LTMRs, Mrgpra3 + Trpvi
pruriceptors, Sst pruriceptors, Atf3 cluster expressing injury-
induced transcription factors, as well as Rxfp1, Calca + Dcn, and
Calca + Oprk1 subtypes with unknown functions. By compar-
ison, the harmonized TG reference atlas contains 15 neuronal
subtypes across 42,350 cells/nuclei, lacking Rxfp1, Calca +
Dcn, and PV populations observed in DRG. Therefore, it is likely
that certain DRG neuron types are extremely rare or nonexistent
in TG, although additional TG scRNA-seq datasets are required
to confirm this conclusion. Of note, the absence of a distinct PV
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cluster in TG is unexpected, given prior combined tracing and
immunohistochemical or single-cell RNA sequencing studies
demonstrating PV* neurons in TG.25382 Although PV* neurons
are present in both ganglia, their functional identities differ
fundamentally. In DRG, PV marks proprioceptive neurons,
whereas in TG, PV likely labels mechanoreceptive neurons.®% 34
This distinction reflects the unique organization of orofacial
proprioception, where jaw muscle spindle and periodontal
proprioceptor cell bodies are located in the mesencephalic
nucleus (Vmes) rather than the TG itself.%°

In the DRG nonneuronal atlas, Bhuiyan et al. identified 7
subtypes across 194,227 cells/nuclei, including satellite glia,
Schwann N, Schwann M, endothelial, immune, pericyte, and
fibroblast cells. In contrast, the TG nonneuronal atlas revealed 11
subtypes across 137,444 cells/nuclei, including satellite glia,
Schwann N, Schwann M, endothelial, immune, pericyte, dura,
arachnoid, pia, oligodendrocytes, and astrocyte-like cells.!?
Thus, although major nonneuronal subtypes in DRG are also
present in TG, dura, arachnoid, oligodendrocytes, astrocyte-like
cells are unique to TG. However, given the close anatomical
association, the appearance of oligodendrocytes, astrocyte-like
cells, and meningeal-related populations most likely reflects
partial inclusion of surrounding meningeal or root entry zone
tissue during TG dissection rather than bona fide TG-resident cell
types. Moreover, the biological validity of these nonneuronal
subtypes reported by the harmonized atlas requires further
confirmation. In support of this concern, Mecklenburg et al.
profiled mouse TG nonneuronal cells using scRNA-seq, flow
cytometry, and immunohistochemistry in preparations with and
without surrounding dura.®® In agreement with the harmonized
atlas, they confirmed satellite glia, Schwann N, Schwann M,
endothelial, and immune cells as core TG nonneuronal constit-
uents, while also identifying fibroblasts and smooth muscle cells
not reported in the harmonized atlas. Interestingly, neither
oligodendrocytes nor astrocyte-like cells were detected in these
orthogonally validated preparations. In addition, among the
immune cell population, neutrophils were localized specifically
to the periganglionic dura rather than the ganglion parenchyma,
indicating that preparations retaining the dura introduce
meningeal-associated populations into TG sequencing datasets.

It is important to note that the primary objective of Bhuiyan
et al.’s study'? was to harmonize cell atlases between TG and
DRG and enable cross-study comparisons rather than to
systematically characterize transcriptomic differences between
these 2 ganglia. Although cell type-specific gene expression
profiles of corresponding DRG and TG neuronal sublineages are
highly correlated (Pearson r ~0.92 on average across cell types)
and ~70% of TG neurons align with DRG neurons of the
respective sublineage, such minor differences could potentially
have substantial functional consequences. The remaining 30%
divergence in sublineage alignment may further reflect biologically
meaningful differences between DRG and TG.

3.3. Gene expression profiles/molecular signatures

The specific functions of sensory systems depend on the tissue-
specific expression of genes encoding for molecular sensor
proteins required for stimulus detection and membrane signaling.
Early comparative studies using immunohistochemistry, in situ
hybridization, or gRT-PCR uncovered notable differences in the
expression of some pain-relevant ion channels between TG and
DRG. Cho et al. demonstrated that the hyperpolarization-
activated cyclic nucleotide-gated channel 4 (HCN4) is present
in 9% of TG neurons compared with 4.7% of DRG neurons.
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Moreover, HCN4 was distributed in a discrete population of
small-sized neurons in TG but in all sizes of neurons in DRG.2*
Kobayashi et al. showed that Trpa7, Trom8, and Trpv1 mRNAs
are predominantly expressed in small-sized TG neurons, whereas
in DRG these transcripts are distributed across both small- and
medium-sized neurons. Furthermore, Trom8 mMRNA was sub-
stantially more prevalent in TG than in DRG (35.3% vs 22.8%),
especially in the mandibular nerve region innervating the
tongue.”® Quantitative RT-PCR further revealed higher Trpv4
gene expression in TG relative to DRG."®® Until the 2010s, no
comprehensive research had systematically compared the
molecular characteristics of TG and DRG. Since then, several
studies have investigated differential gene expression between
these ganglia at the genome-wide level using RNA-seq under
both physiological and pathological conditions. This section
summarizes and highlights their gene expressions and molecular
signatures identified in naive mice, rats, and humans, as well as in
rats following nerve injury.

Using RNA-seq, Manteniotis et al. analyzed the full tran-
scriptome of whole TG and DRG of naive mice, with a focus onion
channels and G-protein-coupled receptors (GPCRs).%® A total of
12,984 genes were detected in TG, while 13,195 genes in DRG.
Among 458 GPCRs and 227 ion channel genes, 65 were >10-
fold higher expression in TG and 117 were >10-fold higher
expression in DRG. Moreover, a subset of TG-specific genes (15
of 65) were primarily involved in the detection of odorants,
whereas a significant portion of DRG-specific genes (71 of 117)
were related to cellular processes such as cell growth,
localization, development, and cell death. This supports the
notion that TG has a larger capacity to detect chemical cues
than DRG.

Because nonneuronal cells constitute a large proportion of
cellular composition of both TG and DRG,**® neuronal gene
expression might be underrepresented in whole-ganglion anal-
yses. To address this, Lopes et al. selectively isolated TG and
lumbar DRG neurons using fluorescence-activated cell sorting
from Advillin-GFP transgenic mice.?® Their RNA-seq analyses
revealed that, despite being overwhelmingly similar, a number of
genes are differentially expressed. First, a total of 12,638 genes
were detected in DRG and TG neurons. Of the genes which are
differentially expressed, 44 are higher in DRG neurons and 19 are
higher in TG neurons, with 20 and 4 genes being present
exclusively in DRG and TG, respectively. Interestingly, the vast
majority of DRG-specific genes, such as AW551984, Cyp26b1,
Gabrd, Gm53, Hoxa6, Hoxa7, Hoxa9, Hoxa10, Hoxb3, Hoxb5,
Hoxb6, Hoxb7, Hoxc6, Hoxc8, Hoxc9, Hoxc10, Hoxd8, Hoxd9,
Hoxd10, Kcng5, Prir, are homeobox (Hox) genes, accounting for
~50% of the higher levels of genes in DRG. Hox genes, known for
regulating rostral-caudal segmental development, were
expected to be enriched in DRG given its anatomical extent
along this axis. Four specific genes in TG are Avpria, Gabrd, Oxir,
and Rgsl6. Another neuronal-specific transcriptomic study by
Hovhannisyan et al.,%°® using Pir/TdTomato reporter mice,
similarly found that many Hox genes are selectively enriched in
DRG neurons. Notably, they identified that several genes,
including Cyp2f2, Krt18, Ptgds, Prl, Gh, and Pomc, are almost
exclusively expressed in TG neurons.

Megat et al. utilized translating ribosome affinity purification
(TRAP) technology and Nav1.8-Cre mice to examine gene
expression differences specifically in nociceptors between
mouse TG and DRG.®® They identified 372 genes enriched in
TG and 348 in DRG nociceptors. In line with previous
findings,*®®® Hox genes exhibited markedly higher translational
profiles in DRG. Their dataset also revealed several genes highly
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associated with ribosomes in TG, including Nme3, lI1rl2, and
Edf1. In addition, TG showed increased expression of PI3K-
mTORC1 pathway genes, including Strada, Lamtor5, Akt1, and
Rraga, whereas Akt1s1, linked to the negative regulation of
mTORC1 through AMP-activated protein kinase, exhibited
a higher translational efficiency in DRG. These data suggest that
mTORC1 signaling is more active in TG than in DRG. Given the
established roles of MTORC1 in controlling nociceptor excitability
and sensitization,*> %" one would expect that mMTORC1 may
have a greater influence on nociceptive responses in the head
and face compared with the body. Supporting this expectation,
behavioral assays in mice demonstrated that nocifensive
responses to capsaicin were more pronounced in the face than
hindpaw, and mTORC1 inhibition produced a greater reduction
of TG-mediated nocifensive behaviors.*®

Given that differential gene expression between TG and DRG
might be species-specific, recent studies have also examined
rats and humans. In rats, the total number of detected genes
was comparable between the 2 ganglia: 22,079in TG vs 21,628
in DRG.” Compared with DRG, 3456 genes showed higher
expression and 3533 genes showed lower expression in TG.
After refining the results for increased confidence, 64 genes
were identified as significantly higher (>4-fold) and 55 genes as
significantly lower (<4-fold) in TG. The top 10 TG-enriched
genes were Nipal4, S1pr5, Psd2, Aqp4, Gjc2, Ermn, Mic1, Anin,
Gpri17, and Best3, while the top 10 DRG-enriched genes
included Hoxc8, Hoxb7, Hoxb6, Hoxch, Cartpt, Hoxd8, Pi16,
lapp, Slcba7, and Tnni8k. Furthermore, 12 genes, including
Gabra6, Gabrd, Sgk2, AC133613.1, Mir496, Mir3581, Grm2,
Mir3578, Barx1, 7SK, Prdm14, and SNORD113, were only
expressed in TG. Of note, Gabra6 and Gabrd belong to the
GABA-A receptor family, which is important for pain trans-
mission and perception. Conversely, 16 genes, including
Hoxc8, Hoxb7, Hoxb6, Hoxch, Hoxb8, Hoxc9, Hoxc10, Pck1,
Hoxb9, Mrgprg, LOC100912565, LOC100912070, Mirl0a,
Lsmem1, Wfdc18, and LOC100911511, were exclusively
expressed in DRG. Flegel et al. examined the gene expression
of human TG and DRG, with a focus on chemoreceptors.*© Of
387 annotated olfactory receptor (OR) genes, 48 different OR
transcripts were detected across 4 individual TGs vs 26 OR
transcripts in 21 pooled DRGs. Although most ORs showed
overlapping expression between the 2 ganglia, several ORs,
including OR710AD1, OR13J1, OR7C1, and OR2A7, as well as
FPR2, were reliably detected in TG but not DRG.

Using RT-PCR, Korczeniewska et al. compared the expression
of 84 inflammatory and neuropathic pain-related genes in whole
TG and DRG of rats exposed to infraorbital and sciatic nerve
injury, respectively.”® Among genes significantly regulated in both
ganglia, Cnr2, Grmb, Htr1a, 110, Oprd1, Pdyn, Prok2, and Tacr1
were upregulated in TG but downregulated in DRG at 4 days
postinjury. At 21 days postinjury, Adorat, Cd200, Comt, Maob,
Mapk3, P2rx4, Ptgerl, Tnf, and Slc6a2 showed the same
pattern. In a follow-up study using the same neuropathic pain
models in rats but employing RNA-seq,”® Korczeniewska et al.
found that 548 differentially expressed genes (DEGs) were
specific to the TG whereas 1,563 were specific to the DRG at
4 days postnerve injury, 23 DEGs were specific to the TG whereas
2,786 specific to the DRG at day 8, and 7,892 DEGs were specific
to the TG whereas 541 specific to the DRG at 21 days. When
directly comparing the expression changes between TG and
DRG following nerve injury, 816 genes were higher and 1,012
lower at 4 days, 3,236 were higher and 2,408 lower at 8 days, and
4,703 genes were higher and 5,074 lower at 21 days, in the TG
compared with DRG. These extensive transcriptional differences
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suggest divergent molecular responses to trigeminal vs spinal
nerve injury, with distinct temporal profiles. However, the
functional roles of most differentially expressed genes in pain
pathogenesis remain to be elucidated.

3.4. Ratio of A/C fibers

A-fibers are large-diameter, myelinated nerve fibers with fast
conduction velocities that generally transmit touch and sharp,
well-localized pain, whereas C-fibers are small-diameter, un-
myelinated, slow-conducting fibers that generally convey persis-
tent, poorly localized pain. Animal studies reported a markedly
higher proportion of A-fibers in the trigeminal sensory roots
(~50%-60%) than in spinal dorsal roots (~20%), indicating
a higher A/C fiber ratio in the trigeminal system.58:137:162.168
Interestingly, biopsy samples from patients with trigeminal
neuralgia revealed an even higher proportion of A-fibers (~80%)
near the compressed trigeminal root.®® Of note, although TG
overall contains more A-fibers than C-fibers, this ratio varies
between trigeminal branches. For example, in rats, the mandib-
ular, inferior alveolar, buccal, and lingual nerves, which primarily
innervate the oral structures, contain more A-fibers. In contrast,
the auriculotemporal, mylohyoid, and mental nerves, which
primarily innervate the facial skin, contain more C-fibers.'®® The
high proportion of A-fibers in TG likely supports the specialized
sensory demands of craniofacial structures, where rapid, high-
fidelity transmission enables precise tactile discrimination and
quick nociceptive responses to protect vital functions. In addition,
the high A/C fibers ratio is especially significant at the trigeminal
root entry zone, where densely clustered A-fibers from oral and
perioral regions converge.?® As this region is the site most
frequently affected by vascular compression in trigeminal
neuralgia, the predominance of A-fibers at this site may contribute
to the sharp, electric shock-like pain of the disorder.

3.5. Abnormal sprouting of sympathetic fibers

The sympathetic nervous system consists of preganglionic
neurons in the spinal cord that connect to postganglionic neurons
in paravertebral or prevertebral ganglia, which then relay signals
to peripheral tissues including blood vessels, exocrine glands,
and organs. The therapeutic efficacy of sympathetic blockade for
certain pain conditions, including complex regional pain syn-
drome, phantom limb pain, postherpetic neuralgia, and cancer
pain,?? suggests that sympathetic activity contributes to pain
pathogenesis.

MclLachlan et al. first reported abnormal sympathetic fiber
sprouting into the DRG after sciatic nerve transection in 1993.%”
Similar sprouting has since been consistently observed in models
of spinal nerve ligation and spared nerve injury.25:81:122.127.164
The sprouting fibers form dense “basket” structures around both
intact and injured somas, particularly medium- to large-sized
neurons.®! Basket structures have also been observed in human
DRG of patients with neuropathic pain.'*” This forms an
anatomical basis for the pathophysiological interactions between
sensory afferents and sympathetic efferents often seen following
nerve injury. Sprouting was also rapidly induced by local DRG
inflammation’®® or compression.?® These sprouting fibers likely
derive from sympathetic axons normally innervating blood vessels
or from collateral branches entering the spinal nerve from the gray
ramus. Functionally, sympathetic sprouting in DRG has been
proposed to provide a potential anatomical substrate for
sympathetically maintained pain. Supporting this idea, DRG
neuronal activity can be modulated by sympathetic stimulation,®
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and both neuronal activation and pain behaviors can be reduced
by sympathectomy or sympathetic blockade in nerve injury
models.5% 104128165 However, the functional significance of
sprouting remains debated because evoked pain does not
always correlate with sprouting and sprouting can occur in
animals without pain or with delayed pain onset.”"'?2 On the
other hand, sympathetic sprouting was found to co-localize with
spontaneously active neurons in certain pain models, suggesting
a role for ectopic sympathetic activation in spontaneous pain.
Consistent with this, recent in vivo imaging and chemogenetic
studies showed that DRG sympathetic sprouting is both
nece1s7szary and sufficient to mediate neuropathic spontaneous
pain.

In contrast to the DRG, sympathetic fiber invasion into the TG
was not observed following various models of trigeminal nerve
injury. For example, when the inferior alveolar nerve or the
infraorbital nerve was tightly ligated or chronically constricted, no
signs of sympathetic sprouting in the TG were found.®'® Similarly,
chronic constriction injury of the mental nerve did not induce
sympathetic sprouting in TG.*® Although sympathetic fibers are
detected in all 3 divisions of TG,'® trigeminal system contains
fewer sympathetic efferents than spinal system,®” which may
partly explain the low incidence of sympathetic sprouting and
sympathetically maintained pain in this system. Consistent with
this, experimental work eliminating autonomic fibers by prede-
generation demonstrated no differences in spontaneous activity
or mechanical sensitivity of damaged inferior alveolar nerve axons
between sympathectomized and control animals. '®

Mechanistically, sympathetic sprouting into the ganglia after
nerve injury can be driven by altered neurotrophin levels. 3031173
Nerve growth factor (NGF) appears to act as 1 of the major
chemoattractants that promotes sympathetic fiber to sprout as
intraventricular infusion of NGF markedly increases sprouting in
both TG and DRG.""? Nerve growth factor can be produced by
sensory neurons or surrounding satellite glia after injury and
affects sympathetic fibers associated with the intraganglionic
vessel bed.'%*""® Whether injury-induced NGF levels differ
between TG and DRG remains unknown, yet clarifying this could
help explain, at least in part, why sympathetic sprouting is absent
inTG.

3.6. Ectopic discharge after nerve injury

Ectopic discharge, the spontaneous and abnormal neural
activity, contributes to the development of neuropathic pain.*’
One notable difference between TG and DRG neurons after injury
is the degree and pattern of ectopic discharge. Using teased fiber
recordings, Tal and Devor compared axons injured in the
infraorbital nerve (ION) with those in the sciatic nerve in rats.'®’
Both myelinated and unmyelinated ION axons produced far less
ongoing discharge than sciatic axons. No spontaneously active
TG C-fibers were detected, but 2.7 = 3.3% of DRG C-fibers fired
spontaneously. Similarly, only 1.9 + 2.3% of TG A-fibers were
spontaneously active, in contrast to 6.3 + 7.3% of DRG A-fibers.
Moreover, most sciatic fibers (89%) fired rhythmically with short,
regular interspike intervals, while most ION fibers (88%) fired
slowly and irregularly, with few rhythmic firings. Such differences
may result from the lack of sympathetic sprouting in TG,
differential expressions of ion channels and neuropeptides, and
the different distances between the injury site and the ganglion.*!
However, it is important to note that findings derived from the ION
might not be broadly generalized to the entire TG, as the
trigeminal nerve consists of 3 major divisions, each giving rise to
multiple branches that innervate distinct tissues and anatomical
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structures. These branches are likely to exhibit unique firing
patterns, spontaneous activity, and injury responses depending
on their specific targets and microenvironments. Future studies
directly comparing ectopic activity across different TG branches
will be critical for a deeper understanding of TG-mediated pain
disorders.

3.7. Connection with central nervous system: trigeminal
ganglion—lateral parabrachial nucleus and dorsal root
ganglion—dorsal column nuclei

In the trigeminal system, TG neurons transmit peripheral sensory
information to second-order neurons within the trigeminal
sensory nuclear complex (TSNC) in the brainstem. TG afferents
terminate within distinct subdivisions of TSNC, including the
principal sensory nucleus (Pr5) and the spinal trigeminal nucleus
(Spb), the latter is further organized into spinal subnucleus oralis
(Sp50), interpolaris (Sp5l), and caudalis (Sp5C)'*° (Fig. 1). These
nuclei exhibit modality-biased organization, with each subnu-
cleus preferentially processing distinct sensory modalities.*° Pr5
is primarily associated with discriminative touch and pressure
from the face. Sp50 processes predominantly intraoral mecha-
nosensory information. Sp5I contributes to orofacial reflexes and
sensorimotor integration, and also receives nociceptive input
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from dental and deep orofacial structures. Sp5C shares structural
and functional similarities with the spinal dorsal horn and is
critically involved in nociceptive and thermal processing, serving
as the principal site of central sensitization in orofacial pain
conditions. Although most central projections of TG nerves are
confined to the TSNC, some primary afferent fibers project
beyond it.>* Early study injecting neural tracer WGA-HRP into the
peripheral anterior ethmoidal nerve revealed labeled afferent
fibers near the lateral parabrachial nucleus (PBy)."° Subsequent
work showed that trigeminal rhizotomy abolishes CGRP-
expressing TG fibers projecting to the PB..""° These studies
suggested that a direct TG—PB,_pathway might exist'®-20:119:120
but did not provide synaptic and behavioral evidence.

Using the CANE (capturing activated neuronal ensembles)
technology,'®® we recently discovered that a subset of TG
neurons directly projects to the PB, which then projects to
several key emotion- and instinct-related centers in the brain, '2°
as illustrated in Figure 1. Surprisingly, this was not the case for
the afferents of DRG, that is, DRG neurons did not provide direct
monosynaptic input to the PB,. These findings suggest that TG
neurons have 2 separate pathways transmitting craniofacial pain
signals: (1) the previously known TG—Sp5C and (2) the newly
revealed TG—PB_. Among the TG neurons directly presynaptic to
the PB, ~40%, 26%, 12%, and 45% express TRPV1, CGRP,

To emotional

processing
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To thalamus %
— <]

% £

New monosynaptic
relay (TG—PB,)

«——DREZ Site

Trigeminally innervated
tissues
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Tooth (pulp, dentin, dental
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Figure 1. Schematic illustration of trigeminal sensory pathways, with a focus on pain and proprioception. TG neurons transmit sensory information from
specialized target tissues, such as meninges, TMJ, mastication muscle, tooth, eye, oral mucosa, and sinus, to second-order neurons of Pr5, Sp50, Sp5l, and
Sp5C within the TNSC. Trigeminal nociceptive signals are relayed to the thalamus through the second-order neurons in the Sp5C. This canonical trigemino-
thalamic pathway is depicted with a predominant contralateral projection (solid blue line) with the decussation of the TL and a secondary ipsilateral component
(dotted blue line). The emotional aspects of trigeminal pain are relayed by the less-studied affective pain pathway (orange line), where nociceptive afferent
information is routed from second-order neurons in the Sp5C to the PB_and onward to emotional processing centers. In addition to the TG—Sp5C—PBy_pathway
for the emotional dimensions of trigeminal pain, the schematic highlights a recently identified monosynaptic projection from TG afferents directly to PB| (TG—PB,
“new monosynaptic relay”), bypassing the Sp5C. This direct connection may enable rapid, short-latency connections of nociceptive inputs arising from the head
and face to emotional processing centers, potentially explaining the heightened affective trigeminal pain. Schematic illustration also demonstrates location of
where trigeminal DREZ is performed to lesion the TG—Sp5C pathway to treat refractory trigeminal pain. Note that trigeminal DREZ lesion will not affect the
TG—PBy_ projection. The Vmes is illustrated as a distinct structure, anatomically and functionally separate from the TSNC. Notably, Vmes is the only site within the
CNS where the cell bodies of primary sensory neurons reside. These neurons, travelling mainly within V3 and to a lesser extent V2, mediate proprioceptive input
from jaw-closing muscle spindles and TMJ and mechanosensory input from periodontal afferents, playing essential roles in masticatory coordination and oral
motor control. TG, trigeminal ganglion; PB, lateral parabrachial nucleus; Pr5, principal sensory nucleus; Sp50, spinal subnucleus oralis; Sp5l, spinal subnucleus
interpolaris; Sp5C, spinal subnucleus caudalis (Sp5C); DREZ, dorsal root entry zone; Vmes, mesencephalic nucleus; TL, trigeminal lemniscus (or
trigeminothalamic tract: TTT).
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IB4, and NF200, respectively,'®® suggesting that TRPV1™"
afferents provide a major nociceptive source of TG—PB_
projection. Indeed, using the whole-cell patch-clamp in conjunc-
tion with optogenetics, we found that optogenetic activation of
the TRPV1* TG afferents in PB, elicited excitatory postsynaptic
currents. In addition, the excitatory postsynaptic currents were
not affected by tetrodotoxin, suggesting that the inputs TRPV1™"
TG afferents—PB_ neurons are monosynaptic and excitatory. In
addition, optogenetic activation of TRPV1™ TG afferents in PB,_
induced robust escape/avoidance behavior and audible vocali-
zation, reflecting the emotional component of pain. On the other
hand, silencing of TRPV1™ TG afferents in PB_ significantly
attenuated trigeminally mediated acute pain induced by
capsaicin.'?°

The discovery of the craniofacial-specific monosynaptic circuit
TG—-PB_ has several important implications. First, humans
generally rank TG-mediated head and facial pain as much more
severe and emotionally draining than DRG-mediated body
pain, ' yet the neural mechanisms underlying the affective
component of TG-mediated pain remain poorly understood.
Emotional aspects, such as distress, anxiety, fear, depression,
and disrupted sleep, are not directly driven by neural activation of
canonical sensory afferents through the spinothalamic tract that
feeds into cortical somatosensory circuits. Instead, these
sensory-related afferent signals are conveyed through a less-
studied affective pain pathway,*?®2 which relays nociceptive
signals from second-order neurons to the PB, and then to brain
centers controlling emotion and instinctive behaviors. Our
findings of the dual pain-transmitting pathways TG—-Sp5C—PB_
and TG—PB_ compared with the single indirect DRG—spinal
dorsal horn—PB, pathway could explain why TG-mediated pain
as more severe and emotionally draining than other body pain
since there is no relay of Sp5C in between. This direct projection
TG—PB, possibly provides a mechanism for rapid, short-latency
connections of nociceptive inputs arising from the head and
face to brain centers involved in emotional process-
ing.29:52:109.110.189.140  ga00nd, the limited effectiveness of
current palliative neurosurgical procedures for refractory tri-
geminal pain may result from incomplete targeting of pain
pathways. Dorsal root entry zone (DREZ) coagulation lesions
the descending spinal trigeminal tract to disrupt pain-transmitting
pathways in Sp5C, a modern adaptation of the classic trigeminal
tractotomy'°®126 (Fig. 1). Our study indicates that trigeminal
DREZ coagulation will lesion only the TG—Sp5C pathway, leaving
the direct TG—-PB_ connection intact, which may
explain postoperative relapse or incomplete pain relief in
patients.'%1261%0  Future approaches should target both
TG—Sp5C and TG—PB,_ pathways to provide invasive palliation
of chronic, refractory craniofacial pain, such as migraine and
trigeminal neuralgia. Third, this newly identified circuit may
contribute to affective craniofacial pain, such as migraine,
temporomandibular disorders pain, dental pain, trigeminal
neuralgia, and eye pain. For example, supporting its potential
role in migraine, Uddin et al. recently demonstrated that those TG
neurons directly projecting to PB, innervate the dura and relay
dural inputs directly to the PB_ upon electrical stimulation.®®

Unlike TG neurons, which transmit orofacial sensory informa-
tion to the TSNC in the brainstem, DRG neurons convey
segmental somatosensory signals from the body primarily to
the respective segment of the spinal dorsal horn, where they
synapse onto second-order neurons within distinct laminae. This
classical DRG—spinal dorsal horn relay is organized in a modality-
specific manner: small-diameter unmyelinated C-fibers carrying
nociceptive and thermal information terminate in the superficial
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dorsal horn (laminae | and Il), while thinly myelinated A8 fibers, also
conveying nociceptive and thermal information, terminate in
laminae | and V. Large-diameter myelinated A fibers conveying
light touch terminate in laminae I1-V.” However, the DRG—spinal
dorsal horn projection does not represent the entirety of DRG
central projections. A distinct subpopulation of DRG neurons
bypasses the dorsal horn, sending primary afferent axons
rostrally through the ipsilateral dorsal columns to terminate
directly in the dorsal column nuclei (DCN) of the brainstem,
specifically the nucleus gracilis for lower body afferents and the
nucleus cuneatus for upper body afferents.*® This direct
DRG—DCN relay has been classically associated with fine
discriminative touch, but new evidence suggests that it also
conveys nociceptive signals from deep somatic tissues.®”~5° For
example, recordings from DCN neurons showed that noxious
electrical stimulation of muscle afferents (peroneal nerves) evokes
robust responses, supporting the contribution of the DRG—DCN
pathway in processing deep tissue nociceptive signals.®”
Collectively, the DRG systemm comprises 2 distinct central
projection pathways: the canonical DRG—spinal dorsal horn
pathway and the direct DRG—DCN pathway, the latter of which
has no clearly established structural equivalent in the trigeminal
sensory system.

3.8. Biophysical properties of certain pain-relevant
ion channels

Pain resulting from compression injuries to the trigeminal nerve is
most notably seen in TN. In some patients, TN can be effectively
managed for a certain period of time with CBZ''® an
anticonvulsant that blocks voltage-gated sodium channels
(VGSCs)."®? However, CBZ has shown no efficacy for patients
with neuropathic pain stemming from somatic nerve inju-
ries.%2491%6 These findings may reflect differences between
trigeminal and spinal nerves with respect to injury-induced
properties in VGSCs. To address this possibility, Pineda-Farias
et al. examined how nerve injury alters the functional biophysical
properties of VGSCs in TG and DRG and how these changes
affect the efficacy of CBZ on neuropathic pain.'?® Supporting the
clinical observation, CBZ diminished ongoing and evoked pain
after chronic constriction injury (CCI) to the infraorbital nerve (ION)
but had minimal effect on pain following CCI of sciatic nerve in
rats. This behavioral difference corresponded to increased CBZ
potency in inhibiting compound action potentials (A and C waves)
in the ION. Interestingly, VGSC NaV1.1 protein levels were
significantly elevated following ION injury, aligning with the
pharmacological data that the enhanced potency of CBZ was
likely due to the blockade of increased NaV1.1 activity. NaV1.1-
selective blocker ICA-121431 was more effective in the ION after
injury, reinforcing the role of NaV1.1 in the enhanced response. In
contrast, ICA-121431 had no effect on CCl of sciatic nerve-
induced pain, and NaV1.1 protein levels in the sciatic nerve
remained unchanged after injury. These findings highlight the
distinct biophysical adaptations of VGSCs in neurons between
TG and DRG in response to nerve injury, providing a mechanistic
explanation for the selective efficacy of CBZ in trigeminal, but not
somatic, neuropathic pain.

The TWIK-related spinal cord K™ (TRESK) channel is a member
of the two-pore domain K* (K2P) family and is encoded by the
KCNK18 gene.'®® TRESK is highly expressed in both TG and
DRG neurons but negligibly in other tissues, indicating a primary
role in regulating somatosensation by controlling the excitability of
sensory neurons.””'®” Interestingly, it was reported that
dominant-negative TRESK mutations are associated with
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migraine but not body pain in humans,”” suggesting that genetic
TRESK dysfunction differentially affects TG- vs DRG-mediated
pain. Using TRESK global knock-out (KO) mice, Guo et al. found
that loss of TRESK in TG neurons selectively increased the
intrinsic excitability of small-diameter nociceptors, especially
those that do not bind to isolectin B4 (1B47).%° Furthermore,
deletion of TRESK resulted in hyperexcitation of the small IB4~
dural afferent neurons but not those that bind to 1B4 (IB4™). Both
male and female TRESK KO mice exhibited more robust
trigeminal nociceptive behaviors, including headache-like pain,
whereas body and visceral pain remained normal. By contrast,
neither the total persistent outward current nor the intrinsic
excitability was altered in DRG neurons of TRESK KOs, which
may explain why genetic TRESK dysfunction is not associated
with body pain in humans. Together, these findings suggest that
TG nociceptors are more vulnerable than DRG to the genetic loss
of TRESK.

Recent studies have revealed notable differences in mechan-
ically activated (MA) responses between TG and DRG neurons.
MA currents in sensory neurons are typically classified as rapidly
adapting (RA), intermediately adapting (IA), or slowly adapting
(SA) based on their inactivation kinetics. Patch-clamp recordings
from nonhuman primate TG neurons demonstrated that, despite
sharing many intrinsic properties with mouse DRG neurons, fewer
small-diameter TG neurons respond to mechanical stimulation.®®
Furthermore, the fast-inactivating RA currents prominent in DRG
are largely absent in TG, with most MA currents displaying slower
inactivation kinetics.8® Although these differences may partly
reflect species variation and the absence of proprioceptive
neurons in TG, converging evidence from additional studies
support distinct mechanosensory response patterns between
the 2 ganglia. For example, in vivo calcium and voltage imaging
assays uncovered that brush stimulation produced modest
intensity increases in DRG (<50%), but stronger increase in TG
neurons (>100%).541%%1"" Similarly, von Frey filaments also
elicited larger intensity increases in TG than DRG at 0.4 g (~40-
60% vs <40%) and 2 g (~60-80% vs ~30%),04 148144160170
Collectively, these findings suggest potential functional differ-
ences in the mechanosensitive ion channels that mediate
mechanical responses across the 2 ganglia. Supporting this
idea, Piezo2 deletion or knockdown in DRG neurons selectively
abolished RA currents without affecting IA or SA currents, '
whereas Piezo2 deletion reduced not only the RA but also IA and
SA currents in TG neurons, specifically those innervating the
cornea.®® Whether other mechanosensitive ion channels similarly
are involved in divergent biophysical properties in mediating
mechanical response between TG and DRG neurons warrants
future investigation.

3.9. Neuron-glia interactions

Neuron-glia communication is a key mechanism regulating
sensory processing in both TG and DRG.%* In these ganglia,
sensory neurons are enveloped by satellite glial cells (SGCs),
forming specialized neuron—glial units that underpin bidirectional
signaling.®* Accumulating evidence demonstrates that neuron-
SGC crosstalk can be mediated by multiple molecular signals,
including adenosine triphosphate (ATP), neuropeptides, cyto-
kines, and nitric oxide, among others.®* Following nerve injury or
tissue inflammation, neuron-SGC crosstalk undergoes a well-
characterized activation response, including glial fibrillary acidic
protein (GFAP) upregulation, Kir4.1 channel downregulation,
increased connexin 43 (Cx43)-mediated gap junction coupling,
ATP release, and pro-inflammatory cytokine secretion, that
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enhances neuronal excitability and contributes to chronic pain.*
These neuron-SGC interactions have relevance in the TG for
orofacial pain processing. For example, increased SGC activa-
tion, as evidenced by GFAP upregulation, has been documented
in various preclinical models of orofacial pain, including tooth
injury, TMJ inflammation, pulpal inflammation, upper molar
extraction, infraorbital or inferior alveolar nerve injuries, and
migraine.®” As SGC activation is accompanied by increased
neuron-glia coupling, it was proposed that disrupting gap
junctions could have an analgesic effect. Indeed, knockdown of
Cx43 or administration of the gap junction blocker Gap27 in TG
reduced mechanical pain induced by infraorbital or inferior
alveolar nerve injuries.®®"® SGCs maintain neuronal homeosta-
sis by regulating the extracellular ionic environment and
excitability through K™ buffering mainly through Kir ion channels.
Interestingly, Kir4.1 expression in TG SGCs is reduced following
infraorbital nerve injury, and silencing Kir4.1 specifically in SGCs
has been demonstrated to produce spontaneous and evoked
facial pain-like behaviors.”®® Although TG and DRG share
features of neuron-glia interactions, emerging evidence has
revealed ganglion-specific differences that may contribute to
distinct mechanisms underlying trigeminal vs spinal pain.

The percentage of neurons enveloped by GFAP-labeled SGCs
was comparable between TG (11.75%) and DRG (12.5%) at the
population level in mice.®® When stratified by soma size, small-
sized neurons showed no difference between ganglia, with
9.25% enveloped in TG and 10.44% in DRG. However, medium-
and large-sized neurons displayed a clear difference: 2.15% of
medium and 0.35% of large neurons were enveloped by SGCs in
TG, whereas the corresponding proportions were 1.23% and
0.83% in DRG, respectively.®® Interestingly, although incubation
of dissected TG and DRG with capsaicin increased the proportion
of SGCs coverage on neurons of all sizes, there was much more
SGCs coverage on medium-sized neurons in TG than DRG
(10.7% vs 2.55%).% The difference in SGCs coverage between
TG and DRG neurons was also reported under pathological
conditions. For instance, as reflected by evaluating the levels of
GFAP, a marker for SGCs, the number of SGCs was significantly
increased in TG following CClI of infraorbital nerve, whereas no
significant increase was detected in DRG after CCl of sciatic
nerve in rats.”® Conversely, in the context of chemotherapy-
induced peripheral neuropathy, Jimenez-Andrade et al. reported
amarkedly different pattern of SGCs following systemic paclitaxel
administration, with DRG showing much higher increase than TG
in rats.®” The mechanisms underlying these complex, context-
dependent differences in SGCs coverage between TG and DRG,
and their consequences for neuronal excitability and intercellular
signaling, warrant further investigation.

Adenosine triphosphate serves as a key messenger in neuro-
n—glial interactions underlying pain processing in both TG and
DRG. Satellite dlial cells express multiple P2Y purinergic
receptors (P2YRs), many of which can be activated by ATP.
Previous studies have demonstrated different expression pat-
terns of P2YRs in SGCs between the 2 ganglia. Specifically, in situ
hybridization and immunofluorescence assays showed that the
SGCsin DRG express P2Y1, P2Y12, and P2Y14 receptors, while
the SGCs in TG express P2Y1, P2Y2, P2Y4, P2Y6, P2Y13, and
P2Y14 receptors.®> %" As there is a broader P2YR repertoire in
TG SGCs, one would expect that ATP may elicit stronger
activation of SGCs. In support, Ca®* imaging showed that
stimulation with 2 wuM ATP produced similar responses in cultured
SGCs isolated from TG and DRG, but higher concentrations of
ATP at 5 pM and 20 pM evoked stronger Ca®* signals in TG
SGCs than DRG SGCs. '?° Interestingly, however, when neurons
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Comparative overview of key features between TG and DRG.
Feature TG DRG Ref.
Anatomical location Meckel cave within the dura mater of the middle cranial fossa Intervertebral foramina adjacent to the dorsal roots 17
of spinal nerves
Developmental origin Dual origin: neural crest cells and trigeminal placode Single origin: neural crest cells 5,46,111,115,149
Unique target tissues Tooth pulp, cornea, dura mater, cavernous sinus, conjunctiva, Lung, heart, stomach, intestine, bladder, liver, kidney, 51,103,111,114

lacrimal gland, nasal mucosa, pineal gland, salivary gland,

tongue, vibrissae, and temporomandibular joint

and joints (knee, ankle, shoulder, elbow, etc.)

Cellular compositions

Up to 157,000 neurons in human
Up to 20,000 neurons in mouse

15 neuronal subtypes:
Nitrk3"9"+Ntrk2 AB-RA-LTMRs
Ntrk3"9"+5100a16 AB-SA-LTMRs
Nirk3"Y-+Nitrk2 A3-LTMRs
Calca+Bmpr1b A3-HTMRs
Calca+Smr2 A3-HTMRs
Calca+Sstr2 nociceptors
Calca+Adra2a nociceptors

Trpm8 cold thermoreceptors

Th ¢c-LTMRs

Mrgprd nociceptors
Mrgpra3+Mrgprb4 C-LTMRs
Mrgpra3+Trpv1 pruriceptors

Sst pruriceptors

Atf3 cluster (nerve injury)
Calca+0prk1 (unknown function)
(Lacks Pvalb proprioceptors, Rxfp1, Calca+Dcn)

~60,000-100,000 neurons in human 6,11,13,78,161
~4,000-7,000 neurons in mouse (varies by segments)
18 neuronal subtypes: 12

Nirk3"9"+Nirk2 AB-RA-LTMRs
Ntrk3"9"+5100a16 AB-SA-LTMRs
Nirk3"-+Nirk2 A3-LTMRs
Calca+Bmpr1b A3-HTMRs
Calca+Smr2 A3-HTMRs
Calca+Sstr2 nociceptors
Calca+Adra2a nociceptors
Trpm8 cold thermoreceptors

Th ¢c-LTMRs

Mrgprd nociceptors
Mrgpra3+Mrgprb4 C-LTMRs
Mrgpra3+Trpv1 pruriceptors
Sst pruriceptors

Atf3 cluster (nerve injury)
Calca+0prk1 (unknown function)
Pvalb proprioceptors

Rxfp1 (unknown function)
Calca+Dcn (unknown function)

11 nonneuronal subtypes: 7 nonneuronal subtypes: 12
Satellite glia Satellite glia
Schwann N Schwann N
Schwann M Schwann M
Endothelial Endothelial
Immune Immune
Pericyte Pericyte
Dura Fibroblast
Arachnoid
Pia
Oligodendrocytes (root entry zone contamination?)
Astrocyte-like (root entry zone contamination?)
Gene expression profiles  Whole ganglion (naive mice): Whole ganglion (naive mice): 93

/Molecular signatures

12,984 genes in total

65 GPCR/ion channel genes higher in TG vs DRG (>10-fold)

Neurons (naive mice):

19 genes higher in TG vs DRG
10 specific genes

Nociceptors (naive mice):

372 genes in total

Higher PI3K-mTORC1 pathway genes (positive regulator of

mTORC1 activity), including Strada, Lamtor5, Akt1, and
Rraga in TG vs DRG

Whole ganglion (naive rats):

22,079 genes in total

64 genes higher in TG vs DRG (>4-fold)

12 specific genes

Human ganglion (focus on olfactory receptors (ORs)):
48 OR genes

5 specific genes

Whole ganglion (rats with nerve injury):

4d postinjury: 548 specific DEGs

8d postinjury: 23 specific DEGs

21d postinjury: 7,892 specific DEGs

4d postinjury: 816 genes higher in TG vs DRG

8d postinjury: 3,236 genes higher in TG vs DRG
21d postinjury: 4,703 genes higher in TG vs DRG

13,195 genes in total

117 GPCR/ion channel genes higher in DRG vs TG (>10-fold)
Neurons (naive mice): 59,86
44 genes higher in DRG vs TG

20 specific genes (~50% Hox genes)

Nociceptors (naive mice): 99
348 genes in total

Higher Akt1s1 gene (negative regulator of mTORC1 activity) in

DRG vs TG

Whole ganglion (naive rats): 74
21,628 genes in total

55 genes higher in DRG vs TG (>4-fold)

16 specific genes

Human ganglion (focus on olfactory receptors (ORs)): 40
26 OR genes
Whole ganglion (rats with nerve injury): 7B

4d postinjury: 1,563 specific DEGs

8d postinjury: 2,786 specific DEGs

21d postinjury: 541 specific DEGs

4d postinjury: 1,012 genes higher in DRG vs TG
8d postinjury: 2,408 genes higher in DRG >TG

21d postinjury: 5,074 genes higher in DRG >TG

(continued on next page)
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Table 1 (continued)
Feature TG DRG Ref.
Ratio of A/C fibers Higher A/C fiber ratio (~50%-60% A-fibers) Lower A/C fiber ratio (~20% A-fibers) 58,137,162,168
Sprouting of sympathetic No sprouting after nerve injury Sprouting after nerve injury 8,15,25,48,81,97,
fibers 122,127,164
Ectopic discharge Lower ongoing discharge Higher ongoing discharge 151
No C-fibers and less A-fibers (1.9 = 2.3%) spontaneous More C-fibers (2.7 = 3.3%) and A-fibers (6.3 * 7.3%)
activity and irregular firing after nerve injury spontaneous activity and rhythmic firing after nerve injury
Connection with CNS Direct connection TG—PB Direct connection DRG—DCN 45,129
lon channel biophysical  Higher sensitivity of VGSCs to CBZ Lower sensitivity of VGSCs to CBZ 123
properties TRESK loss increases TG nociceptor excitability (cause TRESK loss does not alter DRG nociceptor excitability (does 50,77
migraine) not cause body pain)
Neuron-glia More medium-size neurons enveloped by SGCs Less medium-size neurons enveloped by SGCs 38
communications Less large-sized neurons enveloped by SGCs More large-sized neurons enveloped by SGCs 79
More SGCs coverage on neurons after CCl of infraorbital Less SGCs coverage on neurons after CCl of sciatic nerve 67
nerve More SGCs coverage on neurons following systemic injection 92,157
Less SGCs coverage on neurons following systemic injection  of paclitaxel 125
of paclitaxel SGCs express P2Y1, P2Y12, and P2Y14
SGCs express P2Y1, P2Y2, P2Y4, P2Y6, P2Y13, and P2Y14 Lower Ca®" response in DRG SGCs to ATP
Higher Ca®™ response in TG SGCs to ATP
Pain responses and Stronger nocifensive response to capsaicin Weaker nocifensive response to capsaicin 99
comorbidities Stronger and longer-lasting mechanical hyperalgesia to Weaker and transient mechanical hyperalgesia to 4
carrageenan carrageenan
Increased nocifensive behaviors to formalin in ovariectomized No increased nocifensive behaviors to formalin in 17
female rats ovariectomized female rats
Pronounced mechanical pain to growth hormone No mechanical pain to growth hormone 59
Stronger sensitization to painful heat stimulation Weaker sensitization to painful heat stimulation 141
Higher fear to painful heat stimulation or electrical stimulation  Lower fear to painful heat stimulation or electrical stimulation 100,140,141
CGRP-related inhibitors (eg, gepants; mAbs blocking CGRP or  CGRP-related inhibitors (eg, gepants): Limited to no effect on 133,142
CGRP receptor): effective in migraine and cluster headache — somatic pain? (Awaiting clinical trials)
5-HTB/4D agonists (eg, triptans): effective in migraine and  5-HTB/;D agonists (eg, triptans): clinical trials show no 18
cluster headache efficacy in somatic pain
VGSC inhibitors (eg, CBZ): effective in TN VGSC inhibitors (eg, CBZ): clinical trials show no efficacy in  32,49,118,136

TRESK activators: potentially effective for migraine

somatic neuropathic pain
TRESK activators: potentially little to no effect on somatic pain 50,77

were co-cultured with SGCs and stimulated with ATP or ATP
analogue «,B-MeATP at 2, 5 and 20 wM, no notable differences in
neuronal Ca®" responses were observed between TG and
DRG.'®®

3.10. Pain responses and comorbidities to the same stimuli
or treatments

Despite the high degree of functional similarities in mediating pain
between TG and DRG, notable differences emerge when animals
receive the same stimuli. For instance, facial injection of 0.1 uM
capsaicin evoked markedly stronger spontaneous nocifensive
pain behaviors than hindpaw injection in mice.®® This heightened
trigeminal sensitivity is, at least in part, attributed to greater
translational efficiency of mTOR-related genes in the TG, as
mTOR inhibition more significantly affects face pain behaviors in
response to capsaicin.®® Likewise, injecting 6% or 9% of
carrageenan into the masseter muscle produced greater
susceptibility and longer-lasting mechanical hyperalgesia,
whereas the same injection into the gastrocnemius muscle
caused only a transient hyperalgesic response.* Pajot et al.
reported that ovariectomized female rats exhibit increased
nocifensive behaviors following formalin injection into the upper
lip, but not into the hindpaw.""” These findings suggest that the
trigeminal system might be more sensitive to ovarian hormone
depletion than the spinal system, likely due to the observed
upregulation of estrogen receptors in lamina Il of Sp5C, but not in

the spinal dorsal horn, after ovariectomy. In addition, a recent
work demonstrated that growth hormone (GH) exerts markedly
distinct nociceptive effects between the TG and DRG systems.®®
Intraplantar or intrathecal injection of GH failed to induce thermal
or mechanical hypersensitivity, with intrathecal GH even showing
a slight antinyperalgesic trend. In contrast, GH injection into the
masseter muscle caused dose-dependent mechanical hyper-
sensitivity lasting several days, and GH applied to the dura mater
evoked pronounced periorbital mechanical hypersensitivity.
Human studies showed that the same repetitive painful heat
stimulation on the forehead induces stronger sensitization
(indexed by a higher within-session increase in pain intensity
ratings) compared with forearm stimulation." It is known that
emotional comorbidities are closely related to pain. Interestingly,
repetitive heat stimulation-induced fear was also higher for
trigeminal pain compared with pain in the extremities.’*’
Similarly, humans also reported a higher fear rating when
receiving the equivalent electrical stimulation to the forehead than
to the hand'© or to the maxillary canine than to the tibia.'™®
Neuroimaging studies have revealed the neural substrates that
may underlie these differences. Electrical stimulation of the
forehead elicited stronger activation in task-relevant visual areas
(lateral occipital complex), memory-encoding regions (hippocam-
pus and para-hippocampus), and structures involved in emotional
processing (amygdala) compared with hand stimulation.'*°
Similarly, electrical stimulation of the maxillary canine elicited
significantly greater activation throughout the fear-processing
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network, including the amygdala, anterior cingulate cortex, insula,
thalamus, and orbitofrontal cortex, compared to tibial stimula-
tion.°° These converging findings highlight system-specific differ-
ences in the integration of nociceptive and emotional information
between trigeminal and spinal pathways.

Preclinical and clinical evidence supports certain differences
in pharmacological responsiveness between TG- and DRG-
mediated pain, particularly for migraine-targeted drugs. 5-
HT,B/4D receptor agonists (eg, triptans) and CGRP receptor
antagonists (eg, gepants) effectively relieve migraine and
cluster headache, yet demonstrate little to no analgesic efficacy
for somatic pain in clinical trials, '®'3%142 despite the presence
of 5-HT1B/4D receptor and CGRP receptors in both TG and
DRG neurons.®®'2* This clinical selectivity is recapitulated in
animal models of neuropathic pain. For example, sumatriptan,
zolmitriptan, and olcegepant robustly reduced mechanical
allodynia after infraorbital nerve constriction but failed to
alleviate mechanical hypersensitivity following sciatic nerve
constriction in rats.®®°° Similarly, naratriptan and olcegepant
selectively attenuate oxaliplatin-induced neuropathic mechan-
ical pain in the face but not the hindpaw.'°® In support of the
behavioral distinctions, electrophysiological recordings dem-
onstrated that naratriptan markedly suppresses trigeminal, but
not spinal, neuronal responses to mechanical stimulation.?”
Interestingly, in contrast to neuropathic pain, animal studies
reported analgesic effects of sumatriptan and olcegepant on
inflammatory somatic pain,®®''® suggesting the context-
dependent differences between TG- and DRG-mediated pain
processing.

4. Conclusion

Although both TG and DRG serve as primary sensory hubs,
growing evidence demonstrates that they differ in fundamental
ways that shape craniofacial vs somatic pain. The TG’s distinct
anatomical location, developmental origin, A/C-fiber composi-
tion, cellular makeup, molecular profile, and central connection
with brain create a sensory landscape not identical to the DRG.
Functionally, the TG also exhibits unique patterns of sympa-
thetic sprouting, ion channel properties, and ectopic activity.
Together, these features help explain why craniofacial pain can
present and respond to stimuli and treatments differently from
pain arising in the body under certain pathophysiological
circumstances, challenging the assumption of mechanistic
uniformity between craniofacial and somatic pain. Recognizing
these distinctions, as summarized in Table 1, is essential for
developing targeted, mechanism-based therapeutic strategies
for craniofacial painful conditions such as migraine, trigeminal
neuralgia, and temporomandibular disorders, rather than relying
on direct extrapolation from somatic pain.
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