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From Nociception to Regeneration:
Temporal Reprogramming of Sensory
Neurons in Skeletal Healing

Yulong Zhang'-2, Hao Wang'2 and Hengguo Zhang'*

Abstract

Skeletal healing is constrained by a long-standing paradox. Specifically, analgesia is clinically essential, yet
neural signaling is biologically required for effective repair. Recent evidence showed that bone-innervating
sensory neurons are temporally plastic rather than functionally fixed. After injury, these neurons transition
from an early nociceptive state to a later pro-regenerative secretory program, including trophic factors that
are required for periosteal progenitor expansion and successful callus formation. Importantly, this switch is
better interpreted as stage-linked than clock-like, broadly tracking the evolution from inflammatory injury
signaling toward reparative callus formation with timing varying by skeletal site, age, and injury context.
This dynamic framework helps explain why broad neural inhibition can relieve pain, while inadvertently
compromising osteogenesis. The translational implication is not to reduce analgesia but to redesign analge-
sia. Future strategies should decouple nociceptive suppression from the loss of regenerative neural output.
Defining therapeutic time windows and modality-specific effects on neurotrophic signaling as well as pain
and developing biomarker-guided rescue strategies will be essential for next-generation skeletal management

that preserves pain control and biological healing.
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Mammalian skeletal healing is often char-
acterized as intrinsically robust. However,
in clinical practice skeletal healing is
managed under a persistent therapeu-
tic contradiction. Analgesia is necessary
but neural activity appears biologically
necessary as well. Standard pain-control
strategies, including non-steroidal anti-
inflammatory drugs (NSAIDs), local
anesthetics, and regional blocks, are indis-
pensable for patient comfort and function
but standard pain-control strategies may
also attenuate neural signals that support
osteogenesis and callus maturation [1].
This long-standing tension has exposed a
conceptual gap in skeletal healing. Indeed,
pain and repair pathways have largely
been treated as inseparable outputs of the
same system.

Recent work in skeletal interoception
has begun to close that conceptual gap.
Sensory nerves are increasingly recognized
not merely as nociceptive conduits, but as
active regulators of mesenchymal stem-cell
behavior and tissue homeostasis [2]. This
regulation operates alongside a dynamic
immune landscape, where early responders
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can exert opposing, osteo-inhibitory effects
[3]. According to this view, the peripheral
nervous system is part of the regenerative
niche rather than an external observer of
injury. What remains unresolved is whether
this regulatory role is static (hard-wired
by neuronal subtype) or dynamic (state-
dependent after injury).

Xu et al. provided a decisive tem-
poral framework for this question [4].
Methodologically, the authors utilized a
robust combination of adeno-associated
virus (AAV)-mediated retrograde anatomic
mapping to identify bone-innervating sen-
sory neurons, coupled with time-resolved
single-cell transcriptomics (ScRNA-seq)
to capture dynamic neural state transi-
tions. Xu et al. [4] used rigorous func-
tional validation, including conditional
neuronal FGF9 knockout and exogenous
FGFO rescue, to causally link these neural
changes to skeletal repair. By combining
these approaches, Xu et al. [4] showed that
sensory neurons are not functionally fixed
during skeletal repair. Instead, sensory neu-
rons exhibit a phase-dependent state transi-
tion. Specifically, an early injury program
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enriched for nociceptive signaling is followed by a repara-
tive program enriched for trophic output, including FGF9
(Figure 1). Conceptually, this trajectory aligns the early
nociceptive state with the hematoma/inflammatory and early
soft-callus phases of repair and the later trophic state with
periosteal expansion, callus maturation, and bony bridging,
although the exact timing is unlikely to be uniform across
models, anatomic sites, ages, or species [5].

The importance of this study lies not only in descriptive
resolution but in causal attribution. Xu et al. [4] identified
a neuronal FGF9-dependent axis that is required for effec-
tive skeletal healing, linking neural state transitions to per-
iosteal progenitor expansion and successful callus forma-
tion. Functional perturbation of neuronal FGF9 signaling
supports a necessary role for this pathway in vivo and in
loss-of-function contexts, repair fails toward an atrophic
non-union phenotype, indicating that nerve-derived trophic
signaling is not epiphenomenal but functionally required.
At the same time, FGF9 is best viewed as a mechanistic
anchor rather than an exclusive effector. Reparative sensory
neurons deploy a broader pro-regenerative secretome and
parallel outputs that remain to be resolved. Conceptually,
the nervous system emerges as a two-stage regulator of
repair (an acute protective module and a delayed anabolic
module).

This temporal model extends prior human sensory-neuron
atlases in a productive way. Spatial transcriptomic mapping
of human dorsal root ganglia (DRG) has defined nocicep-
tor classes with extraordinary precision but such atlases are
necessarily snapshots [6]. Xu et al. [4] added the missing
variable of time under injury conditions, demonstrating that
reparative biology depends not only on neuronal identity but
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also on neuronal trajectory. This is a critical distinction for
translational science. In fact, a static taxonomy alone cannot
predict time-sensitive therapeutic windows.

The clinical implications are immediate. If bone-in-
nervating sensory neurons are a required source of pro-
regenerative cues, then “broad neural silencing” becomes
a biologically blunt strategy. The goal should not be less
analgesia but smarter analgesia. Therapeutic interventions
should aim to suppress nociceptive transmission while pre-
serving trophic signaling, strategically timing treatments to
minimize disruption of neuroprotective pathways, or sub-
stituting alternative sources of trophic support when nec-
essary. Importantly, NSAIDs, local anesthetics, regional
nerve blocks, opioids, and neuromodulatory approaches
should not be assumed to be biologically interchangeable.
NSAIDs, local anesthetics, regional nerve blocks, opioids,
and neuromodulatory approaches may differ in how neu-
ronal excitability, local afferent activity, and downstream
trophic transcriptional programs are affected, even when
pain scores appear similar. For example, NSAIDs may
interfere with prostaglandin-mediated osteogenesis, while
local anesthetics primarily suppress afferent excitability.
Opioids may exert systemic endocrine effects that indirectly
influence bone metabolism [7, 8]. Accordingly, future com-
parisons should evaluate pain relief and the effects on regen-
erative signaling, callus formation, radiographic union, and
functional recovery. Candidate biomarkers may include
circulating or local neurotrophic factors (e.g., FGF9, NGF,
and CGRP), assessed in phase-aligned sampling windows to
capture the temporal dynamics of neuronal state transitions.
Xu et al. [4] therefore shifted the therapeutic objective from
global inhibition toward functional decoupling. In practical
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Figure 1 Temporal reprogramming of sensory neurons in skeletal healing. (A) Hyperexcitable neurons transmit nociceptive signals from the
fracture site to the central nervous system. (B) Neurons transition to a regenerative phenotype. Released FGF9 promotes MSC differentiation

into osteoblasts, forming a callus to bridge the defect.
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terms, this shift suggests the following three translational

priorities:

i. Define when the nociceptive-to-regenerative transi-
tion occurs across skeletal contexts, genders, and age
groups, and relate the nociceptive-to-regenerative tran-
sition to canonical phases of fracture healing rather than
to a single universal timeline.

ii. Compare analgesic modalities by the differential impact
on neurotrophic programs, callus formation, radio-
graphic union, and functional recovery, rather than by
pain scores alone.

iii. Test whether pathway-selective augmentation (for
example, local pro-regenerative cue support or bioma-
terial-enabled trophic delivery) can rescue healing when
neural suppression is unavoidable [9].

Several caveats remain. The strongest mechanistic
evidence is preclinical and skeletal biology varies by age,
anatomical site, loading environment, and comorbidity.
The foundational study conducted by Xu et al. [4] primar-
ily utilized male mice, leaving the role of sexual dimor-
phism in neural-skeletal crosstalk unaddressed. A signif-
icant translational gap exists given established gender
differences in pain processing and bone metabolism [10].
Furthermore, age-related dysregulation of neurotrophin
signaling, such as aberrant NGF expression dynamics, may
exacerbate the deleterious effects of neural inhibition in
elderly fracture patients [11]. The direct translation of these
findings should be interpreted with caution and based on
documented species differences in human DRG diversity,
as well as the yet-unaddressed contributions of the sym-
pathetic and autonomic nervous systems, which are also
known to modulate osteoblast and osteoclast activity in the
healing niche [5, 6]. Moreover, while FGF9 represents a
critical necessary factor, FGF9 is not likely to be the sole
trophic output of reparative neurons and operates alongside
co-secreted factors, such as Sonic Hedgehog, to drive vital
neuroimmune and neurovascular congruence. For example,
sensory neuron—derived signals may coordinate angiogene-
sis and immune-cell recruitment, processes that are tightly
coupled to callus formation and remodeling [12]. The regu-
lation of progenitor fate likely involves intricate intracellu-
lar coordination, such as nuclear FGF2-mediated chroma-
tin remodeling [13]. But these limitations do not weaken
the central advance, rather define the next experiments.

The key contribution of Xu et al. [4] is to make the neural
contribution to skeletal healing experimentally tractable in
space, time, and mechanism.

Skeletal healing has long assumed that pain control and
biological repair exist in zero-sum opposition. That assump-
tion is now less defensible. Sensory neurons are not simply
signals to block. Sensory neurons are state-dependent part-
ners in regeneration. By mapping and functionally validating
this transition, Xu et al. [4] offered a mechanistic blueprint
for a new clinical principle, i.e., treat pain without extin-
guishing the neural biology of healing.
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