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PURPOSE. This study aims to elucidate the calcitonin gene-related peptide (CGRP)
mediation and primary mechanism of corneal sensory nerves on tear production of the
lacrimal gland.

METHODS.Mouse corneal denervation models were constructed through surgical axotomy,
pharmacologic treatment with capsaicin or resiniferatoxin, and Trpv1-Cre/DTR mice with
diphtheria toxin injection. The capsaicin-treated mice received subconjunctival injection
of CGRP or substance P, while the normal C57BL/6J mice were administered with CGRP
receptor antagonist BIBN-4096. Furthermore, double immunostaining of c-FOS+ and
choline acetyltransferase was used to evaluate the activation of the superior salivatory
nucleus (SSN). Mouse lacrimal glands were collected for transcriptomic sequencing and
subsequent RNA and protein expression analysis.

RESULTS. The corneal denervated mice exhibited a significant reduction in corneal
sensitivity and tear secretion. In capsaicin-treated mice, tear secretion decreased to
2.5 ± 0.5 mm compared to 6.3 ± 0.9 mm in control mice (P < 0.0001). However, exoge-
nous administration of CGRP in capsaicin-treated mice increased tear secretion from
2.6 ± 0.5 mm to 4.5 ± 0.5 mm (P = 0.0009), while BIBN-4096 treatment reduced tear
secretion to 3.4 ± 0.5 mm when compared to 7.3 ± 0.7 mm in control mice (P = 0.0022).
Furthermore, c-FOS+ cell number in the SSN increased by twofold (P = 0.0168) after
CGRP administration compared with capsaicin-treated mice. In addition, the expressions
of CCNA2, Ki67, PCNA, and CDK1 in acinar cells of the lacrimal gland were impaired by
corneal denervation and alleviated by CGRP administration.

CONCLUSIONS. CGRP released by corneal sensory nerves mediates tear secretion of the
lacrimal gland, providing a new strategy for improving tear secretion in patients with
neurotrophic keratitis.
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Cornea possesses dense sensory nerve fibers originating
from the trigeminal ganglion.1 The abundant innerva-

tions are involved in the regulations of corneal sensations,
tear secretion, blink reflex, and wound healing.2–5 As the
major tear components, the fluid secreted from lacrimal
gland is vital for the aqueous layer of tear film to mois-
turize and maintain a healthy ocular surface.6 Tear secre-
tion is tightly controlled by the afferent sensory nerves from
the cornea and conjunctiva, as well as the efferent auto-
nomic nerves innervating the lacrimal gland and meibo-
mian glands.7–9 When the cornea receives external stim-
ulation, sensory afferent nerves transmit impulses to the
trigeminal ganglia and integrate in the brain, where the
central ending synapses with the superior salivatory nucleus
(SSN).10,11 The SSN projects the efferent parasympathetic
signals toward the lacrimal gland to trigger rapid secre-
tion of lacrimal fluid, including water, electrolytes, and
proteins.12–14

With the tight control of the neural response, the dysfunc-
tion of the afferent signal evokes the reduction of tear
production and dry eye diseases.14 The afferent nerve
dysfunctions, such as trigeminal ganglia damage, herpes
simplex keratitis, and diabetes mellitus, will cause partial
and even complete corneal denervation.15–18 In cornea,
approximately 70% of nociceptors are polymodal nocicep-
tors, which respond to chemical, mechanical, and ther-
mal stimuli.19 Moreover, the activation of corneal poly-
modal nociceptors evokes an augmented lacrimal secretion,
compared with corneal mechanonociceptors and cold recep-
tors.20 Among corneal polymodal nociceptors, the transient
receptor potential vanilloid 1 (TRPV1) plays a crucial role
in sensory transmission and reflex tearing.21,22 Resinifera-
toxin (RTX) and capsaicin are potent agonists to stimulate
TRPV1+ nerves.23,24 By using capsaicin and TRPV1 knock-
out mice, previous research demonstrated that the corneal
TRPV1 sensory nerve played a predominant role in the
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maturation of neonatal tearing.22 However, the mechanism
of corneal TRPV1 nerves on the regulation of tear secretion
remains unclear.

Corneal sensory nerves mediate wound healing, inflam-
matory responses, and neovascularization by releasing
calcitonin gene-related peptide (CGRP) and substance P
(SP).1,25,26 CGRP has been found to accelerate wound heal-
ing by promoting the growth of corneal epithelial cells and
restore corneal sensitivity.27–29 CGRP is similarly involved
in the conduction of pain transmission and blood vessel
dilation.30,31 Moreover, SP promotes diabetic corneal wound
healing by enhancing the proliferation and stemness of
limbal stem cells of the mouse neurotrophic keratopathy
model.32 However, as the major neuropeptides secreted by
sensory nerves, the role of CGRP and SP in the regulation
of tear secretion remains undefined.

Corneal TRPV1 sensory nerve is not only crucial for
the regulation of corneal homeostasis and wound healing
but also important for corneal sensation and maturation of
lacrimal function for tear secretion.20,22,33 Combined with
the major neuropeptides of CGRP and SP, we hypothe-
size that the CGRP or SP released by the corneal sensory
nerve may be involved in the regulation of tear secretion
from the lacrimal gland. Therefore, this study aimed to
confirm the hypothesis and investigate this potential mech-
anism by using various corneal denervation models, includ-
ing surgical denervation, and topical application of RTX or
capsaicin, as well as TPRV1 neuronal ablation mice. More-
over, we explored the important neuropeptide in regulat-
ing tear secretion by subconjunctival injection of CGRP
or SP in capsaicin-treated mice. To identify the functional
changes of the lacrimal gland after corneal denervation, we
performed transcriptomic sequencing comparative analysis
of the lacrimal gland in capsaicin-treated mice with or with-
out CGRP administration.

MATERIALS AND METHODS

Mice

Adult male C57BL/6J mice (6 to 8 weeks old) were obtained
from Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China). Trpv1-Cre+/+ (strain number: #017769)
and ROSA26iDTR+/+ mice (strain number: #007900) were
acquired from the Jackson Laboratory (Bar Harbo, Maine,
USA). To deplete TRPV1 neurons, Trpv1-Cre+/+ mice were
crossbred with ROSA26iDTR+/+ mice, resulting in TRPV1
neuron-depleted mice (Trpv1-Cre/DTR). The mice were bred
and housed in the animal center of the Eye Institute of Shan-
dong First Medical University. All animal experiments were
conducted in accordance with the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research and were
approved by the Ethics Committee of the Eye Institute of
Shandong First Medical University.

Experimental Models

The corneal sensory nerve is derived from the short ciliary
nerves of the ciliary ganglion and the long ciliary nerves
from the ophthalmic branch of the trigeminal ganglion.1

To induce the surgical denervation model, C57BL/6J mice
were anesthetized with by intraperitoneal injection of 0.6%
pentobarbital sodium and topical administration of 2% lido-
caine. Then, the ciliary nerves were separated at the poste-
rior sclera close to the optic nerve and squeezing for 45

seconds with forceps.34 The surgical denervation model
exhibited an immediate loss of the basal nerve in axotomized
eyes and provided a model for investigating the relation-
ship between the sensory nerve and tear secretion. Corneal
sensitivity and tear secretion volume were assessed using
a Cochet-Bonnet esthesiometer (Luneau Ophtalmologie,
Chartres Cedex, France) and phenol red thread (#30059010;
Jingming, Tianjin, China).

High concentrations of capsaicin or RTX cause an exces-
sive influx of calcium ions, which lead to the ablation
of TRPV1-expressing afferent terminals.35,36 To induce the
TRPV1+ sensory denervated models, capsaicin (3 μg/μL;
Selleckchem, Houston, TX, USA, dissolved in saline with
0.20% DMSO, 0.13% PEG300, and 1.68% Tween 80) or RTX
(0.5 μg/μL; Sigma, St. Louis, MO, USA) was topically applied
to C57BL/6J mice.37 Moreover, CGRP (10.5 μM; Phoenix
Pharmaceuticals, Mountain View, CA, USA) or SP (15 μM;
Med Chem Express, Princeton, NJ, USA) dissolved in PBS
was subconjunctivally injected 24 hours before and immedi-
ately prior to capsaicin or RTX treatment to regulate the tear
secretion.

Trpv1-Cre/DTR mice express the diphtheria-toxin recep-
tor (DTR) under the control of the TRPV1 regulatory
sequence. To induce TRPV1 neuronal ablation models, diph-
theria toxin (DT, 8 μg/kg; Sigma) or PBS was intraperi-
toneally injected to Trpv1-Cre/DTR mice for 5 consec-
utive days, followed by 2 days off, over a 3-week
period.38

In the RAMP1 antagonistic model, C57BL/6J mice were
subconjunctivally injected with BIBN-4096 (2 μg/μL; Med
Chem Express) for 3 continuous days. Mice received saline
as a vehicle control.

Immunofluorescence Staining

For whole-mount immunostaining, the cornea was dissected
and fixed in 4% polyformaldehyde (Biosharp Life Sciences,
Guangzhou, China) for 1 hour on ice. The cornea was
then permeabilized and blocked in PBS containing 0.3%
Triton X-100 (Solarbio, Beijing, China) and 5% bovine
serum albumin (BSA; Solarbio) overnight at 4°C. The
next day, the cornea was incubated with APC-conjugated
anti–βIII-tubulin antibody (BioLegend, San Diego, CA) for
12 hours at 4°C. Finally, the tissues were examined using
the Zeiss LSM880 inverted microscope (Carl Zeiss, Jena,
Germany).

Mice that received subconjunctival injections of PBS or
CGRP 24 hours prior were treated with capsaicin, while
the control mice that had subconjunctival injections of PBS
24 hours prior were treated with the vehicle of capsaicin.
The mice were then deeply anesthetized with 0.6% pento-
barbital sodium 1 hour later and perfused transcardially with
PBS (20 mL), followed by fixation with 4% polyformalde-
hyde (10 mL). The brain tissue was collected and post-
fixed in 4% polyformaldehyde overnight at 4°C. Afterward,
it was dehydrated in 20% sucrose for 2 days at 4°C and
embedded in optimal cutting temperature (OCT) compound
(Sakura, Torrance, CA, USA). For immunostaining, brain
sections (25 μm) were premeabilized with 0.1% Triton X-
100 for 15 minutes, followed by blocking with 1% BSA and
10% donkey serum (Solarbio) for 1 hour at room tempera-
ture. Then, the sections were incubated overnight at 4°C with
rabbit α-c-FOS antibody (ab222699; Abcam, Cambridge, MA,
USA) and mouse α-choline acetyltransferase (ChAT) anti-
body (AMAB91130; Sigma).
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FIGURE 1. Tear secretion of mice with surgical and pharmacological denervation. (A–C) The ocular surface, corneal nerve density, and
corneal sensitivity, as well as tear secretion of surgical denervated mice (n = 6 per group). (D–F) The ocular surface, corneal nerve density,
and corneal sensitivity, as well as tear secretion, of RTX-treated mice (n = 6 per group). Data are shown as mean ± SD (**P < 0.01,
*** *P < 0.0001).

The extraorbital lacrimal gland was collected and fixed
in 4% polyformaldehyde for 1 hour on ice, followed by
overnight dehydration in 10% sucrose at 4°C. Subsequently,
the lacrimal gland was embedded in OCT compound. The
frozen sections (7 μm) were fixed in 4% polyformalde-
hyde for 15 minutes, premeabilized with 0.3% Triton X-
100 for 15 minutes, and then blocked with 5% BSA for
1 hour at room temperature. The sections were incubated
overnight at 4°C with mouse α-Mist1 (SC80984; Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and rabbit α-CCNA2
(18202-1-AP; Proteintech, Chicago, IL, USA), rabbit α-Ki67
(ab16667; Abcam), rabbit α-PCNA (10205-2-AP; Proteintech),
or rabbit α-CDK1 (19532-1-AP; Proteintech). Following this,
the sections were incubated with Alexa Fluor 488–labeled
donkey anti-rabbit IgG antibody (Invitrogen, Carlsbad, CA,
USA) and Alexa Fluor 594–labeled donkey anti-mouse IgG
antibody (Invitrogen) for 2 hours at room temperature. After
staining with 4′,6-diamidino-2-phenylindole (DAPI, C0065;
Solarbio) for 5 minutes, all stainings were observed and
captured using the Zeiss LSM880 inverted microscope.

ELISA Analysis

At 24 hours after capsaicin treatment, the cornea was
collected and the levels of CGRP (Bertin Pharma/SPIbio,
Montigny le Bretonneux, France) and SP (Cayman, Ann
Arbor, MI, USA) were analyzed by ELISA kits following the
manufacturer’s instructions. The total protein concentration
was measured using the bicinchoninic acid kit (Beyotime,
Shanghai, China).

RNA Extraction and PCR Analysis

Total RNA was extracted using Nucleospin RNA Kits (Trans-
gen, Beijing, China) and cDNA was synthesized with the
HiScript III RT SuperMix kit (Vazyme, Nanjing, China). Quan-
titative PCR was performed with SYBR Green reagents
(Roche, Mannheim, Germany) on the Applied Biosystems
7500 Real-Time PCR System (Applied Biosystems, Foster
City, CA, USA). The primers used are listed in Supplementary
Table S1.
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Western Blotting

The total protein of 40 μg was separated by 10% SDS-PAGE,
transferred onto the methanol-pretreated polyvinylidene
difluoride membranes (Millipore, Darmstadt, Germany), and
immunoblotted with α-CCNA2 antibody, α-PCNA antibody,
or α-β-actin antibody (Proteintech) for 2 hours at room
temperature. The membranes were then incubated with
the horseradish peroxidase–conjugated secondary antibody
(Proteintech) and the signal was visualized by chemilumi-
nescence using the ECL kit (Millipore).

RNA Sequencing and Bioinformatics Analysis

Lacrimal glands were individually collected from control,
capsaicin-treated, and capsaicin-treated mice supplemented
with CGRP. Subsequently, these samples were preserved in
liquid nitrogen. The transcriptome sequencing and subse-
quent analysis were conducted by OE Biotech Co., Ltd.
(Shanghai, China). The clean reads were aligned to the
mouse genome using HISAT2.39 Differential expression anal-
ysis was carried out using DESeq2 R package.40 The signif-
icance threshold for identifying significantly differentially
expressed genes (DEGs) was set at a log base twofold
change of ≥1 and adjusted P value <0.05. Utilizing the
hypergeometric distribution, enrichment analyses of DEGs
were conducted for KEGG (Kyoto Encyclopedia of Genes
and Genomes) pathways, using clusterProfiler R package
(version 3.2.0).41 Additionally, gene set enrichment analy-

sis (GSEA) was performed employing GSEA software.42 The
volcano plots and heatmaps were developed to draw the
DEGs.

Statistical Analysis

The statistical analyses were performed with GraphPad
Prism 8 software (GraphPad Software, La Jolla, CA, USA).
The Mann–Whitney U test was employed to compare the two
groups for nonparametric variables. For multiple compar-
isons, one-way ANOVA was performed, followed by either
the Tukey honestly significant difference test or Dunnett test.
Differences between measurement variables were consid-
ered significant if the P value was ≤0.05.

RESULTS

Corneal Denervation Causes the Reduction of
Tear Secretion

To explore the correlation of corneal innervations and tear
secretion, we first adopted the surgical denervation model
and examined corneal lesions. The results showed that surgi-
cal denervation led to the corneal surface roughness and
reduced corneal nerve fibers (Fig. 1A), accompanied with the
significant reduction of corneal sensitivity (Fig. 1B). Further-
more, tear secretion of denervated mice decreased signifi-
cantly to 2.7 ± 0.6 mm, compared to 5.4 ± 0.4 mm in the

FIGURE 2. Tear secretion of mice with TRPV1 neuronal ablation. (A) Schematic diagram illustrating the intraperitoneal injection of DT into
Trpv1-Cre/DTR mice. (B–D) The ocular surface, corneal nerve density, and corneal sensitivity, as well as tear secretion, of Trpv1-Cre/DTR
mice injected with PBS or DT (n = 6 per group). Data are shown as mean ± SD (****P < 0.0001).
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FIGURE 3. Corneal nerve regeneration and tear secretion in capsaicin-treated mice. (A) A schematic diagram illustrating the topically admin-
istration of capsaicin in mice. (B) The ocular surface of capsaicin-treated mice on day 1. (C–E) Corneal nerve density, corneal sensitivity,
and tear secretion of mice treated with capsaicin (n = 3 per group). Data are shown as mean ± SD (*P < 0.05, **P < 0.01, ****P < 0.0001).

control group that underwent sham surgery (P = 0.0022)
(Fig. 1C).

To specifically ablate TRPV1+ corneal sensory nerves,
normal mice were applied with topical RTX treatment
according to a previous description.36 Pharmacologic dener-
vation resulted in significant degeneration of corneal nerves
and reduced corneal sensitivity, while maintaining an intact
ocular surface (Figs. 1D, 1E). The tear secretion of mice
treated with RTX was significantly reduced to 2.7 ± 0.8 mm,
compared to 5.4 ± 0.5 mm in the control group (P < 0.0001)
(Fig. 1F).

TRPV1 Neuronal Ablation Causes the Reduction
of Tear Secretion

To understand the correlation of TRPV1 neurons and
tear production, we further used the Trpv1-Cre/DTR mice
with intraperitoneal DT injection to ablate TRPV1 neurons
and corneal nerve fibers, with PBS injection as vehicle
control (Fig. 2A). The Trpv1-Cre/DTR mice with DT injection
also exhibited the corneal surface roughness and reduced
corneal nerve fibers, as well as the decreased corneal sensi-
tivity (Figs. 2B, 2C). The tear secretion of mice injected with
DT was significantly reduced to 1.8 ± 0.5 mm, compared
to 5.7 ± 1 mm in the control group injected with PBS (P <

0.0001) (Fig. 2D).

Corneal Nerve Regeneration Accompanies
Elevated Tear Secretion

To further elucidate the relationship between corneal nerve
recovery and tear secretion, we utilized capsaicin to induce
temporary regression of corneal TRPV1 nerves (Fig. 3A).
Following the treatment of capsaicin, the corneal nerve fiber
density and sensitivity were decreased significantly on day 1,
but the ocular surface remained intact (Figs. 3B–D). By day 7,
the corneal nerve density largely recovered, accompanied by
an increase in corneal sensitivity (Figs. 3B–D). Consequently,
the tear secretion of capsaicin-treated mice decreased to 2.5
± 0.5 mm on day 1 compared to 6.3 ± 0.9 mm in control
mice (P < 0.0001). However, on day 7, the tear secretion of
mice treated with capsaicin increased to 4.6 ± 0.2 mm, with
no significant difference in tear secretion compared to the
control group (P = 0.765) (Fig. 3E).

CGRP Mediates Corneal Sensory
Nerve–Controlled Tear Secretion

To identify changes of the main neuropeptides secreted by
TRPV1 sensory nerves, we analyzed the levels of CGRP and
SP after capsaicin treatment (Fig. 4A). The results revealed
a reduction in CGRP levels from 762.9 to 267 pg/mg (P
< 0.0001) after capsaicin treatment, while SP decreased
from 305.1 to 216.9 pg/mg (P = 0.0005) (Fig. 4B). We then
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FIGURE 4. Mediation of CGRP in the regulation of tear secretion. (A, B) Schematic diagram and corneal levels of CGRP and SP after capsaicin
treatment (n = 3 per group). (C, D) Schematic diagram and tear secretion of capsaicin-treated mice with CGRP or SP administration (n = 6
per group). (E, F) Schematic diagram and tear secretion of RTX-treated mice with CGRP administration (n = 6 per group). (G–I) Schematic
diagram, corneal nerve density, and tear secretion of C57BL/6J mice with BIBN-4096 treatment (n = 6 per group). Data are shown as mean
± SD (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

assessed the therapeutic effects of CGRP and SP on tear
secretion in the capsaicin-treated mice (Fig. 4C). The admin-
istration of CGRP in the capsaicin-treated mice led to an
increase in tear secretion from 2.6 ± 0.5 to 4.5 ± 0.5 mm (P
= 0.0009). Conversely, the therapeutic effect of SP appears to
be negligible (Fig. 4D). These findings were further validated
by utilizing CGRP in RTX-treated mice (Fig. 4E). The admin-
istration of CGRP in RTX-denervated mice led to an increase
in tear secretion from 2.5 ± 0.8 to 4.2 ± 0.75 mm (P =
0.0195) (Fig. 4F). To further define the involvement of CGRP
in controlling tear secretion, we adopted the CGRP recep-
tor antagonist BIBN-4096 in the wild-type mice (Fig. 4G).
As expected, the tear secretion of BIBN-4096–treated mice

decreased to 3.4 ± 0.5 mm compared to 7.3 ± 0.7 mm
of control mice (P = 0.0022), with a minimal impact on
ocular surface and corneal nerves (Figs. 4H–I). Together,
these results suggest that CGRP plays an important role in
corneal sensory nerve–controlled tear production.

CGRP Activates the Parasympathetic Superior
Salivatory Nucleus

To address whether CGRP was involved in the SSN-
controlled tear secretion, we analyzed the c-FOS expression
in parasympathetic neurons of the SSN. The results revealed
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FIGURE 5. Regulation of CGRP on the activation of the parasympathetic superior salivatory nucleus. (A) Representative image of the brain
with the immunostaining of ChAT in the SSN. Scale bars: 100 μm. (B, C) Representative images and quantitative analysis of c-FOS+ neurons
in the SSN of capsaicin-treated mice with or without CGRP injection (n = 6 per group). Data are shown as mean ± SD (*P < 0.05,
**P < 0.01).

that capsaicin treatment led to a 52% (P = 0.0094) decrease
of c-FOS+ cell number in the SSN (Figs. 5A–C). However,
c-FOS+ cell number increased by twofold (P = 0.0168)
after CGRP administration compared with capsaicin-treated
mice (Figs. 5B, 5C). Taken together, these data suggest that
CGRP increased tear secretion by activating parasympathetic
neurons of the SSN,which projected parasympathetic signals
to the lacrimal gland.

CGRP Increases the Proliferation of Lacrimal
Acinar Cells

To correlate the tear secretion with the specific changes in
the lacrimal gland, we conducted a transcriptomic sequenc-
ing comparative analysis of the lacrimal gland. In capsaicin-
treated mice, KEGG and GSEA analysis revealed signifi-
cantly downregulated genes enriched in cell cycle signal-
ing pathway, which exhibited upregulation following CGRP
administration (Figs. 6A, 6B). Notably, the displayed distinc-
tive gene expression patterns associated with cell cycle and
proliferation were observed by a volcano map analysis and
heatmap (Figs. 6C, 6D). Quantitative PCR and Western blot
confirmed that proliferation-related genes such as CCNA2
and PCNA were downregulated in capsaicin-treated mice,
which exhibited upregulation following CGRP administra-
tion (Figs. 6E, 6F).

The lacrimal gland is composed of acinar cells,
ductal cells, and myoepithelial cells.14,43 Our previous
study observed abnormal proliferation of acinar cells in
scopolamine-induced dry eye mice.44 To elucidate the
specific cell types mediating tear secretion following CGRP
administration, we conducted double immunolabeling in
lacrimal gland sections with acinar cell markers MIST1
and CCNA2. The results showed that most proliferating
cells were acinar cells, and capsaicin treatment impaired
the proliferation of acinar cells (Figs. 7A, 7B). However,
this effect was alleviated following CGRP administration
(Figs. 7A, 7B). Collectively, these results suggest that CGRP
increases tear secretion by improving the proliferation of
acinar cells.

DISCUSSION

Corneal sensory nerves play a crucial role in rapidly detect-
ing environmental changes and triggering the secretion of
electrolytes, water, and proteins from the lacrimal gland.14

However, various factors such as diabetes, aging, and LASIK
surgery can reduce corneal sensitivity, leading to decreased
tear secretion.18,45,46 In this study, we identified the role of
the corneal TRPV1 sensory nerve in regulating tear secre-
tion. Subsequently, we discovered that CGRP released by
the corneal TRPV1 sensory nerve restored tear secretion by
increasing the number of c-FOS+ cells in parasympathetic
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FIGURE 6. Transcriptomic sequencing analysis of the lacrimal gland following CGRP administration in capsaicin-treated mice. (A) KEGG
analysis of the downregulated pathways in capsaicin-treated and control mice and upregulated pathways in CGRP-supplemented to capsaicin-
treated and capsaicin-treated mice. (B) Enrichment profiles of the cell cycle pathway analyzed by GSEA. (C) Volcano plot showing the DEGs
involving the cell cycle. (D) Heatmaps show the expression of genes involved in the cell cycle. The cell cycle–related genes detected by
quantitative PCR (E) and Western blot (F). Data are shown as mean ± SD (**P < 0.01, ****P < 0.0001).
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FIGURE 7. Regulation of CGRP on the proliferation of lacrimal acinar cells. (A, B) Representative images of immunolabeling in capsaicin-
treated mice with or without CGRP administration using anti-MIST1 with anti-CCNA2, anti-Ki67, anti-PCNA, and anti-CDK1 (n = 6 per
group).

neurons of SSN. Mechanistically, we confirmed that CGRP
markedly enhanced the proliferation signaling of lacrimal
gland acinar cells. These findings indicated the potential
therapeutic effect of CGRP in restoring tear secretion.

Polymodal nociceptors are primarily responsible for the
increase in reflex tear secretion following corneal stimula-
tion.20,33 Moreover, a low dose of capsaicin induces transient
reflex tearing through the stimulation of TRPV1 sensory
nerves.22 A recent study has found that the maturation
process of lacrimal function also depends on the ocular
surface TRPV1 sensory nerve.22 Through high concentra-
tions of capsaicin and RTX, as well as Trpv1-Cre/DTR mice
models, we identified a significant decrease in tear secre-
tion after corneal TRPV1 sensory nerve degeneration. More
important, we observed an increase in tear production as
corneal nerve fibers regenerated following capsaicin treat-
ment. These results suggest the crucial role of corneal TRPV1
nerves in regulating tear secretion.

The corneal sensory afferent nerve transmits impulses
through the trigeminal ganglia to the SSN and finally to the
lacrimal gland, which in turn regulates tear secretion.47 Our
results demonstrate that corneal TRPV1 nerve denervation
leads to a reduction in the number of c-FOS+ cells in the
ChAT neurons of the SSN. Importantly, we first identified
the function of CGRP in activating the ChAT neurons of the
SSN, which further increase tear secretion. Previous studies
have shown that the activation of corneal polymodal noci-
ceptor fibers stimulates tear secretion in human models.20,33

Additionally, the activation of the corneal polymodal noci-
ceptor leads to the release of CGRP,48,49 indicating that CGRP
may also play a role in stimulating tear production. Our
study confirmed that CGRP released by the TRPV1 sensory
nerve participated in tear secretion of the lacrimal gland.
Therefore, modulating the corneal CGRP holds therapeutic

potential for disorders associated with impaired tear secre-
tion. Our findings highlight the significant role of CGRP
in regulating tear secretion between the corneal afferent
sensory nerves and the SSN. Nevertheless, further research
is required to elucidate the specific molecular mechanisms
and neural pathways involved.

While our study has provided novel insights into the
regulation of tear secretion, the limitations of CGRP need
to be acknowledged. Neurogenic inflammation acts as the
initial line of defense, safeguarding the ocular surface from
damage caused by exposure to pathogens, chemical irri-
tants, or mechanical stimulation. Sensory neurons release
neuromodulators, such as SP and CGRP, triggering neuro-
genic inflammation.50 This process leads to vasodilation
and increased permeability, facilitating the extravasation of
plasma and immune cells into the tissue.51,52 More impor-
tant, the influx of immune cells further releases inflamma-
tory mediators, contributing to aggravated corneal nerve
damage and peripheral neuroinflammation.53,54 The effects
of SP on inflammation vary in different corneal diseases.
After alkali burn, SP promotes inflammation by facilitat-
ing leukocyte recruitment and IL-1β expression through the
NK1R pathway.55 However, in RTX-treated mice, SP exerts an
inhibitory effect on inflammatory response.37 On the other
hand, CGRP plays a significant role in anti-inflammatory
processes. In RTX-mediated TRPV1 sensory nerve–depleted
mice, CGRP decreases inflammation by activating RAMP1
signaling. This activation reduces the accumulation and
proinflammatory cytokine expression of γ δ T cells and
CCR2+ macrophages in the cornea.56 Short-term administra-
tion of both CGRP and SP has been observed to promote
corneal wound healing in RTX-treated mice.37 Our find-
ings also showed short-term administration of CGRP did not
significantly induce inflammation (Supplementary Fig. S1).
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However, further study is needed to determine the poten-
tial side effects of long-term CGRP administration, such as
induction of neurogenic inflammation.

While our study identifies the roles of CGRP released by
corneal sensory nerves in regulating tear secretion from the
lacrimal gland, several limitations should be acknowledged.
First, CGRP stimulates tear secretion under the condition of
corneal nerve degeneration. However, further investigation
is needed to illustrate whether CGRP regulates the basal
tear secretion. Second, while CGRP may provide a basis
for stimulating tear secretion in patients with neurotrophic
keratitis, it cannot be used to improve tear reduction caused
by other factors, such as meibomian gland dysfunction.
Third, further research is needed to understand the mecha-
nism of CGRP-dependent afferent nerve stimulation on tear
secretion.

In summary, our results reveal that CGRP released by
the TRPV1 sensory nerve induces a partial increase in
tear secretion by increasing the number of c-FOS+ cells in
ChAT neurons of the SSN. These results provide valuable
insights into the potential mechanisms underlying CGRP-
mediated tear secretion and offer promising avenues for the
development of therapeutic interventions for neurotrophic
keratitis.
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