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Norepinephrine (NE) is mainly released by sympathetic nerve terminals to act on organs and tissues.
After corneal epithelial debridement, we found that the sympathetic nerve fibers penetrated the limbus
and regenerated toward the cornea within 24 h post-wounding. Topical NE application recapitulated
the characteristics of delayed corneal epithelial wound healing and nerve regeneration in healthy mice,
accompanied by the partial depletion of multiple neurotrophins, such as nerve growth factor and glial
cell-derived nerve growth factor. Moreover, the diabetes mellitus (DM) mice exhibited corneal sensory
nerve dysfunction and increased plasma and corneal NE contents, which were rescued by
6-hydroxydopamine (6-OHDA) and bretylium. In the cell culture model, the conditioned medium of NE-
treated corneal epithelial cells inhibited trigeminal ganglion (TG) neurite outgrowth, which was
reversed by the 32 adrenergic receptor (ADRB2) antagonist, but not by the 31 adrenergic receptor
(ADRB1) antagonist. Topical application of the ADRB2 antagonist recovered the expression of corneal
neurotrophins, and promoted corneal epithelial and nerve regeneration in DM mice. Taken together,
the NE-ADRB?2 axis regulates corneal neurotrophin expression and nerve regeneration in mice.
Topical application of the ADRB2 antagonist may represent a promising therapeutic strategy for

diabetic corneal sensory nerve dysfunction.

The sympathetic nervous system (SNS) regulates various physiological
processes infight-or-flight mode to maintain bodily functions and
homeostasis'. The cornea is the most densely innervated tissue, in which the
sensory nerves are predominantly derived from trigeminal ganglion (TG),
the sympathetic nerves are derived from the superior cervical ganglion and
the parasympathetic nerves are derived from the ciliary ganglion’. Upon
perceiving threats to homeostasis, the SNS mainly releases norepinephrine
(NE) from sympathetic nerve terminals to act on organs and tissues in
response to stressors. The endogenous ligands of catecholamine are widely
expressed widespread in a multitude of cell types and tissues, which include
a adrenoreceptor subtypes (alA, alB, alD, a2A, a2B, and a2C) and P
adrenoreceptor subtypes (1, p2, and B3)’. In the cornea, p2 adrenergic
receptor (ADRB2) is dominant among the  adrenoreceptor subtypes®. The

activation of SNS induces a local inflammatory reaction by stimulating
CD64*CCR2" macrophages and inhibits corneal wound healing by acti-
vating the ADRB2 of the corneal epithelial cells’. Conversely, the para-
sympathetic nervous system exerts the opposite effects compared with the
SNS on corneal epithelial wound healing. The activation of parasympathetic
nerves inhibits local inflammation by stimulating CD64"CCR2" macro-
phages and promotes corneal wound healing through the a-7 nicotinic
acetylcholine receptor (a7nAChR) of the corneal epithelial cells’. In the
clinic, both type 1 and type 2 diabetic patients also exhibit changes in the
sympathetic and parasympathetic nervous system™, named as diabetic
autonomic neuropathy (DAN)’. The DAN was reported to be involved in
multiple diabetic complications, such as the gastrointestinal, genitourinary,
cardiovascular, sudomotor and neuroendocrine systemsw.
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The corneal nerves maintain corneal homeostasis and regenerative
capacity by secreting various neurotransmitters and neuropeptides'' . The
sensory nerves secrete substance P (SP)'"'* and calcitonin gene-related
peptide (CGRP)'’, and parasympathetic nerves secrete vasoactive intestinal
polypeptide (VIP)". Corneal epithelium also expresses multiple neuro-
trophic factors, such as nerve growth factor (NGF), glial cell-derived nerve
growth factor (GDNF), mesencephalic astrocyte-derived neurotrophic
factor (MANF), and ciliary neurotrophic factor (CNTF) and contributes to
maintenance of corneal nerve fibers'* . In diabetes mellitus (DM), the
patients develop diabetic peripheral neuropathy””™, including diabetic
keratopathy in the cornea, which exhibits reduced corneal nerve density and
sensitivity, as well as delayed wound healing'”***. However, the pathogenic
mechanism of reduced neurotrophins in diabetic cornea remains unde-
fined. Our previous studies confirmed that the expression of neurotrophins
in diabetic corneas was decreased, such as NGF, GDNF, and CNTF.
Accordingly, exogenous supplementation of these neurotrophins could
promote corneal nerve regeneration and sensation recovery in DM mice**”.
Although the activation of SNS and the reduction of neurotrophins in
diabetic corneas have been well studied”, the relationship between the
sympathetic neurotransmitter NE and corneal neurotrophin secretion
remains unknown.

To address this issue, we focused on the regulation and mechanism of
NE on corneal sensory nerve regeneration in healthy and diabetic mice.
Through both an in vivo animal model and an in vitro cell culture model, we
demonstrated that elevated NE impaired corneal nerve regeneration via the
ADRB2-mediated neurotrophin depletion. Moreover, we confirmed that
the plasma and corneal NE contents were elevated significantly in DM mice
compared to healthy mice after corneal injury. Accordingly, sympathetic
neurotoxin 6-hydroxydopamine (6-OHDA) and ADRB2 antagonist ICI
118, 551 recovered the expression levels of corneal neurotrophins and
promoted corneal nerve regeneration, sensation recovery and wound
healing in DM mice.

Results

NE modulates corneal epithelium wound healing and nerve
regeneration

To visualize the sympathetic innervations in mouse cornea, corneal nerve
fibers and sympathetic nerve fibers were labeled with a-BIII tubulin and a-
tyrosine hydroxylase (TH) antibodies, respectively. Our results demon-
strated that, the corneal sympathetic nerve fibers in C57BL/6 ] mice are
confined to the limbal region. However, these fibers penetrated the limbus
and regenerated toward the central cornea within 24 h post-wounding
(Fig. 1A). This suggested that the sympathetic nerve fibers, which primarily
secreted NE, might also play a role in corneal wound healing. To investigate
the direct effect of NE on mouse corneal wound healing, we applied 10 mM
NE topically four times daily immediately after epithelial debridement in
C57BL/6 ] mice. As shown in Fig. 1B, the NE-treated mice displayed a
decreased rate of epithelial regeneration at 24 h compared to the control
mice receiving vehicle treatment (Fig. 1B, C). Furthermore, corneal nerve
density and sensitivity remained significantly reduced in the NE-treated
mice (Fig. ID-F).

NE regulates the neurotrophin expression of corneal
epithelial cells
Our previous study revealed that the corneal epithelium expressed neuro-
trophins NGF and GDNF, which promoted corneal nerve regeneration in
both the healthy and the DM mice. Moreover, NGF and GDNF expression
was significantly attenuated in the regenerating corneal epithelium of DM
mice when compared with healthy mice®. Combined with the correlation of
NE-treated and DM mice in delayed corneal wound healing, we hypothe-
sized that the elevated NE might be involved in the regulation of neuro-
trophins expression of the corneal epithelium.

To demonstrate the direct regulation of NE on the expression of
neurotrophins derived from the corneal epithelium, we treated the cultured
human corneal epithelial cells (HCECs) with different concentrations of NE.

Similar to the in vivo results, NE treatment reduced the NGF mRNA
transcriptions of HCECs in a dose-dependent manner (Fig. 2A). More
interestingly, the expressions of other neurotrophins, such as GDNF, CNTF,
neurotrophic factor-3 (NTF-3), neurotrophic factor-4/5 (NTF-4/5), and
Slit2 were attenuated, while the repulsive axon guidance factor Sema3a was
increased with the 10 uM NE treatment (Fig. 2B). The decreased NGF and
GDNF expression in NE-treated HCECs was confirmed by qPCR, ELISA
and immunofluorescence staining (Fig. 2C-F). These results indicated the
effect of NE on the neurotrophins expression of corneal epithelial cells
in vitro.

Furthermore, the NGF and GDNF expression of NE-treated mice was
detected by qPCR, ELISA and immunofluorescence staining. The qPCR
results showed that the mRNA transcripts of NGF and GDNF were sig-
nificantly decreased after NE treatment (Fig. 2G). ELISA results also indi-
cated that the protein concentration of NGF and GDNF was significantly
downregulated in NE-treated mice, which decreased from
427.99 +24.02 pg/mg and 361.01 +47.20 pg/mg to 307.30 +20.51 pg/mg
and 198.31 + 5.61 pg/mg, respectively (Fig. 2H). The immunofluorescence
staining further confirmed that the NE-treated mice exhibited weaker
staining of NGF and GDNF in the corneal epithelium compared to the
control mice (Fig. 21, J). Collectively, the in vitro models confirmed that NE
directly regulates neurotrophin expression.

Sympathetic intervention recovered NGF and GDNF expression
in diabetic corneas

To evaluate the activation changes of SNS, we adapted type 1 DM mice
induced by intraperitoneal streptozotocin (STZ) injection according to our
previous description®, with age-matched healthy mice as controls. After
16 weeks of final injections, the blood glucose of DM mice was 30 mmol/L
compared with 7mmol/L of age-matched healthy mice (Fig. 3A). The
central corneal epithelium of the control and DM mice was then debrided as
a corneal wound healing model. As expected, DM mice showed a delayed
epithelial regeneration rate with larger defects than healthy mice (Fig. 3B, C).
Whole-mounted corneal staining exhibited a sparse subbasal nerve plexus
and reduced nerve density in DM mice compared to healthy mice
(Fig. 3D, E). In line with delayed nerve regeneration, corneal sensitivity was
similarly attenuated in DM mice from 3 to 10 days post-wounding (Fig. 3F).
Moreover, we collected mouse blood and corneal samples, and compared
plasma and corneal NE contents between DM and healthy mice. ELISA
measurement revealed that both plasma and corneal NE concentrations
were significantly elevated in DM mice at 12h and 24 h post-wounding
(Fig. 3G, H). Collectively, these results suggest that the elevated plasma and
corneal NE contents are accompanied by delayed corneal wound healing in
DM mice.

To demonstrate the effects of elevated NE contents on delayed diabetic
corneal wound healing, we ablated the sympathetic nervous system of DM
mice with intraperitoneal injections of 6-OHDA, according to previous
descriptions4. The healthy, DM, and 6-OHDA-treated DM mice were fur-
ther evaluated with a corneal epithelial debridement model. As expected, the
elevation of plasma and corneal NE was inhibited after 6-OHDA treatment
in the DM mice (Fig. 4A, B). According to fluorescein staining, 6-OHDA
treatment caused rapid epithelial wound healing in DM mice (Fig. 4C), as
confirmed by the quantification of the corneal epithelial defect area
(Fig. 4D). Then, we harvested the regenerating cornea and evaluated NGF
and GDNF expressions in healthy, DM and 6-OHDA-treated DM mice at
48 h after epithelial debridement. The qPCR and ELISA results showed that
the mRNA transcripts and protein levels of corneal NGF and GDNF were
reduced in DM mice, but significantly recovered in 6-OHDA-treated DM
mice (Fig. 5A, B). Immunofluorescence staining further confirmed that the
6-OHDA-treated DM mice exhibited apparently stronger staining of NGF
and GDNF in the corneal epithelium compared to the DM mice (Fig. 5C, D).
Moreover, corneal nerve regeneration was also accelerated in the 6-OHDA-
treated DM mice when compared with the DM mice 48 h post-wounding
(Fig. 5E, F), accompanied by improved recovery of corneal sensitiv-
ity (Fig. 5G).
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To reduce the over-release of NE in DM mice, bretylium was topically
applied. The results demonstrated that bretylium not only accelerated
corneal wound healing (Fig. S1A, B), bult also promoted the recovery of
corneal nerve density and sensitivity in DM mice (Fig. S1C-E). Therefore,
these findings suggest that sympathetic intervention promoted the regen-
eration of the corneal epithelium and nerves in DM mice.

ADRB2 mediates the regulation of NE on corneal neurotrophin
expression

To explore the major receptors of NE and the regulation of neurotrophin
expression in the corneal epithelium, we detected the expression levels of
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Fig. 1 | Direct regulation of NE on corneal epithelium wound healing and nerve
regeneration in vivo. A The corneal nerve fibers were labeled with a-BIII tubulin
antibody and sympathetic nerve fibers were stained by a-TH antibody in C57BL/6 ]
mice before and after corneal epithelial debridement for 24 h. B, C C57BL/6 ] mice
were performed with corneal epithelial debridement and topically applied with the
eye drop containing 10 mM NE. Mouse corneal epithelial defects were monitored

various adrenergic receptor types in mouse corneal epithelium. The results
confirmed that ADRB2 was the dominant receptor in the corneal epithe-
lium, surpassing ADRB1 and other receptors (Fig. 6A). Therefore, we added
the ADRB2 antagonist ICI 118, 551 (ICI) or the ADRB1 antagonist atenolol
(ATE) to the NE-treated HCECs or murine corneal epithelial stem/pro-
genitor cell line (TKE2) cells. The results showed that the mRNA transcripts
and protein levels of NGF and GDNF were significantly recovered with the
addition of ICI 118, 551, but not atenolol (Fig. 6B-E). Moreover, the con-
ditioned media of the TKE2 cells were collected and incubated with freshly-
isolated mouse TG neurons (Fig. 6F). As shown in Fig. 6G, H, neurite
outgrowth was attenuated when incubated with the conditioned medium of
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with fluorescein staining and calculated with Image J software (n = 5 mice per
group). D, E Mouse corneal nerves were stained by BIII-tubulin antibody and the
subbasal nerve fibers were counted with Image J software at 48 h post wounding
(n =4 corneas per group). F Corneal sensations were measured with a Cochet-
Bonnet esthesiometer, conducted two days post wounding. Data are representative
of the mean + SD. **p <0.01, ***p <0.001.
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Fig. 2 | NE regulated the neurotrophins expression in HCECs and mouse cornea.
A The NGF mRNA expression of HCECs with different NE concentration treat-
ments. B The expression of various neurotrophins in HCECs with 10 uM NE
treatment was detected with qPCR. The NGF and GDNF expression of HCECs
treated with 10 uM NE were detected with gPCR (C), ELISA (D) and immuno-
fluorescence staining (E). F The fluorescence intensity of NGF and GDNF in HCECs
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treated with 10 uM NE was quantified by Image J software. Corneal NGF and GDNF
expressions were measured with qPCR (G) and ELISA (H). I Immunofluorescence
staining of NGF and GDNF in the cornea. J The fluorescence intensity of NGF and
GDNEF was quantified by Image ] software. Data are representative of the mean + SD.
**p <0.01, ***p < 0.001.

NE-treated cells, which was reversed by the conditioned medium of NE-
treated cells in the presence of ICI 118, 551, but not atenolol. Overall, these
results indicate that ADRB2 mediates the regulation of NE on NGF and
GDNEF expression in the corneal epithelium.

Topical application of ICI 118, 551 promotes diabetic corneal
wound healing

Based on the regulation of the ADRB2 antagonist ICI 118, 551 on neuro-
trophins expression, we adopted the topical application of 10 uM ICI 118,
551 four times per day immediately after epithelial debridement in DM
mice. The results showed that topical ICI 118, 551 applications significantly
promoted diabetic corneal epithelial healing (Fig. 7A, B) and subbasal nerve
regeneration (Fig. 7C, D), as well as rapid recovery of corneal sensitivity
(Fig. 7E), when compared with vehicle controls. Moreover, the expression of
NGF and GDNF was also elevated compared to those without ICI 118, 551
treatments, as confirmed by qPCR and immunofluorescence staining
(Fig. 7F-H). The results suggest that the ADRB2 antagonist promotes cor-
neal wound healing and increases neurotrophin levels in DM mice.

Discussion

In this study, we demonstrated the role and mechanism of the sympathetic
neurotransmitter NE in the pathogenesis of corneal neurotrophin expres-
sion and nerve regeneration in an in vivo animal model and an in vitro cell
culture model. The DM mice exhibited increased plasma and corneal NE
contents, which reduced corneal epithelial and nerve regeneration by

depletion of multiple neurotrophins, such as NGF and GDNF. Moreover,
6-OHDA and the ADRB2 antagonist ICI 118, 551 reversed delayed corneal
wound healing and nerve regeneration in DM mice by increasing neuro-
trophins expression. Taken together, the NE-ADRB2 axis regulates corneal
neurotrophin expression and nerve regeneration in mice. Inhibition of the
NE-ADRB2 axis may provide a potential therapeutic strategy for the
treatment of diabetic corneal sensory nerve dysfunction.

According to the recent study, the cornea is also under dual control of
the sympathetic and parasympathetic nervous systems*. The sympathe-
tically released NE is involved in the wound repair process through different
kinds of immune cell populations. From the perspective of inflammation
with corneal epithelial regeneration, Xue et al. found that sympathetic nerve
activation impairs corneal wound healing by regulating different types of
macrophages, while parasympathetic nerves exert opposite effects’. More-
over, the degranulation of mast cells is crucial for controlling inflammation
and promoting corneal wound healing. In a study by Li et al., sympathetic
nerve activation inhibits mast cell degranulation, whereas parasympathetic
nerve activation enhances the degranulation’. Basic and clinical studies
have shown abnormal SNS activation in diabetic models and patients. In the
bladder base of STZ-induced type 1 DM rats for 4-8 weeks, the NE con-
centration was significantly higher than in the control rats, which might be
required to adapt to the increased urine volume™. In the cardiac tissue and
plasma of STZ rat models fed a high-fat diet, the NE levels were found to be
1.2-fold and 2.5-fold elevated, respectively, and the NE reuptake transporter
was found to have a 17% reduction. However, there was no change in
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Fig. 3 | Delayed corneal wound healing and elevated NE levels in DM mice. The
corneal epithelium was debrided in DM mice after 16 weeks of STZ injection, with
the age-matched mice as controls. A After 16 weeks of final STZ injection, the blood
glucose was measured and compared with age-matched healthy mice (n = 16 mice
per group). B Mouse corneal epithelial wound healing was monitored with fluor-

escein staining. C Corneal epithelial defects were calculated with Image J software
(n = 5 mice per group). D Mouse corneal nerves were stained with Alexa Fluor® 488-

labeled a-BIII-tubulin antibody. E The subbasal nerve fibers were counted with
Image ] software (1 = 4 corneas per group). F Corneal sensations were measured
with a Cochet-Bonnet esthesiometer and compared between DM and healthy mice.
G, H Mouse plasma and corneal NE levels were measured with ELISA kits at 12 h
and 24 h after corneal wounding (n = 4 mice per group for plasma, n = 4 corneas per
group for cornea). Data are representative of the mean + SD. **p < 0.01,

*HEp <0.001, ¥***€P < 0.0001.

sympathetic nerve density, which indicated that sustained hyperglycemia
resulted in dysregulation of SNS signaling”. In the clinic, the plasma con-
centrations of NE were higher in diabetic patients compared with non-
diabetic patients, which is correlated with SNS activation’. Moreover, SNS
activation or NE administration in diabetic Apoe”™ mice promoted the
proliferation of granulocyte macrophage progenitors and myeloid cell
development through ADRB2, which accelerated atherosclerosis in
diabetes’. Furthermore, 6-OHDA treatment, which blocks the SNS, could
diminish inflammation and improve the features of atherosclerotic lesions
in DM mice by reducing splenic myeloid cells and monocyte numbers’. Our
results demonstrated that blockades of SNS or ADRB2 by 6-OHDA or ICI
118, 551 reversed corneal epithelial and nerve regeneration.

The clinical manifestations of diabetic sensory nerve dysfunction
include decreased sensory nerve density and corneal sensitivity, delayed
epithelial regeneration, superficial punctate keratopathy and even corneal
erosion™. Accumulating evidence has revealed the pathogenesis. Hyper-
glycemia impairs the corneal nerves’ secretion of neuropeptides, such as
NGF and GDNF”, and promotes the generation of reactive oxygen species
which causes mitochondrial damage®. Hyperglycemia also induces the

accumulation of advanced glycation end products, which further leads to the
generation of oxygen radicals and the release of pro-inflammatory
cytokines™”. Moreover, abnormality was observed in both corneal nerves
and corneal epithelial cells including basal cells and limbal stem cells in
DM, Corneal wound healing requires precise regulation of corneal nerves
and epithelial cells. The corneal nerves exert important neurotransmitters
on the corneal epithelium, while corneal epithelial cells secrete neuro-
trophins to maintain the survival and extension of the corneal nerves™*.
Notably, corneal nerve regeneration is also positively influenced by the
inflammatory process after corneal injury. Neurotrophins promote corneal
nerve growth via CCR6" IL-17" y8 T cell-dependent release of VEGF-A,
which is a trophic factor for corneal nerves'-*’. Localized macrophages
release nerve regrowth-promoting growth factors and immunosuppressive
cytokines, such as TAFA4 and IL-10**, following tissue injury. In addition,
mast cells located in the vascular network around the corneal rim have great
potential to produce NGF and other neurotrophic factors**, which indi-
cates that mast cells are intimately involved in corneal nerve regeneration. In
the current study, we found that the sympathetic neurotransmitter NE
directly inhibited the expression of neurotrophins through ADRB2 of the
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Fig. 4 | Improvement of diabetic corneal wound healing with chemical sym-
pathectomy. DM mice were intraperitoneally injected with 6-OHDA and subse-
quently debrided the central corneal epithelium. A, B Mouse plasma and corneal NE
concentrations were measured with ELISA kits at 12 h and 24 h post wounding
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(n =3 mice per group). C Mouse corneal epithelial wound healing was monitored
with fluorescein staining. D Corneal epithelial defects were calculated with Image J
software (n = 5 mice per group). Data are representative of the mean + SD. *p < 0.05,
#Ep < 0.01, ¥¥¥p < 0.001, ¥F¥¥p < 0.0001.

corneal epithelial cells in DM mice, which is similar to severe heart failure in
that a high plasma NE concentration causes the reduction of myo-
cardial NGF".

As it is the most abundant sensory nerve tissue in the body, the tra-
ditional approach to corneal keratopathy treatment is to target the sensory
nerve. Topical application of NGF represents a promising strategy in nerve
regeneration”, which has been clearly demonstrated in neurotrophic ker-
atitis, diabetic neuropathy, and toxic neuropathy'****. Currently, open-
label studies that evaluated the efficacy of NGF in neurotrophic keratopathy
patients at stages 2 and 3, show improvement in corneal healing, sensitivity,
tear function, and visual acuity in most patients without the development of
circulating antibodies to NGF'***’, NGF has received marketing author-
ization in Europe and the USA for treating neurotrophic keratopathy™.
According to the current research, SNS activation along with reduced levels
of NGF in the cornea have found in DM***". However, the understanding of
DAN in corneal keratopathy remains unknown. Our study demonstrates,
for the first time, the role and mechanism of sympathetic nerves in the
neurotrophin secretion of the corneal epithelium in DM. We confirmed that
the activation of sympathetic nerves impaired NGF and GDNF expression
in the corneal epithelial cells of DM mice. Moreover, the inhibitory effect of
NE on corneal epithelial cells could be reversed by 6-OHDA or ICI 118, 551
through inactivating the SNS or blocking the ADRB2 of corneal epithelial
cells respectively, which promoted the regeneration of corneal nerves. These
results suggest a novel approach for NGF and GDNF therapy in diabetic
corneal sensory dysfunction.

B-blockers play a crucial role in the treatment of open-angle glaucoma
or ocular hypertension, effectively reducing intraocular pressure by
decreasing aqueous humor production and modulating its outflow’>”.
However, topical application of p-blockers may negatively impact goblet cell
density, corneal tear film, and the corneal epithelial barrier, heightening the
risk of patients developing superficial punctate keratitis, dry eye syndrome,
and conjunctivitis. Moreover, {-blockers may also cause systemic side
effects, such as bradycardia, hypotension, and respiratory dysfunction®* ",
Given these potential side effects, dosage becomes particularly critical when
using ADRB2 antagonists. Our study has shown that a low dose of ICI

118,551 notably promotes corneal epithelial wound healing and nerve
regeneration. However, a higher dose of ICI 118,551 was observed to impair
corneal wound healing™. Consequently, it is imperative to weigh the
potential side effects and risks carefully when using ADRB2 antagonists for
corneal nerve regeneration.

In conclusion, our study demonstrated that the NE-ADRB2 axis reg-
ulates corneal neurotrophin expression and nerve regeneration. Topical
application of the ADRB2 antagonist may represent a promising therapeutic
strategy for the treatment of diabetic corneal sensory nerve dysfunction.

Methods

Animal models

Adult male C57BL/6] mice (8-week-old) were purchased from the Vital
River Laboratory Animal Technology Co., Ltd. (Beijing, China). We have
complied with all relevant ethical regulations for animal use. All animal
experiments were performed in accordance with the Association for Research
in Vision and Ophthalmology Statement for the Use of Animals in Oph-
thalmic and Vision Research and approved by the ethics committee of the Eye
Institute of Shandong First Medical University. The animals were housed in a
standard 12-h light/12-h dark cycle in the animal center. Type 1 DM mice
were induced by intraperitoneal injection of 50 mg/kg STZ (Sigma Aldrich,
St. Louis, MO) for five consecutive days according to our previous
descriptions'. Blood glucose levels higher than 16.7 mmol/L were considered
as DM and these mice were used after 16 weeks of finial STZ injection.

Corneal epithelial wound healing

The C57BL/6 ] mice were anesthetized by an intraperitoneal injection of
pentobarbital sodium (70 mg/kg) followed by topically anesthetized with
2% procaine hydrochloride, and all mice survived. The central corneal
epithelium of right eye was marked with 2 mm trephine and debrided with
an Alger brush II rust ring remover (Alger Co, Lago Vista, TX). Then,
levofloxacin eye ointment was subsequently used to avoid infection. The
defects of corneal epithelium were monitored under a BQ900 slit lamp
(Haag-Streit, Bern, Switzerland) at 0, 24, 36, and 48 h after instilling 0.25%
sodium fluorescein.
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Fig. 5 | Recovery of diabetic corneal nerve regeneration with chemical sym-
pathectomy. DM mice were intraperitoneally injected with 6-OHDA and subse-
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Corneal sensitivity

Corneal sensitivity was measured using a Cochet-Bonnet esthesiometer
(Luneau Ophtalmologie, Chartres Cedex, France) in unanesthetized con-
trol, DM, NE-treated mice, 6-OHDA (Sigma, St. Louis, MO)-treated and
ICI 118, 551 (Med Chem Express, Princeton, NJ)-treated DM mice at the
indicated time periods. The corneas were measured with the beginning of
the full length (6 cm) of a nylon filament and shortened by 5 mm until a
blink response was found. The corneal sensitivity threshold was calculated
as the mean of three determinations.

Pharmacological autonomic agonism and antagonism

To observe the effects of NE on corneal nerve regeneration, the mice
received a 5pL eye drop containing a 10 mM DL-NE hydrochloride
(Aladdin, Shanghai, China) dissolved in 0.9% saline four times per day for
continuous two days after epithelial wounding, while the mice received 0.9%
saline as vehicle control. For chemical sympathectomy, the DM mice were

intraperitoneally injected with 6-OHDA (100 mg/kg) for four continuous
days. Control mice received the same volume of saline containing 0.02%
ascorbic acid. For two days after the final injection, the mice were used for
corneal epithelial wounding. To inhibit the release of NE from adrenergic
nerve endings, the DM mice were treated topically with a 5 uL eye drop
containing 50 uM bretylium tosylate (six times a day, Med Chem Express,
Princeton, NJ). To observe the effect of inhibiting ADRB2 on corneal nerve
regeneration, the DM mice were topically treated with 5 pL eye drop con-
taining 10 uM ADRB2 antagonist ICI 118, 551 four times a day for con-
tinuous two days after corneal epithelial wounding.

Cell culture and treatment

HCECs and TKE2 cells were kindly provided by Choun-Ki Joo (The
Catholic University of Korea, Seoul, Korea) and Dr. Tetsuya Kawakita (Keio
University, Tokyo, Japan). The cells were cultured according to previous
studies®™®'. After starvation for 12 h, the HCECs cells were treated with
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0.1-500 uM NE, 10 pM NE and 50 uM Atenolol (Med Chem Express), or
10 M NE and 50 uM ICI 118, 551 for 24 h and TKE2 cells were incubated
with 10 pM NE, 10 uM NE and 20 uM Atenolol, 10 pM NE and 20 uM ICI
118, 551 for 24 h.

TG neuron culture and treatment

The TG neurons were harvested and digested with papain and collagenase/
dispase II, followed by percoll gradients separation as described previously™.
Then, the neurons were cultured in neurobasal-A medium (Life Technol-
ogies, Grand Island, NY, USA) with B27 supplement (Life Technologies) on
laminin-coated slides (Thermo Scientific, Waltham, MA, USA) overnight.
After attachment, the neurons were incubated with medium containing
50% neurobasal-A medium and 50% conditioned medium of TKE2 cells for
24 h. Finally, the neuron outgrowth was analyzed and calculated with the
quantitative nerve tracing software Neuro J (A plug-in for Image J, National
Institutes of Health, Bethesda, MA).

Immunofluorescence staining

For corneal whole-mount staining, the corneas of mouse eyeballs were dis-
sected and fixed in Zamboni’s fixative for 4 h at 4 °C. Then, the corneas were
permeabilized and blocked by PBS with 0.1% TritonX-100 and 5% bovine
serum albumin for 2 h, and subsequently incubated with Alexa Fluor® 488
conjugated BIII-tubulin mouse monoclonal antibody (Millipore, Darmstadt,
Germany) or a-TH antibody (Sigma Aldrich) overnight at 4 °C and the flat
mounts were examined with laser scanning confocal microscopy (Carl Zeiss,
Germany). The neurite outgrowth of cultured TG neurons was fixed by 4%
paraformaldehyde for 15 min and permeabilized with 0.1% TritonX-100 in
PBS for 15 min, followed by 5% bovine serum albumin blocked for 1 h. Then,
the neurons were incubated with Alexa Fluor® 488 conjugated BIII-tubulin
rabbit polyclonal antibody (Merck) overnight at 4°C. The staining was
examined using an Eclipse TE2000-U microscope (Nikon, Tokyo, Japan).
Corneal nerve fiber density was determined through the analysis of images
obtained from whole-mount corneas. The images were initially converted to
8-bit gray scale. Then, the areas occupied by nerve terminals were measured
with the ‘analyze particles’ tool of Image J software®. The sub-basal nerve
plexuses within the observed region were semiautomatically traced, and the
total area was subsequently calculated using the Image J software.

For immunofluorescence staining, the frozen sections (7 um) or
HCECs were fixed, permeabilized and blocked with the same method as
cultured TG. Then, the sections and cells were incubated with a-NGF
(Abcam, Cambridge, MA) and a-GDNF (Abcam) antibodies followed by
fluorescein-conjugated secondary antibody (Santa Cruz Biotechnology,
Santa Cruz, CA) for 1 h. The staining was observed and captured with Echo
Revolve microscope (Echo Laboratories, San Diego, California) after
staining with DAPI (Solarbio, Beijing, China).

ELISA analysis

To determine the NE level of control, DM, and 6-OHDA -treated DM mice,
the mouse blood and corneas were collected at 12 h and 24 h after corneal
epithelium scraped and the NE concentration was measured by the epi-
nephrine/norepinephrine ELISA kit (Abnova, Taipei, China) according to
the manufacturer’s protocol. For the evaluation of NGF and GDNF levels,
the medium of HCECs was collected and measured using human NGF
(Proteintech, Chicago, IL), and human GDNF (Abcam) ELISA Kkits
according to the manufacturer’s guidance. Eight corneas of NE-treated, DM,
6-OHDA -treated DM or control mice were collected, and then the corneal
epithelium was scraped and pooled together as a single sample for protein
extraction. Each group was collected by three samples. The total protein was
extracted from these samples and the lysate was then evenly divided into two
aliquots. Following this, the NGF and GDNF were detected by using ELISA
kits specific for mouse NGF (USCN Life Science Inc., Wuhan, China) and
mouse GDNF (sourced from Abcam) to measure the levels of NGF and
GDNF in each aliquot. The concentration of the total protein was measured
by the bicinchoninic acid kit (Beyotime, Haimen, China).

RNA extraction and PCR analysis

Total RNA was extracted from the mouse corneal epithelium which was
scrapedand collected from corneas and HCECs with a TransZol™ Up Plus
RNA kit (TransGen Biotech, Beijing, China) and cDNAs were synthesized
using a Hiscript 1st-Strand cDNA Synthesis kit (Vazyme, Nanjing, China).
Quantitative PCR (qPCR) was carried out using SYBR Green reagents
(Qiagen, Hilden, Germany) and the Roter-Gene Q system (Qiagen,
Valencia, Spain) with the specific primers showed in Table S1. The cycling
conditions were 2 min at 95 °C followed by 40 two-step cycles (5 s at 95 °C
and 10 s at 60 °C).

Statistics and reproducibility

Statistical analysis of biological replicates was performed by Student’s t-test
or one-way analysis of variance (ANOVA) with GraphPad Prism
8.0.2 software. The sample sizes and the specific definitions of replicates are
detailed in the figure legends. P values are reported in figures as exact values.
All experiments were independently repeated at least three times and
reproducibility was confirmed.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The source data behind the graphs in the paper can be found in Supple-
mentary Data 1. The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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