iIScience

Local keratinocyte-nociceptor interactions enhance
obesity-mediated painful small fiber neuropathy via
NGF-TrkA-PI3K signaling axis

Graphical abstract

m
S
o
NGF %
Normal Sensitivity Hypersensitivity @ Low sensitivity @ @
°9 A L X
(e %5 =
i’ NETVE
degeneration
o
@
El
o

v S S

-18 weeks of age — > 22 weeks of age — > 30 weeks of age
No pain Pain Reduced pain

i [ ]
Insu‘lln PY

/ = :"I'rkA
| )

PI3K

Hypersensitivity

Nociceptor

/—\.10.
:I.:.[:

Keratinocyte

Highlights

DIO enhances pain-associated behaviors and sensory
hypersensitivity in the skin

Pain behaviors and sensory hypersensitivity are followed by
axon degeneration

DIO enhances the expression of NGF in keratinocytes via
insulin signaling

Keratinocyte-derived NGF is responsible for hypersensitivity
of skin sensory axons

Koui et al., 2025, iScience 28, 112047
March 21, 2025 Published by Elsevier Inc.
https://doi.org/10.1016/j.isci.2025.112047

Authors

Yuta Koui, Shuxuan Song,
Xinzhong Dong, Yoh-suke Mukouyama

Correspondence
mukoyamay@mail.nih.gov

In brief
Cell biology; Human metabolism

¢? CellPress


mailto:mukoyamay@mail.nih.gov
https://doi.org/10.1016/j.isci.2025.112047
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2025.112047&domain=pdf

iIScience

¢? CellPress

OPEN ACCESS

Local keratinocyte-nociceptor interactions
enhance obesity-mediated painful small fiber
neuropathy via NGF-TrkA-PI3K signaling axis

Yuta Koui," Shuxuan Song,-2 Xinzhong Dong,** and Yoh-suke Mukouyama'-5-*
1Laboratory of Stem Cell and Neuro-Vascular Biology, Cell and Developmental Biology Center, National Heart, Lung, and Blood Institute,

National Institutes of Health, Bethesda, MD 20892, USA

2Biological Sciences Graduate Program, University of Maryland, College Park, MD 20742, USA
3The Solomon H. Snyder Department of Neuroscience, Johns Hopkins University School of Medicine, Baltimore, MD 21205, USA
4Howard Hughes Medical Institute, Johns Hopkins University School of Medicine, Baltimore, MD 21205, USA

5Lead contact
*Correspondence: mukoyamay@mail.nih.gov
https://doi.org/10.1016/j.isci.2025.112047

SUMMARY

The pathology of painful small fiber neuropathy, characterized by neuropathic pain and axon degeneration,
develops locally within the skin during the stages of obesity and pre-diabetes. However, the initiation and
progression of morphological and functional abnormalities in skin sensory nerves remains elusive. We eval-
uated pain-associated wiping behavior and conducted ex vivo live Ca®* imaging of the diet-induced obesity
(DIO) ear skin to detect sensory hypersensitivity. Our findings reveal sensory hypersensitivity in skin nocicep-
tive axons followed by axon degeneration. Further mechanistic analysis identified keratinocytes as a major
source of nerve growth factor (NGF) in DIO skin, which locally sensitizes nociceptors through NGF and its re-
ceptor tropomyosin receptor kinase A (TrkA)-mediated downstream signaling, including the phosphoinosi-
tide-3-kinases (PI3K) pathway. Thus, targeting these local interactions between keratinocytes and nocicep-
tors offers a therapeutic strategy for managing neuropathic pain, avoiding the adverse effects associated

with systemic interventions.

INTRODUCTION

Neuropathy is one of the most common complications of dia-
betes and affects approximately 50% of patients with diabetes
during the course of their disease. A subset of patients in the
early stage of diabetes, including obesity or pre-diabetes,
develop neuropathic pain in the skin of peripheral tissues, such
as legs and hands, known as painful small fiber neuropathy.'™
The primary symptoms of painful small fiber neuropathy include
burning or lancinating pain in the skin,* a reduction in intraepider-
mal nerve fibers,® morphological changes in proximal nerves and
dorsal root ganglions (DRGs),>” often accompanied by
abnormal dermal capillaries.® '° These symptoms are well char-
acterized in human patients, but the sequential process of path-
ogenesis and correlation between symptoms remains unclear.
Given that neuropathic pain is thought to be an early symptom
of painful small fiber neuropathy,® the mechanism underlining
the initiation and progression of a painful sensation in skin noci-
ceptive nerves needs to be investigated for further prevention of
severe neuropathy including painless neuropathy in patients with
severe diabetes. Considering that the etiology and pathogenesis
of painful small fiber neuropathy are presently thought to be influ-
enced by systemic hyperglycemia, dyslipidemia, and insulin
resistance, the precise mechanism through which local aberrant
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signals impact the pathophysiological processes of painful small
fiber neuropathy in the skin remains unclear.

Previous studies employing diabetic mouse models success-
fully recapitulated the pathologies of painful small fiber neuropa-
thy, including mechanical allodynia and axon degeneration in
the footpad skin, abnormal hypersensitivity in DRG sensory neu-
rons, and vascular abnormalities in sciatic nerves.® %' However,
the mechanisms underlying the initiation and progression of
morphological and functional abnormalities in sensory axons
and capillaries within the skin of the diabetic mouse models are
still inconclusive. Since neuropathic pain and small fiber degener-
ation are thought to occur during the stages of obesity and pre-
diabetes,®'® we employed mouse ear skin to address the under-
lying mechanisms of painful small fiber neuropathy in mice with
diet-induced obesity (DIO), the mouse models for obesity and
pre-type 2 diabetes. We developed a behavioral assay in which
capsaicin application elicits pain-associated wiping behavior of
the ears. This was combined with primary sensory neuron-spe-
cific GCaMP3 Ca?* imaging to detect hypersensitivity of periph-
eral terminals of nociceptive neurons in the skin of the ears. Our
studies not only reveal the pathogenesis of painful small fiber neu-
ropathy in the DIO ear skin but also uncover the dominant role of
keratinocyte-nociceptor interactions via nerve growth factor
(NGF)-tropomyosin receptor kinase A (TrkA)-phosphatidylinositol
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Figure 1. DIO enhances pain-associated behavior in mice

(A) Schematic diagram of the induction of diet-induced obesity (DIO) in mice. Mice were fed either a high-fat diet (HFD) to induce DIO or a normal diet (ND) for
control from 6 to 30 weeks of age.

(B) Body weights of control (N = 33) and DIO (N = 38) mice from 6 to 30 weeks of age.

(C) Blood glucose levels for both control and DIO mice at 18, 22, and 30 weeks of age (N = 4, 14, 7 control; N = 6, 15, 8 DIO at 18, 22, and 30 weeks of age,
respectively).

(D) Serum insulin levels for both control and DIO mice at 18, 22, and 30 weeks of age (N = 4, 4, 4 control; N = 4, 4, 4 DIO at 18, 22, and 30 weeks of age,
respectively).

(E) llustrations depicting the capsaicin-mediated acute pain behavior assay in mouse ear skin: Capsaicin was applied to the skin behind the ears (the outer layer
of the ear skin) of both control and DIO mice. Forelimb wiping responses were recorded for 600 s following capsaicin application.

(legend continued on next page)
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3-kinase (PI3K) signaling within the epidermis in sensitizing pe-
ripheral terminals of nociceptive neurons.

RESULTS

Diet-induced obesity enhances pain-associated
behavior in mice

Male mice were fed a high-fat diet from 6 to 30 weeks of age to
develop DIO (Figure 1A). Mice with a high-fat diet exhibited a sig-
nificant increase in body weight from 18 weeks of age (high-fat
diet for 12 weeks) onward (Figure 1B). Blood glucose and serum
insulin levels gradually increased from 18 weeks of age and were
significantly upregulated from 22 weeks of age (high-fat diet for
16 weeks) onward (Figures 1C and 1D). To initially assess the
link between pain-associated behavior and hypersensitivity of
peripheral terminals of nociceptive neurons in the skin of mice
with obesity or pre-diabetes, we chose to utilize the ear skin of
DIO mice due to its simple structure, thin layer, and high acces-
sibility. Capsaicin, a ligand for transient receptor potential vanil-
loid subtype 1 (TRPV1) channel, was applied to the skin behind
the ears (the outer layer of the ear skin) of both control and
DIO mice (Figure 1E). Since the noxious pain stimuli evoke fore-
limb wiping responses,'®'” we counted those responses for
600 s after the capsaicin application (Figure 1E). No wiping re-
sponses were observed in both control and DIO mice before
capsaicin application (data not shown), suggesting no difference
in spontaneous ongoing pain between control and DIO mice at
each stage. Despite the capsaicin application evoking forelimb
wiping responses at the stimulus site of ear skin in both control
and DIO mice, the wiping bouts were significantly increased in
DIO mice at 22 weeks of age (Figures 1F-1L). At 30 weeks of
age (high-fat diet for 24 weeks), the wiping bouts were slightly
enhanced in DIO mice; however, there was a large dispersion be-
tween replicates, and no significant difference was observed be-
tween control and DIO mice (Figures 1J-1L). Taken together,
DIO did not enhance the capsaicin-mediated pain-associated
behaviors at 18 weeks of age; however, it did enhance these
pain behaviors at 22 weeks of age. At 30 weeks of age, the
enhanced pain behaviors were attenuated.

Diet-induced obesity triggers sensory hypersensitivity
followed by skin axon degeneration

We next measured the sensitivity of peripheral terminals of noci-
ceptive neurons in the epidermis of the ear skin using Pirt-
GCaMP3 calcium indicator mice, in which GCaMP3 is driven by
the sensory neuron-specific Pirt promoter.'® We dissected the
outer layer of the ear skin from Pirt-GCaMP3 mice for ex vivo
live Pirt-GCaMP3 Ca?* imaging of the ear skin explants (Fig-
ure S1A). We conducted imaging of branched sensory axon
and terminal activation in response to 2 uM and 10 uM capsaicin
applications, based on GCaMP?3 fluorescence within the center
region of the ear skin epidermis at a depth of 20 um (Figures
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S1A and S1B). After capturing time-lapse Pirt-GCaMP3 Ca®* im-
ages for 600 s, individual axons were selected from each image
for quantification: Ca* transient (AF/Fo) in each selected axon
and the area under the curve (AUC) for the integrated Ca®* eleva-
tion which indicates the total sensory activity in response to noci-
ceptive stimuli were then quantified (Figures S1C-S1E). At
18 weeks of age, 2 M capsaicin application did not show any sig-
nificant difference in Ca®* responses in sensory axons within the
ear skin explants between control and DIO mice. However, 10 pM
capsaicin application evoked higher Ca®* responses in the ear
skin explants from DIO mice compared to controls (Figures 2A-
2D and S2A-S2D). These results suggest that sensory hypersen-
sitivity is not fully developed in DIO skin at 18 weeks of age. At
22 weeks of age, both 2 yM and 10 uM capsaicin applications
evoked higher Ca®* responses in the ear skin explants from
DIO mice compared to controls, suggesting that sensory hyper-
sensitivity is fully developed in DIO ear skin at 22 weeks of age
(Figures 2E-2H and S2E-S2H). At 30 weeks of age, 2 uM capsa-
icin application did not show any significant difference in Ca* re-
sponses in the ear skin explants between control and DIO mice.
Conversely, 10 uM capsaicin applications attenuated Ca®* re-
sponses in the ear skin explants from DIO mice compared to con-
trols (Figures 2I-2L and S2|-S2L). Collectively, the ex vivo live
Pirt-GCaMP3 Ca?* imaging of the ear skin explants from DIO
mice demonstrated that the capsaicin-mediated sensory hyper-
sensitivity peaked at 22 weeks of age, followed by a subsequent
attenuation at 30 weeks of age. This hypersensitivity in the
epidermis of the ear skin corresponds to the forementioned
capsaicin-mediated pain behaviors. A high level of KCl activated
branched sensory axons and terminals, but did not show any sig-
nificant difference in Ca®* responses in the ear skin explants be-
tween control and DIO mice at 22 weeks (Figures S2M and S2N).
These data suggest that hypersensitivity in DIO sensory axons at
22 weeks of age is caused by nociceptive stimulus-dependent
TRPV1 hypersensitivity.

The observation that hypersensitivity was attenuated at
30 weeks of age, along with the reduction in pain-associated be-
haviors, prompted us to examine whether these attenuations
result from axon degeneration in nociceptive neurons within
the epidermis of the ear skin, a hallmark symptom of painful small
fiber neuropathy. Indeed, Pirt-GCaMP3 Ca?* imaging at
30 weeks of age indicated a reduction in axon length within the
epidermis of DIO ear skin compared to controls (Figure 3Q),
whereas at both 18 and 22 weeks of age, there was no significant
difference observed in axon length between control and DIO ear
skin (Figures 3A and 3l). Similarly, our section immunohisto-
chemical analysis of control and DIO ear skin clearly showed a
significant reduction in intraepidermal nerve fiber (IENF) density,
quantified by the number of nerve fibers crossing the epidermal-
dermal junction, in DIO ear skin at 30 weeks of age (Figures 3R-
3X), whereas at both 18 and 22 weeks of age, there was no sig-
nificant difference in the IENF density between control and DIO

(F-K) Forelimb wiping responses following capsaicin application in both control (F, H, and J) and DIO (G, |, and K) mice at 18 weeks of age (F, N =6 control; G,N=5
DIO), 22 weeks of age (H, N = 8 control; I, N = 6 DIO), and 30 weeks of age (J, N = 8 control; K, N = 10 DIO). Each dot represents wiping bouts per 15 s

(L) Violin plots showing total forelimb wiping responses following capsaicin application in both control and DIO mice at 18, 22, and 30 weeks of age. Results are
shown as the mean + SEM (C, D, and E). *p < 0.05, **p < 0.01, ***p < 0.001; NS, not significant (p > 0.05). p values were determined by the parametric two-tailed t

test. The schematic diagrams were partially created with BioRender.com.
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(A-L) Quantification of Ca®* responses within the ear skin explants from Pirt-GCaMP3 control (blue) and DIO (red) mice at 18 weeks of age (A-D, N = 4 control, N =
5 DIO), 22 weeks of age (E-H, N = 12 control, N = 12 DIO), and 30 weeks of age (I-L, N = 6 control, N = 7 DIO). The amplitude of the Ca®* transient was evoked by
2 uM capsaicin (A, E, and I) and 10 uM capsaicin (C, G, and K). Ca transient was normalized by baseline Ca?* transient (AF/Fo). The integrated Ca2* transient (AF/
Fo) was calculated as the area under curve (AUC) (B, D, F, H, J, and L). See also Figures S1 and S2. Results are shown as the mean + SEM. **p < 0.01, ***p < 0.001;
NS, not significant (p > 0.05). p values were determined by the parametric two-tailed t test.

ear skin (Figures 3B-3H and 3J-3P). Collectively, these data sug-
gest that DIO ear skin develops sensory hypersensitivity before
axon degeneration.

We further examined morphological changes in sensory nerves
and blood vessels in DIO ear skin (Figures S3A and S3B). Previ-
ously, we demonstrated the co-branching of sensory nerves
and large-diameter blood vessels covered by vascular smooth
muscle cells (VSMCs) in the deep dermis of ear skin.'® At 22
and 30 weeks of age, no significant changes were observed in
the branching patterns of sensory nerves and blood vessels in
the deep dermis between control and DIO ear skin (Figures
S4A-S4T). Additionally, there were no significant changes found
in VSMC coverage of large-diameter blood vessels (Figures
S4A-S4T) or myelination of sensory nerves (Figures S4U-S4Z2) be-
tween control and DIO ear skin. In contrast, given that skin capil-
lary endothelial cells form non-fenestrated blood vessels with
adhesion junctions between endothelial cells,”° we observed the
increased expression of the vascular hyperpermeability marker,
plasmalemma vesicle-associated protein (PLVAP),?" in DIO skin
vasculature adjacent to the boundary between the epidermis

4 iScience 28, 112047, March 21, 2025

and dermis at 22 and 30 weeks of age, but not 18 weeks of age
(Figures S5A-S5U). These data suggest that the timing of the
emergence of vascular permeability in the skin vasculature coin-
cides with the development of sensory hypersensitivity in DIO
mice. Given that immune cells are known to modulate nociceptor
terminals in the pathological skin,>> we observed no significant
change in the number of CD45" immune cells within the epidermis
of DIO ear skin, where hypersensitivity in sensory axon terminal
was detected (Figures S5V-S5B).

Diet-induced obesity enhances the expression of nerve
growth factor, sensitization of nociceptors, in the
epidermis

Neurotrophic factors support the growth, differentiation, and
maintenance of neuronal cells in development, but they also
contribute to neurological disorders in both peripheral and
central nervous systems.”® In chronic diseases, among
those neurotrophic factors, NGF is known to promote pain reac-
tions in sensory nerves by inducing TRPV1 expression,
facilitating TRPV1 trafficking to cell membrane, or sensitizing
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Figure 3. DIO induces skin axon degeneration within the epidermis

(A, 'and Q) Total length of GCaMP3-expressing axons in the epidermis at 18 weeks of age (A, N = 4 control, N = 5 DIO), 22 weeks of age (I, N = 12 control, N = 12
DIO), and 30 weeks of age (Q, N = 7 control, N = 8 DIO).

(B-G, J-0, and R-W) Representative images of double-immunofluorescence staining of ear skin sections of Pirt-GCaMP3 control (B-D, J-L, and R-T) or DIO (E-G,
M-O, and U-W) mice at 18, 22, and 30 weeks of age. Antibodies to the keratinocyte marker K14 (green) and the pan-axon/neuron marker neuron-specific class Ill
B-tubulin (Tuj1, red or white) were used. The dotted box regions in (C), (F), (K), (N), (S), and (V) were magnified in (D), (G), (L), (O), (T), and (W), respectively. Dashed
lines indicate the border between the epidermis (e) and the dermis (d). Yellow arrows in (W) indicate degenerated axons in the epidermis. Scale bars: 20 pm
(H, P, and X) Quantification of intraepidermal nerve fibers (IENF) in each image at 18 weeks of age (H, N = 3 control, N = 3 DIO), 22 weeks of age (P, N = 6 control,
N = 6 DIO), and 30 weeks of age (X, N = 4 control, N = 4 DIO). The linear IENF density is calculated and expressed as the number of fibers per millimeter of
epidermal length (IENF/mm). See also Figures S3, S4, and S5. Results are shown as the mean + SEM. *p < 0.05; NS, not significant (p > 0.05). p values were
determined by the parametric two-tailed t test.
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TRPV1 receptor.”*® Although lower NGF expression in
epidermal keratinocytes isolated from patients with severe
diabetes has been reported,” its expression and function in the
epidermis of patients with obesity and pre-diabetes having pain-
ful small fiber neuropathy has not been examined yet. To address
whether NGF affects the sensitization of peripheral terminals of
nociceptive neurons in the epidermis of ear skin, we initially
examined NGF expression in the epidermis from control and
DIO ear skin at 22 weeks of age. Among the three neurotrophic
factors tested, we observed increased expression of Ngf in the
epidermis of DIO ear skin compared to control, whereas no signif-
icant changes were detected in the expression levels of Bdnf and
Ntf3 (Figure 4A). In support of this result, Pirt-GCaMP3* sensory
nerves in the epidermis express NGF receptor, TrkA, but not TrkB
and TrkC (Figures S6A-S6I).

We next addressed whether the onset of NGF expression in the
epidermis correlates with the development of sensory hypersensi-
tivity in DIO mice (Figure 4B). At 22 weeks of age, X-gal staining of
ear skin sections from NGF-LacZ mice showed increased expres-
sion of NGF in the epidermis of DIO ear skin compared to control
(Figures 4C and 4D). For quantification measurements, we further
validated the enhanced NGF expression in the epidermis of DIO
ear skin using a fluorescent version of LacZ detection, SPiDER-
Bgal staining in conjunction with the keratinocyte markers K10
and K14 (Figures 4E-4R). In contrast, at 18 weeks of age, we did
not observe any significant difference in NGF expression in the
epidermis between control and DIO ear skin (Figures S7TA-S70
and 48S). At 30 weeks of age, there was a significant difference in
NGF expression in the epidermis between control and DIO ear
skin, albeit with a reduced expression level compared to that at
22 weeks of age (Figures S7P-S7D’ and 4S). We should note
that dermal NGF expression was primarily detected in VSMCs of
large-diameter blood vessels, as observed through whole-mount
X-gal or SPIDER-Bgal staining. However, no significant differ-
ences were observed in the expression levels between control
and DIO ear skin, nor between those different stages (Figures
S8A-S8X). Collectively, at 22 weeks of age, both increased NGF
expression and the development of sensory hypersensitivity
were observed in the epidermis of DIO ear skin.

We then examined what controls NGF expression in the
epidermis. Considering that keratinocytes constitute over 95%
of the cells in the epidermis, we initially isolated keratinocytes
from the ear skin of adult mice, cultured them with glucose, insu-
lin, or a combination of both, and subsequently assessed Ngf
expression (Figures 4T and 4U). A high level of insulin enhances
Ngf expression in primary keratinocytes in culture, whereas a
high level of glucose did not show any inductive effect on its
expression (Figure 4U). These data suggest that epidermal kera-
tinocytes are a major source of NGF in response to increased
levels of insulin in DIO ear skin.

Inhibition of nerve growth factor-tropomyosin receptor
kinase A-phosphoinositide-3-kinase signaling
suppresses sensory hypersensitivity in the skin of diet-
induced obesity mice

To address whether NGF-TrkA signaling is necessary for the
sensitization of peripheral terminals of nociceptive neurons in
the epidermis of DIO ear skin, we pre-treated the ear skin ex-
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plants from Pirt-GCaMP3 DIO mice at 22 weeks of age with an
anti-NGF neutralizing antibody (Figures 5A and 5B). Subse-
quently, we conducted Pirt-GCaMP3 Ca®* imaging to assess
sensory axon and terminal activation in response to capsaicin
applications (Figure 5B). The capsaicin-mediated hypersensitiv-
ity observed in DIO ear skin explants was significantly sup-
pressed by pre-treating the explants with the anti-NGF neutral-
izing antibody (Figures 5C-5F and S9A-S9D). Among the
downstream targets of NGF-TrkA signaling, such as phosphoi-
nositide 3-kinases (PI3K), mitogen-activated protein kinase
(MAPK), and phospholipase C (PLC), which are known to be
involved in nociceptor sensitization through TRPV1,%%°%31 we
examined whether inhibiting PI3K leads to the blockage of
capsaicin-mediated hypersensitivity. To address this, we pre-
treated the ear skin from Pirt-GCaMP3 DIO mice at 22 weeks
of age with Wortmannin, a PI3K inhibitor (Figures 5A and 5B).
Like the anti-NGF neutralizing antibody treatment, the capsa-
icin-mediated hypersensitivity observed in DIO ear skin explants
was significantly suppressed by pre-treating the explants with
Wortmannin (Figures 5G-5J and S9E-S9H). These data suggest
that NGF-TrkA-PI3K signaling is necessary for capsaicin-medi-
ated hypersensitivity in the epidermis of DIO ear skin (Figures
5K and S9I). Moreover, this procedure is able to screen small
compound inhibitors to suppress the capsaicin-mediated hyper-
sensitivity observed in DIO ear skin explants.

DISCUSSION

We present evidence supporting the role of keratinocyte-derived
NGF as a local signal sensitizing the peripheral terminals of noci-
ceptive neurons through NGF-TrkA-PI3K signaling within the
epidermis of DIO ear skin, thereby augmenting pain-associated
behaviors in response to nociceptive stimuli (Figure 5K). At the
mechanistic level, elevated insulin levels enhance Ngf expression
in primary keratinocytes from the epidermis. Although no signifi-
cant changes were observed in serum insulin levels in DIO mice be-
tween 18 and 22 weeks of age, insulin levels appear to rise suffi-
ciently by 22 weeks of age to induce Ngf expression in
keratinocytes within the non-capillary epidermis. Considering the
increased vascular permeability in DIO ear skin vasculature at
22 weeks of age, but not at 18 weeks of age, one scenario is that
the increased vascular permeability may facilitate the diffusion of
circulating insulin from dermal capillaries into the non-capillary
epidermis in DIO ear skin. In this scenario, reducing or blocking
vascular permeability could regulate insulin levels in the epidermis
of DIO ear skin, potentially leading to decreased epidermal NGF
expression and consequently attenuating sensory hypersensitivity.

The observation that DIO ear skin undergoes axon degenera-
tion in nociceptive neurons within the epidermis at 30 weeks of
age raises the intriguing question of what triggers this degener-
ation. Previous studies have demonstrated that the prolonged
activation of nociceptive neurons accelerates axon degeneration
in DIO skin."" However, the precise mechanisms driving axon
degeneration due to the prolonged activation of nociceptive neu-
rons remain incompletely elucidated. In this context, inhibiting
the sensitization of nociceptors through targeting local NGF-
TrkA-PI3K signaling could potentially prevent axon degeneration
in DIO skin.
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Figure 4. DIO enhances NGF expression in the epidermis

(A) Relative MRNA expression levels of neurotrophic factors (Ngf, Bdnf, and Ntf3) in the epidermis of ear skin from control and DIO mice at 22 weeks of age.
Expression levels are normalized by those in the epidermis of ear skin from control mice. N = 4 in each group.

(B) Schematic diagram of the induction of DIO in NGF-LacZ mice.

(C-D) Representative images of X-gal staining of ear skin sections of NGF-LacZ control (C) and DIO mouse (D) at 22 weeks of age (blue). Scale bars: 100 um
(E-R) Representative double immunofluorescence images of ear skin sections of NGF-LacZ control (E-G, K-L, and O-P) and DIO mice (H-J, M-N, and Q-R) at
22 weeks of age. SPIiDER-Bgal (E, H, K, M, O, and Q, green; F, |, L, N, P, and R, white) together with antibodies to Tuj1 (E and H, red; G and J, white), K14 (Kand M,
red), or K10 (O and Q, red) were used. Dashed lines (C-R) indicate the border between the epidermis (e) and the dermis (d).

(S) Total SPIDER-Bgal fluorescence in the epidermis of ear skin from NGF-LacZ mice at 18 weeks of age (N = 4 control, N = 4 DIO), 22 weeks of age (N = 3 control,
N = 4 DIO), and 30 weeks of age (N = 4 control, N = 3 DIO).

(T) Schematic diagram of primary mouse keratinocyte culture. Keratinocytes were isolated from adult ear skin and cultured with glucose, insulin, or a combination
of both.

(U) Relative Ngf mMRNA expression levels in primary mouse keratinocytes cultured with glucose (+Glu), insulin (+Ins), or a combination of both (+Glu +Ins).
Expression levels are normalized by those in primary mouse keratinocytes cultured without glucose and insulin. N = 3 in each group. See also Figures S6, S7, S8,
and S10. Results are shown as the mean + SEM. *p < 0.05, **p < 0.01; NS, not significant (p > 0.05). p values were determined by the parametric two-tailed t test.
The schematic diagrams were partially created with BioRender.com.
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Figure 5. Inhibition of NGF-TrkA-PI3K signaling suppress hypersensitivity in DIO skin

(A) Schematic diagram of the induction of DIO in Pirt-GCaMP3 mice.

(B) Schematic diagram illustrating ex vivo live Pirt-GCaMP3 Ca®* imaging of ear skin explants treated with anti-NGF neutralizing antibody or Wortmannin, a PI3K
inhibitor. The ear skin explants from Pirt-GCaMP3 DIO mice at 22 weeks of age were pre-treated with either anti-NGF neutralizing antibody or Wortmannin for
30 min prior to Pirt-GCaMP3 Ca®* imaging.

(C-J) Quantification of Ca®* responses within the ear skin explants treated with or without anti-NGF neutralized antibody treatment (C-F, Anti-NGF Ab) or
Wortmannin treatment (G-J, WM). N = 6 in each group. The amplitude of the Ca®* transient was evoked by 2 uM capsaicin (C and G) and 10 uM capsaicin (E and I).
Catransient is normalized by baseline Ca transient (AF/F). The integrated Ca?* transient (AF/Fo) was calculated as AUC (D, F, H, and J). Results are shown as the
mean + SEM. *p < 0.01, **p < 0.001. p values were determined by the parametric two-tailed t test.

(K) Graphical summary for pain-associated behaviors, sensory hypersensitivity, epidermal axon projections, vascular permeability, epidermal NGF expression,
and keratinocyte-nociceptor interactions in the ear skin of DIO mice. See also Figure S9. The schematic diagrams and graphic summary were partially created
with BioRender.com.
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We focused our studies on a DIO ear skin model of painful
small fiber neuropathy. We assessed pain-associated behaviors,
evaluated sensory activity by ex vivo Ca®* imaging, and exam-
ined axonal changes within the ear skin. Our immunohistochem-
ical analysis of footpad skin indicates that there is no observable
difference in skin innervation and vascularization between the
ear skin and the footpad skin (Figure S3B versus S10A). More-
over, DIO not only enhances NGF expression in the epidermis
of ear skin, but also increases NGF expression in the epidermis
of footpad skin at 22 weeks of age (Figures S10B and S10C).
These findings suggest that DIO enhances thermal pain behav-
iors by promoting keratinocyte-derived NGF, which acts as a
local signal sensitizing the peripheral terminals of nociceptive
neurons through NGF-TrkA-PI3K signaling within the epidermis
of DIO footpad skin.

Considering the close proximity of keratinocytes to sensory
terminals within the epidermis, it is established that keratino-
cytes contribute to mechanical, cold and heat sensation by de-
tecting these stimuli and releasing neuroactive molecules for
sensory neurons.*** In line with this concept, we present evi-
dence that the crosstalk between keratinocytes and nociceptor
terminals plays a crucial role in capsaicin-evoked pain reactions
in painful small fiber neuropathy through NGF-TrkA-PI3K
signaling. Human clinical trials using recombinant human NGF
or Tanezumab, a humanized monoclonal antibody with high
selectivity for NGF, in diabetic neuropathy patients have been
performed previously with limited effects on pain reduction.®*°
Our understanding of the local interactions between keratino-
cytes and nociceptor terminals within the epidermis, along with
the identification of potential target signaling pathways such as
NGF-TrkA-PI3K signaling to regulate nociceptor sensitization,
could serve as the foundation for new therapeutic strategies to
manage neuropathic pain in diabetic painful small fiber neurop-
athy. Importantly, these approaches could be topically applied,
potentially circumventing drug side effects associated with sys-
temic interventions.

Limitations of the study

One limitation of this study is our focus on evoked pain by noci-
ceptive stimuli. However, patients with painful small fiber neu-
ropathy suffer from spontaneous ongoing pain in addition to
evoked pain. Our ex vivo Ca®* imaging system using Pirt-
GCaMP3 may have limitations in detecting spontaneous firing
activity due to the relatively slow conformation changes of
GCaMP3. Measuring local spontaneous firing activity in noci-
ceptive axons of DIO skin using updated GCaMP proteins
such as GCaMP8 represents an essential next step. Another lim-
itation is that this study focused on male mice for DIO studies, as
DIO onset in juvenile male mice (6 weeks old) led to a more sig-
nificant increase in weight gain, glucose levels, and insulin levels
compared to female mice. Since most DIO studies initiate the
diet in juvenile mice, and considering that males are generally
more susceptible to weight gain and elevated glucose and insu-
lin levels,*”*® we recognize this as a limitation of our study. Since
the age at which DIO begins affects sex differences in weight
gain, we are exploring the age of DIO onset, which also impacts
sex differences in pain behavior and sensory hypersensitivity in
our future studies.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-NGF neutralized antibody exalpha L146M

Mouse anti-Tuj1 (Tubulin b3, TUBB3) antibody BioLegend 801202; RRID: AB_2313773
Goat anti-TrkA antibody R&D Systems AF1056-SP; RRID: AB_2283049
Goat anti-TrkB antibody R&D Systems AF1494-SP; RRID: AB_2155264
Goat anti-TrkC antibody R&D Systems AF1404-SP; RRID: AB_2155412
Chick anti-GFP antibody abcam ab13970; RRID: AB_300798
Rabbit anti-MBP (Myelin Basic Protein) antibody abcam ab40390; RRID: AB_1141521
Rabbit anti-K10 (Keratin 10) antibody BioLegend 905403; RRID: AB_2749902
Guinea pig anti-K14 (Keratin 14) antibody PROGEN GP-CK14; RRID: AB_2920669
Armenian hamster anti-PECAM-1 antibody Millipore Sigma MAB1398Z; RRID: AB_94207
Rat anti-PLVAP antibody BD Biosciences 553849; RRID: AB_395086

Rat anti-CD45 antibody eBioscience 140451-85

Alexa 488-conjugated Mouse anti-Tuj1 BioLegend 801203; RRID: AB_2564757
(Tubulin b3, TUBB3) antibody

Cy3-conjugated Mouse anti-aSMA antibody Sigma C6198; RRID: AB_476856
Rabbit anti-SM22a antibody abcam ab14106; RRID: AB_443021

Goat anti-Mouse IgG2a, Alexa Fluor 488
Goat anti-Mouse IgG2a, Alexa Fluor 568
Goat anti-Mouse IgG2a, Alexa Fluor 633
Goat anti-Rabbit IgG, Alexa Fluor 568
Goat anti-Rabbit 19G, Alexa Fluor 647
Goat anti-Rat IgG, Alexa Fluor 568

Goat anti-Armenian Hamster IgG, Alexa Fluor 647

Goat anti-Guinea Pig IgG, Alexa Fluor 488
Goat anti-Guinea Pig IgG, Alexa Fluor 647
Donkey anti-Goat IgG, Alexa Fluor 633

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Jackson ImmunoResearch
Thermo Fisher Scientific
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Thermo Fisher Scientific

A21131; RRID: AB_2535771
A21134; RRID: AB_2535773
A21136; RRID: AB_2535775
A11011; RRID: AB_143157
111-605-144; RRID: AB_2338078
A11077; RRID: AB_2534121
127-605-160; RRID: AB_2339001
106-546-003; RRID: AB_2337441
106-605-003; RRID: AB_2337446
A21082; RRID: AB_10562400

Chemicals, peptides, and recombinant proteins

High-fat diet Research Diets D12492
Gilucose solution Thermo Fisher Scientific A2494001
Insulin, human recombinant Thermo Fisher Scientific 12585014
Wortmannin Sigma W1628
Capsaicin Sigma M2028
KCI Mallinckrodt 6858
Ambion DNase | Thermo Fisher Scientific AM2222
SPIiDER-Bgal Dojindo SGO02
Critical commercial assays

AlphaTrak 3 blood glucose monitoring system Zoetis N/A
RNeasy Mini kits QUAGEN N/A
SuperScript Ill First-Strand Synthesis SuperMix Thermo Fisher Scientific 18080400
THUNDERBIRD Next SYBR qPCR Mix TOYOBO N/S
Experimental models: Organisms/strains

Mouse: C57BL/6J The Jackson Laboratory 000664
Mouse: Pirt-GCaMP3 Kim et al.”® N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: NGF-LacZ Liu et al.* N/A

Oligonucleotides

Primers for quantitative RT-PCR, see Table S1 N/A N/A

Software and algorithms

ImageJ NIH https://imagej.net/ij/
LightCycler 96 software Roche N/A

Prism 10 GraphPad https://www.graphpad.com/
BioRender BioRender https://www.biorender.com/
Other

Tissue path Superfrost Plus Gold Slides Fisher Scientific 15-188-48

Leica TCS SP5 confocal Leica N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

All animal procedures were approved by the National Heart, Lung, and Blood institute (NHLBI) Animal Care and Use Committee in
accordance with National Institutes of Health (NIH) research guidelines for the care and use laboratory animals. The following mice
were used in this study: C57BL/6J mice (The Jackson Laboratory), Pirt-GCaMP3 mice,'® and NGF-LacZ mice.*® C57BL/6J, Pirt-
GCaMP3 heterozygous, and NGF-LacZ heterozygous male mice were randomly separated into two groups and fed either a high-
fat diet (60% fat, 20% protein, and 20% carbohydrate kcal; Research Diets, D12492) to induce DIO or a normal diet (10% fat,
20% protein, and 70% carbohydrate kcal) for control from 6 weeks of age with free access to water.

Primary mouse keratinocyte culture

Primary mouse keratinocytes were isolated from C57BL/6J male mice according to the previously established protocol.*® Isolated
mouse keratinocytes were cultured on fibronectin/collagen coated plates at a density of 1,000,000 cells/cm?. Cells were replated at
day 2 to culture under high-glucose (2 mg/mL, ThermoFisher, A2494001) or high-insulin (40 pg/mL, ThermoFisher, 12585014) con-
dition for 2 days. Cells were cultured in a 5% CO2, 20% O2 environment at 37°C.

METHOD DETAILS

Body weight, blood glucose, and serum insulin measurement

Body weights of all mice were measured weekly at the same time of the day. Blood glucose levels were measured using a glucose
meter, AlphaTrak 3 blood glucose monitoring system (Zoetis) after 4-6 h fasting. Blood samples were collected after cardiac punc-
ture. Serum insulin levels were measured by Mouse Ultrasensitive Insulin ELISA system (ALPCO) according to manufacturer’s
protocol.

Pain behavior assay

The control or DIO mice were placed in the plastic clear test chamber and habituated for 10 min. The 10 uL capsaicin solution (0.1 mM
in ethanol, Sigma, M2028) was applied into the skin behind the ear after habituation. The mouse behavior was videorecorded for
10 min. The wiping responses with a forelimb toward the stimulus site was manually counted based on the recorded videos. Wiping
bouts/600 s were calculated for comparison between control and DIO mice at each stage.

Ex vivo live Ca%* imaging of mouse ear skin

Pirt-GCaMP3 mice at 18, 22, and 30 weeks of age were sacrificed by CO, asphyxiation. Ear skin was acutely dissected from Pirt-
GCaMP3 mice, and then the outer ear skin was isolated for Ca®* imaging. Epidermal branched axons located within 20 pm from
the surface of hairy skin were imaged. Skin explants were placed in test chamber filled with synthetic interstitial fluid (SIF)*' and main-
tained at room temperature. The skin explants were treated with anti-NGF neutralized antibody (0.02 mg/mL, exalpha, L146M) or
Wortmannin (1 uM, Sigma, W1628) for 30 min at room temperature before Ca2* imaging. Ca®* imaging was carried out on a Leica
TCS SP5 confocal (Leica) with perfusion of SIF. The skin was stimulated by 2 uM or 10 uM Capsaicin (Sigma, M2028) or 20 mM
KCI (Mallinckrodt, 6858) and then imaged for 10 min to measure GCaMP3 fluorescent levels. The 5 z stack images were acquired
every 10 s. For quantification, time-course images were imported into Imaged (NIH) to create maximum intensity projection (MIP)
images. Three areas with GCaMP3 positive sensory axons were cropped from the MIP images, and averaged Ca?* transients
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(AF/Fo) were calculated. For comparison of sensory activities in response to capsaicin between control and DIO mice, amount of Ca®*
transient that was calculated as area under curve was determined.

Section immunostaining of mouse ear skin

Outer ear skin was dissected from adult mice, fixed with 4% paraformaldehyde/PBS at 4°C overnight, sunk in 30% sucrose/PBS at
4°C, and then embedded in OCT compound. Tissues were cryosectioned at 20 um thickness and collected on pre-cleaned slides
(Fisher Scientific, 15-188-48). The samples were incubated in blocking buffer (0.2% Triton X-100, 10% heat inactivated goat or
donkey serum in PBS), with diluted primary antibodies 4°C overnight. Staining was performed using Mouse anti-Tuj1 (Tubulin b3,
TUBBB3) antibody (BioLegend, 801202, 1:200), Goat anti-TrkA antibody (R&D Systems, AF1056-SP, 1:100), Goat anti-TrkB antibody
(R&D Systems, AF1494-SP, 1:100), and Goat anti-TrkC antibody (R&D Systems, AF1404-SP, 1:100) to detect axons, Chick anti-GFP
antibody (abcam, ab13970, 1:300) to detect GCaMP3 protein in sensory axons, Rabbit anti-MBP (Myelin Basic Protein) antibody (ab-
cam, ab40390, 1:200) to detect myelin membrane in peripheral nerves, Rabbit anti-K10 (Keratin 10) antibody (BioLegend, 905403,
1:400) and Guinea pig anti-K14 (Keratin 14) antibody (PROGEN, GP-CK14, 1:100) to detect keratinocytes, Armenian hamster anti-
PECAM-1 antibody (Millipore Sigma, MAB1398Z, 1:300) and Rat anti-PLVAP antibody (BD Biosciences, 553849, 1:100) to detect
endothelial cells, and Rat anti-CD45 antibody (eBioscience, 140451-85, 1:100) to detect hematopoietic cells. For immunofluorescent
detection, the samples were incubated in blocking buffer containing either Alexa 488-, Alexa 568-, Alexa 633-, or Alexa
647-conjugated secondary antibodies (Jackson ImmunoResearch or Thermo Fisher Scientific, 1:250). All confocal microscopy
was carried out on a Leica TCS SP5 confocal (Leica).

Measurement of intraepidermal nerve fiber (IENF) density

IENF was quantified by counting the number of sensory axons crossing the epidermal-dermal junction. The linear IENF density was
calculated and expressed as the number of fibers per millimeter of epidermal length (IENF/mm) for the comparison between control
and DIO mice.

Measurement of PLVAP* blood vessels
Area of PLVAP* blood vessels were quantified using Imaged (NIH). The percentage of PLVAP* blood vessels was based on the area of
PLVAP™* blood vessels within the area of PECAM-1* blood vessels.

Measurement of CD45* immune cells in the epidermis
The quantity of CD45* immune cells present in the epidermis was counted and expressed as the cell number per millimeter of
epidermal length for the comparison between control and DIO mice.

Whole-mount immunostaining of mouse ear skin

Staining was performed essentially as described previously.'®*? After fixation, connective tissues and fat were removed from the
dermal side of the ear skin before staining. The samples were incubated in blocking buffer with diluted primary antibodies 4°C over-
night. Staining was performed using Alexa 488-conjugated Mouse anti-Tuj1 (Tubulin b3, TUBB3) antibody (BioLegend, 801203,
1:200) to detect axons, Cy3-conjugated Mouse anti-aSMA antibody (Sigma, C6198, 1:250) and Rabbit anti-SM22a antibody (abcam,
ab14106, 1:500) to detect smooth muscle cells, and Armenian hamster anti-PECAM-1 antibody (Millipore Sigma, MAB1398Z, 1:300)
to detect endothelial cells. For immunofluorescent detection, the samples were incubated in blocking buffer containing either Alexa
488-, Alexa 568-, or Alexa 647-conjugated secondary antibodies (Jackson ImmunoResearch or Thermo Fisher Scientific, 1:250). All
confocal microscopy was carried out on a Leica TCS SP5 confocal (Leica).

Quantitative RT-PCR

Ear skin was incubated in 0.15% Trypsin-EDTA for 45 min at 37°C to separate the epidermis from dermis. Total RNAs from epidermis
tissue and primary cultured mouse keratinocytes were extracted using RNeasy Mini kits (QUAGEN) according to the manufacturer’s
protocol. Residual genomic DNA was digested with Ambion DNase | (Thermo Fisher Scientific, AM2222). First-strand cDNA was syn-
thesized using the SuperScript Ill First-Strand Synthesis SuperMix (Thermo Fisher Scientific, 18080400). Quantitative RT-PCR was
performed using THUNDERBIRD Next SYBR gPCR Mix (TOYOBO). All data of quantitative RT-PCR were calculated using the ddCt
method with Gapdh as normalization controls. Primers are listed in Table S1.

X-gal staining of mouse ear skin

Outer ear skin was fixed with 0.25% glutaraldehyde/PBS for 30 min on ice. After fixation, connective tissues and fat were removed
from the dermal side of the ear skin before staining. The tissues were incubated in 1 mg/mL X-gal overnight at 4°C. The tissues were
washed with PBS and post-fixed with 4% paraformaldehyde/PBS. For the section imaging, tissues were further sunk in 30% su-
crose/PBS at 4°C and then embedded in OCT compound. Tissues were cryosectioned at 20 um thickness.
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SPIiDER-gal staining of mouse ear skin

Outer ear skin isolated from adult mice was incubated in 20 uM SPiDER-Bgal (Dojindo, SG02) for 1 h at 37°C. Tissues were washed
with PBS and then fixed with 4% paraformaldehyde/PBS for 1 h on ice. Tissues were further stained together with antibodies as
described above.

Quantification of SPiDER-Bgal signals in epidermis
Total SPIDER-Bgal signals were quantified using Imaged (NIH). Fluorescent levels were normalized by the area of epidermis in each
image.

QUANTIFICATION AND STATISTICAL ANALYSIS
For quantification, we used ImagedJ (NIH) for image data and LightCycler 96 software (Roche) for quantitative RT-PCR. Statistical
analysis was performed using Prism software. Results were presented as the mean + SEM. p values were determined by the para-

metric two-tailed t test. p < 0.05 was considered statistically significant. Statistical details of each experiment can be found in the
figure legends.
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