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A B S T R A C T

Peripheral neuropathy, a chronic complication of diabetes mellitus (DM), is often accompanied by the onset of
severe pain symptoms that affect quality of life. However, the underlying mechanisms remain elusive. In the
present study, we used Sprague–Dawley rats to establish a rodent model of the human type 1 DM by a single
intraperitoneal (i.p.) injection with streptozotocin (STZ) (60mg/kg). Hypersensitivity, including hyperalgesia
and allodynia, developed in the STZ-induced diabetic rats. Cutaneous innervation exhibited STZ-induced re-
ductions of protein gene product 9.5-, peripherin-, and neurofilament 200-immunoreactivity (IR) subepidermal
nerve fibers (SENFs). Moreover, the decreases of substance P (SP)- and calcitonin gene-related peptide (CGRP)-IR
SENFs were distinct gathered from the results of extracellular signal-regulated kinase 1 and 2 (ERK1/2)- and
phosphorylated ERK1/2 (pERK1/2)-IR SENFs in STZ-induced diabetic rats. Double immunofluorescence studies
demonstrated that STZ-induced pERK1/2-IR was largely increased in SENFs where only a small portion was
colocalized with SP- or CGRP-IR. By an intraplantar (i. pl.) injection with a MEK inhibitor, U0126 (1,4-Diamino-
2,3-dicyano-1,4-bis[2-aminophenylthio]butadiene), hyperalgesia was attenuated in a dose-responsive manner.
Botulinum toxin serotype A had dose-dependent analgesic effects on STZ-induced hyperalgesia and allodynia,
which exhibited equivalent results as the efficacy of transient receptor potential vanilloid (TRPV) channel an-
tagonists. Morphological evidence further confirmed that STZ-induced SP-, CGRP- and pERK1/2-IR were re-
duced in SENFs after pharmacological interventions. From the results obtained in this study, it is suggested that
increases of pERK1/2 in SENFs may participate in the modulation of TRPV channel-mediated neurogenic in-
flammation that triggers hyperalgesia in STZ-induced diabetic rats. Therefore, ERK1/2 provides a potential
therapeutic target and efficient pharmacological strategies to address hyperglycemia-induced neurotoxicity.

1. Introduction

Clinically, the human type 1 diabetes mellitus (DM) occurs when
pancreatic beta cells are destroyed, and adequate insulin is not pro-
duced in the islets of Langerhans (Mathis et al., 2001; Tripathi and
Srivastava, 2006). The disturbance of glucose metabolism in the human
type 1 DM causes acute hyperglycemia and may result in severe chronic
complications, including retinopathy, neuropathy, and nephropathy
(Todorovic, 2016; Tripathi and Srivastava, 2006). Peripheral

neuropathy occurs in 50%–70% of the human type 1 DM, presenting as
nociceptive dysfunction in a distal symmetrical stocking-and-glove
distribution (Todorovic, 2016; Obrosova, 2009). Several pain symp-
toms, characterized by paresthesia, hypersensitivity, and spontaneous
pain, have a major influence on the quality of life (Todorovic, 2016).
Hypersensitivity is defined as an increase of responsive sensitivity to
noxious stimuli (hyperalgesia) and innocuous stimuli (allodynia),
which are used to assess the pain symptoms in the human type 1 DM
(Todorovic, 2016; Tripathi and Srivastava, 2006).
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Traditional diagnostic methodology depends on a histological ex-
amination of tissue from a sural nerve biopsy (Myers et al., 2013;
Polydefkis et al., 2001). Nerve degeneration, paranodal demyelination,
Schwann cell abnormality, and endoneural microangiopathy are de-
scribed as obvious pathological evidence in the human type 1 DM
(Obrosova, 2009; Callaghan et al., 2012; Giannini and Dyck, 1994).
Moreover, human skin biopsy, a minimally invasive procedure, is used
to estimate the integrity of cutaneous innervation with protein gene
product 9.5 (PGP9.5) by immunohistochemistry (Polydefkis et al.,
2001; Chien et al., 2001). In the human type 1 DM, the quantitation of
density of intraepidermal nerve fibers (IENFs) is used to demonstrate
the progressive processes of nerve degeneration in epidermis (Umapathi
et al., 2007; Kennedy et al., 1996; Hirai et al., 2000). Importantly, a
significant loss of IENFs elucidates the correlative symptoms of hypo-
sensitivity, such as thermal hypoalgesia and mechanical hypoalgesia, in
long-term human type 1 DM (Hirai et al., 2000). Recently, several
clinical studies about painful peripheral neuropathy have used skin
biopsies to focus on primary afferents in dermis that are described as
subepidermal nerve fibers (SENFs) (Myers et al., 2013; Provitera et al.,
2007). Hence, the quantitation of areas of SENFs may provide a novel
way to define the different phenotypes of primary afferents, especially
in the human type 1 DM.

Neuropeptides, such as substance P (SP) and calcitonin gene-related
peptide (CGRP), modulated by calcium influx through the transient
receptor potential vanilloid (TRPV) 1 channel, are released from pri-
mary afferents in the skin (Gouin et al., 2017; Devesa et al., 2014). SP
and CGRP facilitate an increase in vasodilation and vascular perme-
ability, causing tissue edema. Also, SP stimulates the degranulation of
mast cells and local infiltration of leukocytes (Gouin et al., 2017; Pinho-
Ribeiro et al., 2017). These increased immune cells in the skin release
pro-inflammatory cytokines, i.e., tumor necrosis factor alpha, inter-
leukin, and interferon, which lead to nerve terminal swelling and
myelin extirpation like that detected in the early stages of Wallerian
degeneration (Zhang et al., 2017; Wang and Lehky, 2012). This pro-
gressive pathophysiologial process in the skin is in response to the re-
lease of neuropeptides from primary afferents, which is described as
neurogenic inflammation (Choi and Di Nardo, 2018; Pinho-Ribeiro
et al., 2017).

Mitogen-activated protein kinases (MAPKs) are the end-stage
downstream kinases of a cascade initiated with the activation of Ras
family by the phosphorylation of receptor tyrosine kinase (Johnson and
Lapadat, 2002; Aley et al., 2001; Wood et al., 1992). The well-defined
subfamilies of MAPKs, including the extracellular signal-regulated ki-
nase 1/2 (ERK1/2), c-Jun N-terminal kinase (JNK), and p38 kinase, are
related to axonal guidance, dendritic arborization, and neuronal dif-
ferentiation (Johnson and Lapadat, 2002; Purves et al., 2001). Early
clinical manifestations in the human type 1 DM show the phosphor-
ylation of ERK1/2 in the sural nerve is significantly higher than the
phosphorylation of JNK or p38 kinase through immunoblotting (Purves
et al., 2001). However, the linkage of phosphorylation of ERK1/2 to the
human type 1 DM is not supported by the results in streptozotocin
(STZ)-induced diabetic rats that only exhibit the phosphorylation of
ERK1/2 in the dorsal root ganglia (DRG) (Purves et al., 2001; Ji et al.,
1999).

Sprague–Dawley rats were given a single intraperitoneal (i.p.) in-
jection with STZ, which was principally used as a cytotoxic agent for
destroying pancreatic beta cells, for establishing an animal model of
human type 1 DM (Calcutt, 2004). The purpose of the present study in
STZ-induced diabetic rats was to 1) evaluate the temporal changes of
metabolic parameters and hypersensitivity; 2) clarify the alterations of
SENFs, including the different phenotypes of primary afferents; 3) in-
terpret the changes of peptidergic SENFs and the local effects of Botu-
linum toxin serotype A (BoNT/A); 4) elucidate the expression of ERK1/
2 and phosphorylated ERK1/2 (pERK1/2) in SENFs and its peripheral
role through pharmacological intervention with U0126; and 5) prove
the potential processes of neurogenic inflammation by studying the

effects of TRPV channel antagonists on hypersensitivity.

2. Materials and methods

2.1. Human Type 1 diabetes mellitus in rats

Adult male Sprague–Dawley rats (200–250 g), weighing
200∼250 g, were divided into two experimental groups: the STZ group,
which was induced by a single i.p. STZ (pH 4.0, 60mg/kg, n=24)
induction; and the Citrate group, i.p. injected with a control citrate
solution (pH 4.0, n=16). All rats were housed in plastic cages with soft
sawdust as bedding to avoid mechanical damage to the footpad. All
procedures were conducted in accordance with the ethical guidelines
set up by the International Association for the Study of Pain (IASP) on
the use of laboratory animals in experimental research, and the study
protocol was approved by the Animal Committee of Chung Shan
Medical University, Faculty of Medicine, Taichung, Taiwan (IASP
Committee, 1980).

2.2. Experimental design

All rats from the STZ group and from the Citrate group were mon-
itored the metabolic parameters, containing blood glucose levels,
HbA1c levels and body weights every 2 weeks. Blood glucose level was
tested by a one-touch glucose meter (Johnson & Johnson, US) and
HbA1c level was measured using the Test Kit Glyco-Tek Affinity
Column Method (Helena Laboratories, Beaumont, TX) (Lin et al., 2008).
Behavioral assessments were evaluated at the following time points:
post-induction week (PIW) 0 (designated as the pretest baseline data),
PIW 2, PIW 4, PIW 6, and PIW 8. Then, all rats were sacrificed peri-
odically at PIW 2, PIW 4, PIW 6, and PIW 8.

2.3. Behavior assessments

Thermal hyperalgesia was estimated by measuring withdrawal la-
tency upon the stimulation of radiant heat using a Hargreaves-type
analgesiometer (Ugo Basile, Comerio-Varese, Italy) with a radiant heat
source (a halogen projector lamp, 50W, 8 V) (Ko et al., 2016). Me-
chanical hyperalgesia was evaluated by the noxious pinprick stimula-
tion (A Von Frey–type 0.5 mm filament) with Dynamic Plantar Aes-
thesiometer (Code: 37450, Ugo Basile, Comerio-Varese, Italy) and
recorded as withdrawal threshold (Samur et al., 2018). Mechanical
allodynia was determined by measuring mechanical threshold de-
pended on a withdrawal response according to an up-and-down method
using a series of calibrated Von Frey monofilaments (Senselab aesthe-
siometer, Somedic Sales AB, Stockholm, Sweden) (Ko et al., 2016).

2.4. Immunohistochemistry

Animal tissue was prepared as previous report (Ko et al., 2015).
Briefly, the sections were quenched with 1% H2O2 in methanol, blocked
with 5% normal goat serum in 0.5% nonfat dry milk/Tris, then in-
cubated with the following primary antisera overnight respectively: (1)
rabbit polyclonal protein gene product 9.5 (PGP9.5, 1: 1000, Ultra-
Clone, Isle of Wight, UK); (2) rabbit polyclonal peripherin (1:1000,
Millipore, Billerica, MA); (3) rabbit polyclonal neurofilament 200
(NF200, 1:1000, Sigma Chemicals, St. Louis, MO); (4) rabbit polyclonal
substance P (SP, 1:1000, Immunostar, Hudson, WI); (5) rabbit poly-
clonal calcitonin gene-related peptide (CGRP, 1:1000, Millipore, Bill-
erica, MA); (6) rabbit polyclonal phospho-extracellular signal-regulated
kinase 1/2 (pERK1/2, 1:1000, Cell Signaling Technology, Beverly, MA);
(7) rabbit polyclonal ERK1/2 (1:1000, Cell Signaling Technology,
Beverly, MA) at 4 °C overnight, respectively. Avidin-biotin complex kit
(Vector Laboratories, Burlingame, CA) was used. The specific im-
munostaining was visualized with 3,3′-diaminobenzidine (DAB, Sigma
Chemicals, St. Louis, MO).
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2.5. Quantitation of SENFs areas

The standard procedure for measuring SENFs area was carried out
according to a protocol published in our previous study (Ko et al.,
2016). In Brief, high-definition monochrome images were photo-
graphed under an Olympus microscope (BH2; Olympus, Tokyo, Japan)
with a digital camera at a magnification of 100× . Dermal area was
therefore defined as an area within a width of 2.5 mm in epidermal
length and at a depth of 200 μm below the dermal-epidermal junction.
All the areas of interest were edited by Magic Wand Tool depending on
individual antiserum tolerance to eliminate noises from background
staining (the collagen fibers of the dermis) and calculated with Adobe
Photoshop Elements 9.0 (Adobe Systems, San Jose, CA, USA). The area
of interest was measured in pixels then transformed to μm2 according to
the relationships between pixel size and magnification. Every fourth
section was quantified and the mean of these four SENFs areas was
defined as the SENFs area of that rat.

2.6. Double immunofluorescence study

The sections from the STZ group at PIW 2 were processed for double
immunofluorescent staining. In brief, the sections were blocked with
5% normal goat serum with 0.5% Triton X-100 in 0.5M Tris for 1 h at
room temperature. A combination of primary antisera, including (1)
rabbit polyclonal pERK1/2 (1:100, Cell Signaling Technology, Beverly,
MA) and mouse monoclonal SP (1:100, Santa Cruz Biotechnology;
Santa Cruz, CA); (2) rabbit polyclonal pERK1/2 (1:100, Cell Signaling
Technology, Beverly, MA) and mouse monoclonal CGRP (1:100, Santa
Cruz Biotechnology; Santa Cruz, CA); (3) rabbit polyclonal CGRP
(1:100, Millipore, Billerica, MA) and mouse monoclonal SP (1:100,
Santa Cruz Biotechnology; Santa Cruz, CA), was prepared to incubate
overnight at 4 °C, respectively. After rinsing in Tris, the sections were
incubated with a mixture of secondary antibodies, i.e. (1) Alexa Fluor®
488-conjugated anti-rabbit IgG and (2) Alexa Fluor® 594-conjugated
anti-mouse IgG (both from Invitrogen, Carlsbad, CA) for another hour.
The sections were photographed under a conventional epifluorescent
microscope (Zeiss Axiophot, Carl Zeiss, Heidelberg, Germany) equipped
with appropriate filters. The standard quantitation of SENFs areas was
setup and modified from the previous protocol.

2.7. Pharmacological interventions

2.7.1. BoNT/A
BoNT/A (BOTOX®, Allergan Corp, Irvine, CA) was reconstituted in

adequate volume of 0.9% saline to set up four different final con-
centrations of vehicle, 3U/kg, 5U/kg, and 7U/kg respectively.
Pharmacological agents were administered by an intraplantar (i.pl.)
injection using the same protocol (Ko et al., 2015). Briefly, under ether
anesthesia, a 26-gauge needle connected to a 10 μL Hamilton syringe
(model: 701; Hamilton Company, Reno, NV, USA) was subdermally
inserted into the plantar aspect for about 30 s and then disinfected with
70% alcohol. In this assessment, the baseline values of hypersensitivity
were established at PIW 2 after STZ induction, defined as the post-in-
jection day (PID) 0. According to the concentrations of BoNT/A, STZ-
induced diabetic rats were randomly separated into four groups (n= 4
per group). After an i.pl. injection, hypersensitivity was assessed at PID
1, PID 3, PID 7, and PID 14 in all rats. Based on our interests that
whether effect of BoNT/A on the morphological changes of SENFs is
occurred following STZ induction, we performed two groups of STZ-
induced diabetic rats given with BoNT/A 7U/kg and vehicle by an i.pl.
injection, and then sacrificed at PID 3 and PID 14 respectively (n= 4
per time point in each group).

2.7.2. U0126
U0126 was obtained from Tocris Bioscience (Ellisville, MO) and

added to a vehicle solution (10% Dimethyl sulfoxide (DMSO)) to set up

four different final concentrations of vehicle, 1 μM, 20 μM, and 50 μM
respectively. U0124, an inactive analog of U0126, was obtained from
Tocris Bioscience (Ellisville, MO) and final concentration of 50 μM in a
vehicle solution was set up as a negative control. Pharmacological
agents were administered by an i.pl. injection through an established
protocol for the purpose of reducing inflammatory responses (Ko et al.,
2015). In this evaluation, we first established the baseline values of
STZ-induced hypersensitivity at PIW 2, defined as the post-injection
hour (PIH) 0. Based on the concentrations of U0126 (vehicle, 1 μM,
20 μM, and 50 μM) and U0124 (50 μM), the rats after STZ induction
were randomly separated into five groups (n=4 per group). After an
i.pl. injection, all rats were assessed every 1 h from 1 h to 6 h and 24 h
(PIH 1 to PIH 6 and PIH 24) to evaluate hypersensitivity respectively.
The rationale for the choice of such an order was in performing the least
stressful measurement to first minimize the influence of the next mea-
surement on the result and to avoid tissue damage. To recognize the
effect of U0126 on the morphological changes of SENFs after STZ in-
duction, we performed two groups of STZ-induced diabetic rats given
with U0126 50 μM and vehicle by an i.pl. injection, and then sacrificed
at PIH 6 (n=4 per group).

2.7.3. TRPV channel antagonists
Capsazepin, a selective TRPV1 channel antagonist and TRPA1

channel agonist, was purchased from Sigma Aldrich (St. Louis, MO).
RN-1734, a selective TRPV4 channel antagonist, was obtained from
Tocris Bioscience (Bristol, UK). A vehicle solution was prepared with
1% DMSO (Sigma, St. Louis, MO) and 99% saline. Capsazepin was re-
constituted in adequate volume of a vehicle solution to set up four in-
dividual final concentrations (vehicle, 1 mM, 5mM, and 25mM). Four
different final concentrations of RN-1734 were also set up as vehicle,
30mM, 60mM, and 120mM respectively. Pharmacological agents were
administered by an i.pl. injection using the same protocol (Ko et al.,
2015). In this assessment, the baseline values of STZ-induced hy-
persensitivity were established at PIW 2 and defined as the PIH 0. Ac-
cording to the concentrations of capsazepin (vehicle, 1 mM, 5mM, and
25mM) and RN-1734 (vehicle, 30mM, 60mM, and 120mM), STZ-in-
duced diabetic rats were randomly separated into four groups (n=4
per group) in each TRPV channel antagonist treatment. After an i.pl.
injection, all rats were assessed every 1 h from PIH 1 to PIH 6 and PIH
24 to evaluate hypersensitivity respectively. In order to compare the
effects of different TRPV channel antagonists on the morphological
changes of SENFs in STZ-induced diabetic rats, two groups in the
TRPV1 channel antagonist treatment were given with vehicle and
capsazepin 25mM, and another two groups in the TRPV4 channel an-
tagonist treatment were given with vehicle and RN-1734 120mM by an
i.pl. injection. All rats were then sacrificed at PIH 6 respectively (n=4
each group). The standard quantitation of SENFs areas were measured
according to the above protocol.

2.8. Statistical analysis

Examiners were blinded to the grouping information when per-
forming all the laboratory procedures of measurement and quantita-
tion. Values are expressed as mean ± standard deviation using
GraphPad Prism (GraphPad, San Diego, CA, USA). Independent data
from the metabolic parameters, behavioral assessments and morpho-
logical examinations were analyzed using Student’s t-test. Statistical
comparisons were made by a one-way repeated measures analysis of
variance (ANOVA), followed by Bonferroni post hoc test, with the times
as the within-subjects factor. Statistical comparisons were made by a
two-way ANOVA, followed by Bonferroni post hoc test, with the con-
centrations of BoNT/A, U0126 and TRPV channel antagonists as be-
tween-subjects factors and time as the within-subjects factor. A prob-
ability value of less than 0.05 (p<0.05) was considered statistically
significant.
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3. Results

3.1. Metabolic parameters following STZ induction in rats

To confirm the physiological manifestations in STZ-induced diabetic
rats, glycemic control and body weight were compared between the
STZ group and the Citrate group (Fig. 1). Two weeks after a single i.p.
injection with STZ, the rats in the STZ group exhibited distinctive fea-
tures of the human type 1 DM, including hyperglycemia (increased
blood glucose levels) (> 400mg/dl, Fig. 1A), elevated hemoglobin A1c
(HbA1c) levels (> 6.0%, Fig. 1B), and slow gain of body weight
(Fig. 1C), and increased water consumption beginning from PIW 2 to
PIW 8 (vs. the Citrate group, p<0.05, respectively). Rats in the Citrate
group had normal blood glucose levels (< 120mg/dl), normal HbA1c
levels (< 6.0%), and normal body weight gain throughout the entire
experiment.

3.2. STZ-induced hypersensitivity

The threshold of withdrawal response on the first footpad in rats
was examined by radiant heat (thermal hyperalgesia), pinprick (me-
chanical hyperalgesia), and Von Frey monofilament (mechanical allo-
dynia) (Fig. 1). Withdrawal latency (p= 0.2320) and withdrawal
threshold (p= 0.6304) was comparable at PIW 0 (before STZ induc-
tion) for both groups (Fig. 1D and E). During the entire experimental
period, withdrawal latency in the STZ group was consistently reduced
(vs. the Citrate group, p < 0.05, respectively). The trend in mechanical
hyperalgesia was like that in thermal hyperalgesia, with a decrease in
withdrawal threshold from PIW 2 to PIW 8 in the STZ group (vs. the
Citrate group, p < 0.05, respectively). Before STZ induction, me-
chanical thresholds were parallel between the groups (p= 0.3378)
(Fig. 1F). From PIW 2 to PIW 8, the rats in the STZ group experienced a
significant reduction in mechanical threshold (vs. the Citrate group,

p < 0.05, respectively).

3.3. SENFs distributions following STZ induction

Immunostaining revealed morphological results with the antisera
against PGP9.5, peripherin, and NF200, illuminating the changes in
primary afferents in the dermis after STZ induction (Fig. 2). In the Ci-
trate group, numerous PGP9.5-immunoreactivity (IR) SENFs ag-
gregated into dermal nerve fascicles, ascending through the superficial
dermis to form the subepidermal nerve plexus near the epi-
dermal–dermal junction (Fig. 2A). In the STZ group, fragmented
PGP9.5-IR SENFs with a degenerative appearance were definitively
detected at PIW 2 (Fig. 2D). A similar degenerative pattern of PGP9.5-
IR SENFs in the STZ group was still seen at PIW 8 (Fig. 2G). Based on
these morphological results, temporal changes in the areas of PGP9.5-IR
SENFs were verified by quantitation in both the STZ and Citrate group
(Fig. 2J). Areas of PGP9.5-IR SENFs were reduced significantly in the
STZ group at each time point (vs. the Citrate group, p < 0.05, re-
spectively).

In the Citrate group, peripherin-IR SENFs, represented as un-
myelinated C fibers and thinly myelinated Aδ fibers, mostly presented
as dermal nerve fascicles and subepidermal nerve plexus adjacent to
dermal papillae (Fig. 2B). In the STZ group, peripherin-IR SENFs were
detected as swelling structures in nerve terminals, and expressional
intensities declined at either PIW 2 or PIW 8 (Fig. 2E and 2 H). Areas of
peripherin-IR SENFs showed a significant decrease in the STZ group
until the end of experiments (Fig. 2K). In the Citrate group, NF200-IR
SENFs, known as myelinated Aδ fibers and myelinated Aβ fibers,
formed thick dermal nerve trunks and terminated horizontally close to
epidermal–dermal junction (Fig. 2C). From PIW 2 to PIW 8, numerous
NF200-IR SENFs in thick dermal nerve trunks gradually reduced in the
STZ group, suggesting an obvious decrease of myelinated Aβ fibers
(Fig. 2F and I). During the entire experimental period, areas of NF200-

Fig. 1. Metabolic parameters and hypersensitivity after streptozotocin (STZ) induction. Graphs showed the temporal changes of (A) blood glucose levels, (B)
hemoglobin A1c (HbA1c) levels, and (C) body weights, in the Citrate group (open bars) and the STZ group (filled bars). Temporal changes of hypersensitivity were
shown in (D) thermal hyperalgesia, (E) mechanical hyperalgesia, and (F) mechanical allodynia. Thermal threshold of radial heat was defined as withdrawal latency
(s) and the mechanical threshold of pinprick was demarcated as withdrawal threshold (g). The degree of mechanical allodynia was represented as mechanical
threshold (g) in response to Von Frey monofilaments. All the measurements were expressed as the mean ± standard deviation (SD) (n= 4 in the Citrate group and
n=6 in the STZ group at each post-induction week (PIW)). Student’s t test was applied to examine the differences against the values in the Citrate group at each time
point. * p < 0.05 indicated as a significant difference. Statistical comparisons were made by a one-way repeated measures analysis of variance (ANOVA), followed
by Bonferroni post hoc test, with the times as the within-subjects factor.
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IR SENFs in the STZ group exhibited observable reductions, which were
significantly different from those in the Citrate group (Fig. 2L).

3.4. Peptidergic SENFs distributions after STZ induction

The sections were immunostained with the antisera against SP and
CGRP, and quantitative areas of SENFs were compared between the STZ
group and the Citrate group (Fig. 3). In the Citrate group, SP-IR SENFs

had a linear appearance, mainly in the subepidermal nerve plexus and
perpendicularly toward dermal papillae (Fig. 3A). In the STZ group,
withdrawal of SP-IR SENFs was observed in the subepidermal nerve
plexus, presenting beaded shapes close to the epidermal–dermal junc-
tion on PIW 2 (Fig. 3C) that paralleled those observed on PIW 8
(Fig. 3E). Significant differences between the STZ and Citrate group in
SP-IR SENFs areas were observed during the experimental period (p <
0.05, respectively) (Fig. 3G). In the Citrate group, CGRP-IR SENFs

Fig. 2. Influences of STZ on subepidermal nerve fibers (SENFs) distribution. The sections were immunostained with the antisera against (A, D, G) protein gene
product 9.5 (PGP9.5), (B, E, H) peripherin and (C, F, I) neurofilament 200 (NF200). (A, B, C) SENFs distributions in the Citrate group at PIW 2, and in the STZ group
at (D, E, F) PIW 2 and (G, H, I) PIW 8 were displayed. (J, K, L) Panels showed the quantitative immunoreactivity (IR) SENFs areas. In the Citrate group, IR SENFs
aggregated into dermal nerve fascicles (black arrowhead), ascended through superficial dermis to form subepidermal nerve plexus adjacent to the epidermal–dermal
junction (black curved line in a). In the STZ group, these obvious degenerated signs of IR SENFs such as the nerve terminal swellings and fragmented profiles were
frequently detected at PIW 2 and PIW 8 (blue arrowhead). Temporal changes of SENFs distribution in the Citrate group (open bars) and the STZ group (fill bars) were
quantified by the results of IR, which were represented as the area of IR SENFs (mean ± SD; n= 4 in the Citrate group and n=6 in the STZ group). Student’s t test
was applied to examine the differences against the values of the Citrate group at each time point. Statistical comparisons were made by a one-way ANOVA, followed
by Bonferroni post hoc test, with the times as the within-subjects factor. Scale bar= 50 μm (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).
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starting from dermal nerve fascicles displayed irregular profiles toward
the epidermal–dermal junction and formed the subepidermal nerve
plexus (Fig. 3B). At PIW 2, CGRP-IR SENFs in the STZ group extended
from dermal nerve fascicles with discontinuous fragments observed
near the superficial dermis (Fig. 3D). In addition, these fragmented
forms of CGRP-IR SENFs were observed until PIW 8 (Fig. 3F). In the STZ
group, areas of CGRP-IR SENFs were significantly reduced on PIW 2,
and parallel depletions lasted until PIW 8 (p < 0.05, respectively)

(Fig. 3H).

3.5. STZ-induced pERK1/2 and ERK1/2 expressions in SENFs

Changes in pERK1/2 and ERK1/2 expression in SENFs after STZ
induction were examined by immunohistochemistry and the quantified
areas of IR SENFs (Fig. 4). pERK1/2-IR SENFs in the Citrate group ex-
hibited a linear appearance in dermal nerve fascicles with blunt rod-like

Fig. 3. STZ-induced changes of pep-
tidergic SENFs distribution. The sec-
tions were immunostained with the
antisera against (A, C, E) substance P
(SP) and (B, D, F) calcitonin gene-re-
lated peptide (CGRP). Graphs showed
(A, B) SENFs distributions in the Citrate
group, and in the STZ group at (C, D)
PIW 2 and (E, F) PIW 8. (G, H) Panels
showed the quantitative peptidergic
SENFs areas. In the Citrate group, SP-IR
SENFs revealed the linear appearances
mainly in subepidermal nerve plexus
and towards dermal papillae perpendi-
cularly. CGRP-IR SENFs starting from
dermal nerve fascicles displayed irre-
gular profiles towards epidermal-
dermal junction and formed sub-
epidermal nerve plexus In the STZ
group, beaded varicosities and dis-
continuous fragments expressed in
peptidergic SENFs were presented as
noticeable degeneration signs (red ar-
rowhead). The time-dependent changes
of SENFs distribution in the Citrate
group (open bars) and the STZ group
(fill bars) were quantified by the results
of IR, which were represented as the
area of IR SENFs (mean ± SD; n=4
in the Citrate group and n=6 in the
STZ group). Student’s t test was applied
to examine the differences against the
values of the Citrate group at each time
point. Statistical comparisons were
made by a one-way ANOVA, followed
by Bonferroni post hoc test, with the
times as the within-subjects factor.
Scale bar= 50 μm (For interpretation
of the references to colour in this figure
legend, the reader is referred to the
web version of this article).
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nerve terminals toward epidermal–dermal junction (Fig. 4A). Beginning
on PIW 2, pERK1/2-IR SENFs in the STZ group showed many linear
shapes in dermal nerve fascicles, and subepidermal nerve plexus formed
numerous tiny sprouting nerve terminals (Fig. 4C). Through the entire
experimental period, these similar forms of pERK1/2-IR SENFs in the
STZ group were still clearly seen until PIW 8 (Fig. 4E). In the STZ group,
these morphological results were used to measure increases in pERK1/
2-IR SENFs area from PIW 2 to PIW 8 (p < 0.05, respectively)

(Fig. 4G). ERK1/2-IR SENFs in the Citrate group were generally seen in
the subepidermal nerve plexus around the epidermal–dermal junction
(Fig. 4B). In the STZ group, the intensified ERK1/2-IR was observed in
dermal nerve fascicles on either PIW 2 or PIW 8 (Fig. 4D and F).
Quantitative comparisons of ERK1/2-IR SENFs areas showed a sig-
nificant difference between the STZ and Citrate group during the entire
experimental period (p < 0.05, respectively) (Fig. 4H).

Fig. 4. Changes of phosphorylated ex-
tracellular signal-regulated kinase 1/2
(pERK1/2) and ERK1/2 expressions in
SENFs after STZ induction. The sections
were immunostained with the antisera
against (A, C, E) pERK1/2 and (B, D, F)
ERK1/2. (A, B) The IR of SENFs in the
Citrate group, and the STZ group at (C,
D) PIW 2 and (E, F) PIW 8 were ex-
posed. (J, K, L) Panels showed the
quantitative IR SENFs areas. IR SENFs
in the Citrate exhibited linear appear-
ances in the dermal nerve fascicles and
with blunt rod-like nerve terminals
adjacent epidermal-dermal junction.
(C, E) pERK1/2-IR SENFs in the STZ
group showed many linear shapes in
dermal nerve fascicles and sub-
epidermal nerve plexus formed nu-
merous tiny sprouting nerve terminals.
(D, F) In the STZ group, intensified
ERK1/2-IR SENFs appeared to be seen
in dermal nerve fascicles. The temporal
changes of SENFs distribution in the
Citrate group (open bars) and the STZ
group (fill bars) were quantified by the
results of IR, which were represented as
the area of IR SENFs (mean ± SD;
n= 4 in the Citrate group and n= 6 in
the STZ group). Student’s t test was
applied to examine the differences
against the values of the Citrate group
at each time point. Statistical compar-
isons were made by a one-way ANOVA,
followed by Bonferroni post hoc test,
with the times as the within-subjects
factor. Scale bar= 50 μm.
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3.6. Colocalization of pERK1/2-IR SENFs and peptidergic SENFs after STZ
induction

To elucidate relationships between the phosphorylation of ERK1/2
and neuropeptides in the primary afferents of the skin after STZ in-
duction, the sections from the STZ group at PIW 2 were analyzed by
double immunofluorescence (Fig. 5). pERK1/2-IR were predominantly
colocalized with SP-IR in SENFs in subepidermal nerve plexus and tiny
nerve terminals near the epidermal–dermal junction (Fig. 5A to 5C).
Quantitative SENFs areas demonstrated that there were about 76.68%
SP-IR SENFs colocalized with pERK1/2-IR SENFs (Fig. 5D). In contrast,
although the distribution of pERK1/2-IR SENFs in dermal nerve fas-
cicles was similar to CGRP-IR SENFs, pERK1/2 and CGPR were not
meaningfully coexpressed (Fig. 5E to 5 G). Only 1.29% of CGRP-IR
SENFs was colocalized with pERK1/2-IR SENFs (Fig. 5H). Moreover,
CGRP-IR was colocalized with SP-IR in SENFs, which was mainly de-
tected in the subepidermal nerve plexus (Fig. 5I–K). Quantitative SENFs
areas revealed that approximately 13.52% SP-IR SENFs were coloca-
lized with CGRP-IR SENFs (Fig. 5L).

3.7. Effects of BoNT/A on STZ-induced hypersensitivity

We hypothesized that peptidergic SENFs mediated STZ-induced
hypersensitivity to initiate neurogenic inflammation. Thus, BoNT/A
was used to block the release of neuropeptides from SENFs, and all
hypersensitivity was assessed after i.pl. injection (Fig. 6). After STZ
induction, the local effects of BoNT/A produced a dose-dependent
(F= 29.03; p < 0.0001), significant increase of withdrawal latencies
(F = 2.67; p= 0.0062) and changed the temporal pattern of thermal
hyperalgesia (F = 5.59; p= 0.0007) (Fig. 6A). In the BoNT/A 7U/kg

group, withdrawal latencies were rapidly increased and maintained
from PID 1 to PID 7. On PID 14, withdrawal latencies had nearly re-
turned to previous values. In the Vehicle group, STZ-induced diabetic
rats exhibited comparable withdrawal latencies starting from PID 1 to
PID 14 (vs. PID 0, p>0.05, respectively).

BoNT/A slightly affected the increase of withdrawal thresholds
(F= 1.24; p= 0.2811) in a dose-responsive manner (F = 12.73; p <
0.0001) and altered the pattern of mechanical hyperalgesia (F = 3.85;
p= 0.0075) over time after STZ induction (Fig. 6B). In the BoNT/A
7U/kg group, withdrawal thresholds quickly increased and continued
from PID 1 to PID 7; however, withdrawal thresholds had reverted on
PID 14 and exhibited the trend of mechanical hyperalgesia. After STZ
induction, the effects of BoNT/A on mechanical thresholds revealed a
considerable increase (F= 10.02; p < 0.0001) dose-dependently (F =
71.73; p < 0.0001), and the time-based pattern of mechanical allo-
dynia changed (F = 22.54; p < 0.0001) (Fig. 6C). For instance, STZ-
induced mechanical thresholds in the BoNT/A 7U/kg group showed a
significant reversal from PID 1 to PID 3 and partially returned on PID
14.

3.8. Influence of U0126 on hypersensitivity after STZ induction

To test the hypothesis that STZ-induced increases of pERK1/2-IR
SENFs contributed to hypersensitivity, the role of U0126 after an i.pl.
injection was investigated (Fig. 6). After STZ induction, the local effects
of U0126 showed a significant increase of withdrawal latencies
(F= 14.18; p < 0.0001) in a dose-responsive manner (F = 269.8;
p < 0.0001) and changed the sequential pattern of thermal hyper-
algesia (F = 31.05; p < 0.0001) (Fig. 6D). In the U0126 50 μM group,
withdrawal latencies were rapidly intensified and sustained from PIH 1

Fig. 5. Double immunofluorescence study of STZ-induced SENFs distribution. The sections from the STZ group at PIW 2 were immunostained with a combi-
nation of primary antisera, including (A, B) pERK1/2 and SP, (E, F) pERK1/2 and CGRP and (I, J) CGRP and SP. (A, E, I) Alexa Fluor® 488 (green) and (B, F, J) Alexa
Fluor® 594 (red) were used to label IR in SENFs. (C, G, K) The merged images of IR SENFs illustrated colocalization in the superficial dermis of the skin. (D, H, L)
Panels showed the quantitation of individual IR SENFs areas and their colocalized areas. Scale bar= 100 μm (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).
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to PIH 6. Conversely, withdrawal latencies at PIH 24 were indicated as
a condition of thermal hyperalgesia. In the Vehicle group, STZ-induced
diabetic rats displayed similar withdrawal latencies from PIH 1 to PIH
24 (vs. PIH 0, p>0.05, respectively).

U0126 significantly affected an increase of withdrawal thresholds
(F= 1.69; p= 0.0451) dose dependently (F = 32.70; p < 0.0001)
and changed the temporal pattern of mechanical hyperalgesia (F =
4.34; p= 0.0003) after STZ induction (Fig. 6E). In the U0126 50 μM
group, withdrawal thresholds increased rapidly and continued from
PIH 1 to PIH 6; however, withdrawal thresholds at PIH 24 gradually
reverted to mechanical hyperalgesia. Following STZ induction, the ef-
fects of U0126 on mechanical thresholds did not expose any significant
difference (F= 1.45; p= 0.1168) in a dose-responsive manner (F =
0.87; p= 0.4587) and did not alter the time-based pattern of me-
chanical allodynia (F = 0.48; p= 0.8500) (Fig. 6F). For example, STZ-
induced mechanical thresholds in the U0126 50 μM group showed
equivalent values from PIH 1 to PIH 6 and at PIH 24. Additionally,
U0124 50 μM did not influence withdrawal latency, withdrawal
thresholds, and mechanical thresholds form PIH 1 to PIH 6 and at PIH
24 (p > 0.05, respectively).

3.9. Effects of U0126 on STZ-induced SP-, CGRP- and pERK1/2-IR in
SENFs

To elucidate the effects of U0126 on STZ-induced morphological
changes in the skin, the distribution of SP-, CGRP-, and pERK1/2-IR
SENFs were assessed at PIH 6 following i.pl. injection (Fig. 7). SP-IR
SENFs in the Vehicle group originated from dermal nerve fascicles and
showed beaded shapes in the subepidermal nerve plexus (Fig. 7A). In

the U0126 50 μM group, U0126 resulted in a dramatic loss of SP-IR
SENFs (Fig. 7B). There was a significant difference in areas of SP-IR
SENFs between the Vehicle group and the U0126 50 μM group
(p=0.0002) (Fig. 7C). In the Vehicle group, the irregular shapes of
CGRP-IR SENFs close to the epidermal–dermal junction withdrew to
dermal nerve fascicles (Fig. 7D). The partial reduction of CGRP-IR
SENFs in the U0126 50 μM group was clearly shown in dermal nerve
fascicles (Fig. 7E). The quantitative areas of CGRP-IR SENFs exposed a
significant difference between the Vehicle group and the U0126 50 μM
group (p= 0.0142) (Fig. 7F). pERK1/2-IR SENFs in the Vehicle group
displayed linear shapes in dermal nerve fascicles with tiny sprouting
nerve terminals around the epidermal–dermal junction (Fig. 7G). In the
U0126 50 μM group, only few fragmented pERK1/2-IR SENFs were
observed (Fig. 7H). Areas of pERK1/2-IR SENFs in the Vehicle group
were significantly different than those in the U0126 50 μM group (p <
0.0001).

3.10. Role of BoNT/A in SP-, CGRP- and pERK1/2-IR SENFs following
STZ induction

To illustrate the role of BoNT/A in STZ-induced morphological
changes in the skin, the distributions of SP-, CGRP-, and pERK1/2-IR
SENFs were evaluated at PID 3 and PID 14 after i.pl. injection (Fig. 8).
After i.pl. BoNT/A 7U/kg injection, a few fragmented SP-IR SENFs were
detected in the subepidermal nerve plexus at PID 3 (Fig. 8A). SP-IR that
slightly increased in SENFs showed beaded shapes at PID 14 (Fig. 8B).
The quantitative values in the BoNT/A 7U/kg group compared with
those in the Vehicle group indicated that BoNT/A 7U/kg significantly
diminished areas of SP-IR SENFs (p < 0.0001 at PID 3 and p= 0.0010

Fig. 6. Effects of Botulinum toxin type A (BoNT/A) and U0126 in hypersensitivity after STZ induction. (A, B, C) BoNT/A, a neurotoxic protein produced by the
bacterium Clostridium botulinum, and (D, E, F) U0126, a potent and selective MAPKs kinase 1/2 inhibitor, were used to STZ-induced diabetic rats by an intraplantar
(i.pl.) injection for evaluating its effects on (A, D) thermal hyperalgesia, (B, E) mechanical hyperalgesia and (C, F) mechanical allodynia. The withdrawal latency,
withdrawal threshold, and mechanical threshold were represented as the mean ± SD. The properties of BoNT/A were tested at the concentration of vehicle (white
circles), 3U/kg (light blue circles), 5U/kg (blue circles), and 7U/kg (deep blue circles) (n=4 per group). The properties of U0126 were verified at the concentration
of vehicle (white circles), 1 μM (light pink circles), 20 μM (deep pink circles), and 50 μM (red circles) (n=4 per group). Negative control was demonstrated by an i.pl.
U0124 50 μM injection (purple circles), an inactive analog of U0126, in STZ-induced diabetic rats (n= 4). Statistical comparisons were made by a two-way ANOVA,
followed by Bonferroni post hoc test, with the concentrations of BoNT/A or U0126 as between-subjects factors and time as the within-subjects factor (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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at PID 14) (Fig. 8C). Notably, PID 3 and PID 14 differed significantly in
the BoNT/A 7U/kg group (p= 0.0017). In the BoNT/A 7U/kg group,
limited CGRP-IR in SENFs were identified at PID 3 in dermal nerve
fascicles, with enlarged swelling of the nerve terminal adjacent to the
epidermal–dermal junction (Fig. 8D). Numerous CGRP-IR SENFs in-
creased in dermal nerve fascicles and clearly formed the subdermal
nerve plexus at PID 14 (Fig. 8E). The quantitative values in the BoNT/A
7U/kg group suggested that BoNT/A 7U/kg had an intense effect on
decreased areas of CGRP-IR SENFs, which were comparable with the
Vehicle group (p < 0.0001 at PID 3 and p= 0.0108 at PID 14)
(Fig. 8F). In the BoNT/A 7U/kg group, the values of areas of CGRP-IR
SENFs significantly intensified at PID 14 (p= 0.0004). Several pERK1/
2-IR SENFs in the BoNT/A 7U/kg group presented as irregular lines
close to the epidermal–dermal junction at PID 3 (Fig. 8G). pERK1/2-IR
largely increased in SENFs at PID 14, showing in dermal nerve fascicles
and visibly forming the subdermal nerve plexus (Fig. 8H). The quan-
titative values compared with the Vehicle group confirmed that BoNT/

A 7U/kg significantly reduced areas of pERK1/2-IR SENFs (p <
0.0001 at PID 3 and p= 0.0002 at PID 14) (Fig. 8I). Between PID 3 and
PID 14, there was a significant difference in the BoNT/A 7U/kg group
(p= 0.0001).

3.11. Influence of TRPV channel antagonists on STZ-induced
hypersensitivity and distribution of SENFs

It was hypothesized that phosphorylation of ERK1/2 in SENFs might
influence TRPV channel release of neuropeptides that induce hy-
persensitivity. Therefore, TRPV1 channel antagonist, capsazepine, and
TRPV4 channel antagonist, RN-1734, were selected to block TRPV
channels by i.pl. injection. Additionally, changes of values were eval-
uated for areas of SP-, CGRP-, and pERK1/2-IR SENFs (Fig. 9). With STZ
induction, the local effects of TRPV channel antagonists produced a
dose-dependent (capsazepine: F= 108.3, p < 0.0001; RN-1734: F =
58.61, p < 0.0001) significant increase of withdrawal latency

Fig. 7. Influence of U0126 on STZ-induced SENFs distribution. The sections were immunostained with the antisera against (A, B) SP, (D, E) CGRP and (G, H)
pERK1/2. Graphs showed the efficacy of U0126 at post injection hour (PIH) 6 in.(A, D, G) the Vehicle group and (B, E, H) the U0126 50 μM group after STZ induction.
(C, F, I) Panels revealed the quantitative IR SENFs areas. In the U0126 50 μM group, peptidergic SENFs presented the few varicosities or swelling appearances (red
arrowhead) in the subepidermal plexus adjacent to epidermal-dermal junction, where pERK1/2-IR SENFs exhibited the short fragments (green arrowhead). The
alterations of SENFs distribution in the Vehicle group (open bars) and the U0126 50 μM group (fill bars) were quantified at PIH 6 by the results of IR, which were
represented as the area of IR SENFs (mean ± SD; n= 4 per group). Student’s t test was applied to examine the differences against the results of the Vehicle group.
Scale bar= 50 μm (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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(capsazepine: F = 6.84, p < 0.0001; RN-1734: F = 3.40, p <
0.0001) and changed the temporal pattern of thermal hyperalgesia
(capsazepine:F = 31.96, p < 0.0001; RN-1734: F = 17.42, p <
0.0001) (Fig. 9A and D). TRPV channel antagonists significantly in-
creased STZ-induced withdrawal thresholds (capsazepine: F= 1.88,
p= 0.0207; RN-1734: F = 1.28, p= 0.2083) in a dose-responsive
manner (capsazepine: F = 29.33, p < 0.0001; RN-1734: F = 23.28,
p < 0.0001) and altered the time-based pattern of mechanical hy-
peralgesia (capsazepine: F = 17.42, p<0.0001; RN-1734: F=10.34,
p < 0.0001) (Fig. 9B and E). After STZ induction, the effects of TRPV
channel antagonists on mechanical thresholds (capsazepine: F= 4.345,
p < 0.0001; RN-1734: F = 2.92, p= 0.0002) exhibited a significant
dose-dependent increase (capsazepine: F = 69.17, p < 0.0001; RN-
1734: F = 53.84, p < 0.0001) and changed the time-based pattern of
mechanical allodynia (capsazepine: F = 22.84, p < 0.0001; RN-1734:
F = 17.57, p < 0.0001) (Fig. 9C and F).

In the capsazepine 25mM group, capsazepine resulted in a decrease
of areas of SP-IR SENFs that were more significant than those in the
Vehicle group (p=0.0005) (Fig. 9G). Quantitative areas of CGRP-IR
SENFs revealed a significant difference between the capsazepine 25mM
group and the Vehicle group (p= 0.0089). Areas of pERK1/2-IR SENFs
in the capsazepine 25mM group were significantly different than those
in the Vehicle group (p < 0.0001). The quantitative values compared
with the Vehicle group indicated that RN-1734 120mM reduced areas
of SP-IR SENFs significantly (p= 0.0003) (Fig. 9H). The quantitative
values suggested that RN-1734 120mM had an intense effect on the
decreased areas of CGRP-IR SENFs, which paralleled the Vehicle group
(p= 0.0007). Quantitative areas of pERK1/2-IR SENFs confirmed that
RN-1734 120mM had a noticeable effect on pERK1/2-IR, which sig-
nificantly paralleled the Vehicle group (p < 0.0001).

Fig. 8. Effects of Botulinum toxin type A (BoNT/A) on SENFs distribution after STZ induction. The sections were immunostained with the antisera against (A, B)
SP, (D, E) CGRP and (G, H) pERK1/2. Graphs showed the effectiveness of BoNT/A in the BoNT/A 7U/kg group at (A, D, G) post injection day (PID) 3 and (B, E, H) PID
14 after STZ induction. (C, F, I) Panels revealed the quantitative IR SENFs areas. In the BoNT/A 7U/kg group, peptidergic SENFs at PID 3 presented rare beaded
varicosities or swelling forms (red arrowhead) in the subepidermal plexus nearby epidermal-dermal junction, where pERK1/2-IR SENFs exhibited the irregular
fragments (green arrowhead). The time-dependent changes of SENFs distribution in the Vehicle group (open bars) and the BoNT/A 7U/kg group (fill bars) were
quantified at PID 3 and PID 14 by the results of IR, which were represented as the area of IR SENFs (mean ± SD; n= 4 per group). Student’s t test was applied to
examine the differences against the values of the Vehicle group at two time point. Scale bar= 50 μm (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).
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4. Discussions

Cumulative evidence suggest that hyperglycemia and hypersensi-
tivity are not correlated in rats following STZ induction (Grote and
Wright, 2016; Bishnoi et al., 2011; Cunha et al., 2009; Romanovsky
et al., 2006). According to our laboratory data, STZ-induced diabetic
rats with blood glucose levels less than 400mg/dl still exhibited
thermal hyperalgesia, mechanical hyperalgesia and mechanical allo-
dynia. Thus, it is reasonable to propose that STZ-induced hypergly-
cemia was a result of insulin deficiency, known as insulinopenia in the
clinical diagnosis. In view of that, Guo et al. report that an i.pl. insulin
injection attenuates mechanical hyperalgesia in STZ-induced diabetic
C57BL/6 J mice (Guo et al., 2011). Moreover, treating STZ-induced
diabetic rats with insulin reveals an improvement in gastrointestinal
symptoms (Lin et al., 2008). Interestingly, local hyperglycemia in both
the sciatic nerve and the DRG by perfusion with a high-glucose solution

also causes obvious mechanical hyperalgesia in rats (Dobretsov et al.,
2003 and 2001). Taken together, these data indicate that chronic effects
of hyperglycemia results in a phenomenon referred to as the glucose
neurotoxicity.

Skin biopsy combined with quantitative density of PGP9.5-IR IENFs
has become an established pathological approach for the clinical di-
agnosis of human type 1 and type 2 DM (Polydefkis et al., 2001; Sumner
et al., 2003; Shun et al., 2004). It is known that density of PGP9.5-IR
IENFs is significantly decreased in both human type 1 and type 2 DM
(Cheng et al., 2013; Shun et al., 2004). In STZ-induced diabetic rats,
PGP9.5-IR IENFs and epidermal thickness are affected in the glabrous
skin (Boric et al., 2013; Calcutt, 2004). These PGP9.5-IR IENFs are
degenerated and even fail to penetrate epidermis, and often forming
fragmented subepidermal nerve plexus and nerve fascicles in dermis
(Kennedy et al., 1996). In consistent with the previous studies, we
found that PGP9.5-IR reduced in SENFs during the entire experimental

Fig. 9. Role of transient receptor potential vanilloid (TRPV) channel antagonists in STZ-induced hypersensitivity and SENFs distribution. (A, B, C) TRPV1 channel
antagonist, capsazepine, and (D, E, F) TRPV4 channel antagonist, RN-1734, were selected to block TRPV channels in STZ-induced diabetic rats by an i.pl. injection for
evaluating its effects on (A, D) thermal hyperalgesia, (B, E) mechanical hyperalgesia and (C, F) mechanical allodynia. The withdrawal latency, withdrawal threshold,
and mechanical threshold were represented as the mean ± SD. The properties of capsazepine were tested at the concentration of vehicle (white circles), 1 mM (light
orange circles), 5 mM (orange circles), and 25mM (deep orange circles) (n=4 per group). The properties of RN-1734 were verified at the concentration of vehicle
(white circles), 30 μM (light green circles), 60 μM (green circles), and 120 μM (deep green circles) (n= 4 per group). Statistical comparisons were made by a two-way
ANOVA, followed by Bonferroni post hoc test, with the concentrations of TRPV channel antagonists as between-subjects factors and time as the within-subjects factor.
(G, H) The changes of SENFs distribution in the Vehicle group (open bars) and the Capsazepine 25mM group or the RN-1734 120mM group (fill bars) were
quantified at PIH 6 by the results of IR, which were represented as the area of IR SENFs (mean ± SD; n=4 per group). Student’s t test was applied to examine the
differences against the results of the Vehicle group (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article).
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period after STZ induction. Furthermore, peripherin-IR SENFs exhibited
obvious nerve terminal swellings and declined in dermal nerve fas-
cicles, indicating the degeneration of unmyelinated C and myelinated
A-delta nerve fibers. Additionally, we found a decrease of NF200-IR
SENFs, presenting as the degeneration of myelinated A-beta nerve fi-
bers. Similar results have also been observed in STZ-induced diabetic
mice skin (Yasuda et al., 2003). These data suggest that partial nerve
degeneration occurs in all the phenotypes of SENFs, which may be a
reason for developing hypersensitivity after STZ induction.

In patients with type 1 DM, immunohistochemistry reveals four
neuropeptides, including SP, CGRP, vasoactive intestinal polypeptide,
and neuropeptide Y, are decreased in IENFs (Pinho-Ribeiro et al.,
2017). These neuropeptides expressed in unmyelinated C fibers are
either SP and/or CGRP, and myelinated A-delta fibers are entirely ex-
pressed as CGRP (Ko et al., 2014; Johnson et al., 2008). It has been
reported that early treatment with insulin prevents STZ-induced nerve
denervation in gastric mucosa, where SP- or CGRP-IR nerve fibers are
preserved (Lin et al., 2008). In the existing results, an obvious decrease
of SP-IR SENFs was detected in subepidermal nerve plexus, and reduced
CGRP-IR SENFs were mostly observed in dermal nerve fascicles fol-
lowing STZ induction. Based on these results, the integrity of pepti-
dergic SENFs was altered in STZ-induced diabetic rat skin, which pro-
vides opportunities to examine the correlation between neuropeptides
and hypersensitivity.

An enhanced release of neuropeptides from primary afferents pro-
motes the degranulation of mast cells and recruitment of circulating
neutrophils, macrophages and T cells, known as the neurogenic in-
flammation (Pinho-Ribeiro et al., 2017; Choi and Di Nardo, 2018).
Nerve growth factor (NGF) is considered as a major neurotrophin,
which is released from these immune cells and involved in neu-
roimmune interactions (Khodorova et al., 2013; Osikowicz et al., 2013;
Ji et al., 2002). Neurotrophin binding to tyrosine kinase A (TrkA) re-
ceptor and p75 pan-neurotrophin receptor (NTR) activates signaling
cascades, which further regulating the release of neuropeptides (Pezet
et al., 2002; Khodorova et al., 2013; Fernyhough et al.,1995). More-
over, it has been proposed that endocytosis of NGF can regulate axonal
retrograde transport from the skin to the DRG to modulate the synthesis
of neuropeptides (Lindsay and Harmar, 1989; Goedert et al., 1981).
Therefore, the decrease of peptidergic SENFs in STZ-induced diabetic
rat skin may be resulted from the elevation of SP and CGRP releasing
which regulated by activation of neurotrophin cascades.

Recently, a subcutaneous BoNT/A injection administrated in pa-
tients with type 1 DM blocks the release of neuropeptides, with suc-
cessful relief of hypersensitivity (Ghasemi et al., 2014; Yuan et al.,
2009; Kumar, 2018; Paterson et al., 2014). Furthermore, the acceptance
of BoNT/A for the treatment of hypersensitivity has also been illu-
strated its analgesic properties in the rodent models of inflammatory
and neuropathic pain (Lee et al., 2011; Favre-Guilmard et al., 2009;
Bach-Rojecky et al., 2005). In the present study, we confirmed that STZ-
induced thermal hyperalgesia, mechanical hyperalgesia, and mechan-
ical allodynia were attenuated by an i.pl. BoNT/A injection dose-de-
pendently. The analgesic effects of BoNT/A are by the reduced release
of neuropeptides from primary afferents, revealing a direct peripheral
inhibition of hypersensitivity (Park and Park, 2017; Guo et al., 2013).
The long lasting analgesic effects of BoNT/A may be induced by axonal
retrograde transport to the DRG and even by axonal anterograde
transport to the spinal cord, resulting in an indirect central inhibition of
hypersensitivity (Park and Park, 2017). Although BoNT/A can block the
release of neuropeptides, we found a further decrease of SP- and CGRP-
IR SENFs in STZ-induced diabetic rat skin. This efficacy of BoNT/A on
the reduction of CGRP-IR IENFs and CGRP contents in the skin is also
been observed in a mice model of TRPV1 channel-depleted neuropathy
(Hsieh et al., 2012). We suppose that blockage of release of neuro-
peptides may favor the degradation of neuropeptides in synaptic ve-
sicles by cytosolic proteases, providing an explanation for the decrease
of these detectable peptidergic SENFs in STZ-induced diabetic rat skin.

Due to the increase of SP- and CGRP-IR SENFs at PID14 following i.pl.
BoNT/A injection, we suggested the newly synthesized neuropeptides
allow comparatively restoration in synaptic vesicles.

The multiple receptors, including ionotropic glutamate receptor
(GluR), metabotropic GluR, neurokinin-1 receptor, and TrkA receptor,
are involved in the modulation of ERK1/2 (Sandkühler, 2007; Kawasaki
et al., 2004; Pezet et al., 2002). In STZ-induced diabetic rats, the
binding of NGF to TrkA receptor and/or p75 NTR causes the activation
of signaling cascades in the nerve and the DRG, where ERK1/2 and p38
kinases are phosphorylated (Khodorova et al., 2013; Ji et al., 2002;
Fernyhough et al., 1995). Our study further revealed that these ob-
servations were extended to the STZ-induced diabetic rat skin, where
increased pERK1/2-IR SENFs were consistently sustained until the
second month after STZ induction. Double immunofluorescence showed
that a portion of pERK1/2-IR SENFs was colocalized with SP- or CGRP-
IR SENFs. It implies that activation of ERK1/2 in primary afferents may
be closely linked to the release of neuropeptides that induces hy-
persensitivity.

U0126 attenuates capsaicin- and NGF-evoked thermal hyperalgesia,
which is like the property of phosphatidylinositol 3-kinase inhibitor
through an i.pl. injection (Zhuang et al., 2004). In the present study, we
concluded that an i.pl. U0126 injection attenuated STZ-induced thermal
hyperalgesia and mechanical hyperalgesia in a dose-responsive manner,
but had no effect on mechanical allodynia. Based on our morphologic
evidence, an i.pl. U0126 50 μM injection diminished pERK1/2- and SP-
IR SENFs rapidly, whereas a portion of CGRP-IR SENFs was reserved.
Moreover, the comparable decreased pattern of pERK1/2-IR SENFs was
also exposed following an i.pl. BoNT/A 7U/kg injection. These results
suggested that neurogenic inflammation might be further associated
with the phosphorylation of ERK1/2 in primary afferents. Together, we
reveal a correlation between pERK1/2-IR SENFs and hyperalgesia, and
propose a therapeutic potential of ERK inhibitor in the human type 1
DM.

Neuropeptides are generally storage in synaptic vesicles, large
dense-core vesicles, and released through an ion channel-dependent
calcium influx and SNARE protein-mediated membrane fusion (Zhao
et al., 2011; Gustavsson et al., 2012). Synaptic vesicles are also served
as carriers of ion channels, including TRPV1, TRPV4, and TRP ankyrin
1 (TRPA1) channels (Srebro et al., 2016; Cui et al., 2014; Zhao et al.,
2011). TRP channels in primary afferents are critical in the regulation
of exocytosis of synaptic vesicles and recruitment of the new TRP
channels (Devesa et al., 2014; Meng et al., 2016; Lamarre and Bjorling,
2015). Thus, we suggest that TRP channels modulate the release of
neuropeptides, which is linked to the increased translocation of the new
TRPV channels to the plasma membrane for developing STZ-induced
hypersensitivity. Capsazepine, the TRPV1 channel antagonist, indicates
the capsaicin-evoked hypersensitivity, but not the cutaneous vasodila-
tion and edema, was improved (Gouin et al., 2017). Our present data
revealed the therapeutic effects of capsazepine on STZ-induced thermal
hyperalgesia, mechanical hyperalgesia, and mechanical allodynia were
dose dependently. Remarkably, Kistner et al. reveal that capsazepine
also acts as the TRPA1 channel agonist that causes sustained TRPA1
desensitization to inhibit neurogenic inflammation in mice model of
dextran sulphate sodium colitis, even providing its intense effects on
thermal hypoalgesia in naïve mice (Kistner et al., 2016). Additionally,
our present study illustrated that the TRPV4 specific antagonist, RN-
1734, are like capsazepine for the reduction of thermal hyperalgesia,
mechanical hyperalgesia, and mechanical allodynia. These results are
in agreed with a recent study showing that magnesium sulfate solution-
induced mechanical hyperalgesia is attenuated by RN-1734 (Srebro
et al., 2016). It supports an idea that TRPV4 channel antagonists could
be another choice as an analgesic drug in the treatment of hy-
persensitivity in human type 1 DM.

Several signaling cascades, containing the protein kinase A (PKA),
PKB (Akt), PKC, ERK1/2, and calcium/calmodulin-dependent protein
kinase II, have been involved in sensitizing TRPV1 channel (Luo et al.,
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2015; Zhuang et al., 2004; Clapham, 2003). Furthermore, it has been
shown that TRPV1 channel is colocalized with phosphorylated ERK1/2
in most small-diameter DRG neurons, which mediates capsaicin- and
NGF-evoked thermal hyperalgesia (Zhuang et al., 2004). An i.pl. cap-
sazepine 25mM injection reduced peptidergic- and pERK1/2-IR SENFs.
Comparable results also show the effective local and systemic treat-
ments with capsazepine decrease the released CGRP contents measured
in the colon and the skin (Kistner et al., 2016). It is also linked to a
previously report that increased TRPV1 channel contributes to STZ-
induced thermal hyperalgesia in mice (Pabbidi et al., 2008). Further-
more, our morphological evidence confirmed that RN-1734 was also
efficiently reduced peptidergic- and pERK1/2-IR SENFs after STZ in-
duction. Collectively, these results suggest that translocation of the new
TRP channels may be modulated by ERK1/2 activation in primary af-
ferents for the development of hypersensitivity.

In conclusion, the present study demonstrated that (1) PGP9.5-,
peripherin-, and NF200-IR SENFs were reduced; (2) there were large
decreases of SP- and CGRP-IR SENFs; (3) pERK1/2- and ERK-IR were
significantly increased in SENFs; (4) an i.pl. BoNT/A injection atte-
nuated thermal hyperalgesia, mechanical hyperalgesia, and mechanical
allodynia; (5) pERK-IR SENFs mediated thermal hyperalgesia and me-
chanical hyperalgesia, which were proven by an i.pl. U0126 injection;
(6) TRPV channel antagonists, capsazepine and RN-1734, reduce
thermal hyperalgesia, mechanical hyperalgesia, and mechanical allo-
dynia by an i.pl. injection; and (7) By studying the local analgesic ef-
fects, peptidergic- and pERK1/2-IR SENFs were efficiently decreased.
Taken together, our observations suggest the phosphorylation of ERK1/
2 in SENFs may participate in sensitizing TRPV channels, which med-
iate the release of neuropeptides and the translocation of the new TRPV
channels for developing STZ-induced hyperalgesia, providing novel
therapeutic strategies for targeting medications in the skin.
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