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Abstract Diabetic neuropathic pain (DNP) is the most
common disabling complication of diabetes. Emerging evi-
dence has linked the pathogenesis of DNP to the aberrant
sprouting of sensory axons into the epidermal area; however,
the underlying molecular events remain poorly understood.
Here we found that an axon guidance molecule, Netrin-3
(Ntn-3), was expressed in the sensory neurons of mouse
dorsal root ganglia (DRGs), and downregulation of Ntn-3
expression was highly correlated with the severity of DNP in
a diabetic mouse model. Genetic ablation of Ntn-3 increased
the intra-epidermal sprouting of sensory axons and worsened
the DNP in diabetic mice. In contrast, the elevation of Ntn-3
levels in DRGs significantly inhibited the intra-epidermal
axon sprouting and alleviated DNP in diabetic mice. In con-
clusion, our studies identified Ntn-3 as an important regula-
tor of DNP pathogenesis by gating the aberrant sprouting of
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sensory axons, indicating that Ntn-3 is a potential druggable
target for DNP treatment.
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Introduction

Diabetic neuropathic pain (DNP) is the most common disa-
bling complication of diabetes, affecting ~30% of diabetic
patients [1, 2]. DNP usually begins with increased sensitiv-
ity to mechanical and thermal stimuli in the feet [2, 3], then
progressively extends to proximal body parts as a continu-
ously burning, tingling, electricity-like, cramping, or aching
pain [4, 5]. DNP significantly reduces the quality of life of
patients, and there is currently no cure for this disease in
the clinic [6-9]. A better understanding of the molecular
mechanisms underlying DNP pathogenesis will facilitate the
development of more effective treatments for this disease.
In the past decades, several studies have linked DNP to
the peripheral nerve damage induced by hyperglycemia
and dyslipidemia in diabetes, which may represent one
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of the earliest pathological changes contributing to the
initiation of DNP [1-5]. However, clinical studies have
shown that some diabetic patients develop very severe
peripheral neuropathy while remaining pain-free [1, 2,
9]. This suggests that, besides nerve damage, other patho-
logical events may also contribute to the development of
DNP in diabetes.

Recently, emerging evidence began to reveal that aber-
rant axon sprouting plays an important role in this pro-
cess. As a compensatory response to the ongoing axon
loss in diabetes, peripheral nerves often exhibit active
axon regeneration in patients. However, such peripheral
nerve regeneration is insufficient to overcome the ongo-
ing distal axon loss; instead, it often causes the aber-
rant axon to sprout into epidermal areas, resulting in pain
generation. Consistent with this, skin punch biopsies
have found a significantly higher density of regenerating
nerves in diabetic patients with DNP compared to pain-
free patients [10—14]. These findings suggest that the
aberrant intra-epidermal axon sprouting may contribute
to the pathogenesis of DNP, however, the key signaling
molecules implicated in this process remain elusive.

It is known that adult neural regeneration shares
molecular and cellular features with neural development
[15, 16]. As the first axon guidance molecule to be iden-
tified, Netrin-1 (Ntn-1) is well-known for its function
in guiding the developing axons to their cellular targets
[17-19]. Meanwhile, it has also been found to play impor-
tant role in regulating neural regeneration and repair [20,
21]. To date, six Ntn family members have been identi-
fied in mammals, namely Ntn-1, -3, -4, -5, -G1, and -G2
[22]. In the past decades, most studies were focused on
revealing the important roles of Ntn-1, however, the func-
tions of other Ntn family members, such as Ntn-3, remain
largely unknown.

Previous studies have shown that Ntn-3 is predomi-
nately expressed in rodent DRGs at the developmental
stage [23]. In this study, we found that Ntn-3 sustained
its expression in the primary sensory neurons of DRGs
until adulthood, and genetic ablation of Ntn-3 in mice
did not cause any detectable developmental or behav-
ioral defects. However, in the diabetic mouse model,
Ntn-3 deficiency induced a significant increase in the
intra-epidermal sprouting of sensory axons, leading to
a worse DNP pathogenesis. Conversely, AAV-mediated
delivery of Ntn-3 to DRGs significantly inhibited the
intra-epidermal axonal sprouting and alleviated DNP in
diabetic mice. Above all, our studies reveal that Ntn-3 is
a key molecular regulator of DNP pathogenesis by gating
the aberrant sprouting of sensory axons. These findings
highlight the possibility that Ntn-3-based therapy has the
potential for DNP treatment in the future.
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Materials and Methods
Mice

The Nin-3-null allele was generated by replacing exon 2 of
the mouse Ntn-3 gene with the coding sequence of the LacZ
gene and a neomycin cassette (KOMP Repository, UC Davis,
Davis, CA, USA). Animals with both null alleles were con-
sidered to be Ntn-3 KO mice, which were maintained on
the C57BL6/J background. Ablation of Ntn-3 expression
was confirmed by reverse transcription PCR (RT-PCR) and
immunostaining. For RT-PCR analysis of Ntn-3 expression,
the following primers were used (Forward: 5'-CCACGC
TTGCCTTGCTTGCTCC-3'; Reverse: 5'-GGTGGCAGT
CACAAGCTCTGCAAG-3"). For immunostaining, rabbit
anti-Ntn-3 (Invitrogen, 1:1000, Waltham, MA, USA, PAS5-
62249) was used to detect Ntn-3 expression in mouse L4-L6
DRG samples.

To investigate the effect of Ntn-3 knockout on mouse
development, both male and female N#x-3 null homozygous
(Ntn-3 KO) mice, Ntn-3 null heterozygous (Ntn-3 Het) mice,
and their wild-type (WT) littermates were examined from
birth to 8 weeks old. For behavioral testing and diabetes
modeling, 8- to 10-week-old male mice (Ntn-3 KO or WT
littermate controls) were used. Animal procedures and anal-
yses were performed by investigators who were blinded to
the animal genotypes and treatment.

All animal studies and experimental procedures were
approved by the Animal Care and Use Committee of the
animal facility at Zhejiang University. Animals were housed
in groups under a 12-h light-dark cycle.

Glucose Tolerance Test

The glucose tolerance test was applied as previously
described [24]. Briefly, overnight-fasted mice were intra-
peritoneally (i.p) injected with 2 g/kg glucose. The blood
glucose level was measured at O (before injection), 15, 30,
45, 60, and 120 min after injection.

Streptozotocin-induced Diabetic Mouse Model

Diabetes was induced in mice by 2 consecutive days of STZ
(Sigma, Burlington, MA, USA) administration, which is
the most stable regime to induce diabetic polyneuropathy
[25]. All mice were injected with STZ (100 mg/kg, i.p)
or an equivalent volume of vehicle (Veh, citrate buffer,
pH 4.5) on two consecutive days. The cumulative dose of
STZ was 200 mg/kg. The blood glucose concentration was
monitored every week; >15 mmol/L for two consecutive
weeks was considered to be diabetes. Animals with blood
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glucose concentrations <15 mmol/L were excluded from
the experiments. Body weight was monitored weekly after
STZ administration.

Evaluating the Anxiety Levels and Motor Functions

The sensory function test depends on the reliable responses
of testing animals, therefore the influence of animals’ anxi-
ety or potential motor deficits needs to be excluded. There-
fore, Ntn-3 KO animals were pre-evaluated for anxiety levels
and motor functions. The open-field test was used to evaluate
the locomotor activity and anxiety-like behaviors. The fear
conditioning test was used to evaluate fear memory [26, 27].
Motor function and motor-sensory coordination were tested
by using rotarod, grip strength, and horizontal ladder tests
as previously described [28, 29].

Mechanical Allodynia

Mechanical allodynia was evaluated by the von Frey fila-
ment test. Briefly, mice were placed separately in a plastic
cage on wire mesh and acclimatized for at least 30 min each
day for 2 days before testing. For testing, a calibrated von
Frey filament was applied to the plantar surface of the hind
paw, and the 50% paw withdrawal threshold was calculated
by the up-and-down method [30].

Cold Allodynia

Cold allodynia was tested by applying a drop of acetone to
the ventral surface of the hind paw as previously described
[31]. The response to acetone was scored from 0 to 5 accord-
ing to the following scale: 0 = no response, 1 = brief lift,
sniff, flick, or startle; 2 = jumping and paw shaking; 3 =
multiple lifts and paw licks; 4 = prolonged paw lifting,
licking, shaking or jumping; 5 = paw guarding. Mice were
tested three times on each paw with an interval of 20 min
between tests. The average of three scores of each animal
was used in the analysis.

Thermal Hyperalgesia

Thermal hyperalgesia was tested in mice with a plantar test
device (Plantar Test Serial N, Ugo Basile, Gemonio, VA,
Italy). The latency of paw withdrawal from a radiant heat
stimulus was recorded. Mice were acclimated to the testing
environment each day for 2 days before testing. For testing,
the mice were placed on a glass platform under an acrylic
box for at least 30 min until they settled. Paw withdrawal
latency in response to the heat stimulus was measured three
times on each hind paw at 10-min interstimulus intervals.
The average of three latencies was used for analysis[32].

Dil Injection and Retrograde Labeling

Sensory neurons with epidermal innervation were
retrogradely labeled by 1,1’-dioctadecyl-3,3,3',3'-
tetramethylindocarbocyanine perchlorate (Dil) injection
[33]. Briefly, 1 uL Dil (5 mg/mL in DMSO, MCE, Mon-
mouth Junction, NJ, USA) was applied via a Hamilton
syringe at multiple sites on the skin of the footpad. Ten
days after the injections, the L4-L6 spinal cord and corre-
sponding DRGs were collected for immunohistochemistry.

Immunofluorescent Staining

Deeply-anesthetized mice were perfused with 4% para-
formaldehyde. The sciatic nerve, hind paw plantar skin,
L4-L6 spinal cord, and DRGs were collected for cry-
ostat sectioning at 20 pm. Tissue sections were incubated
overnight with the primary antibodies: rabbit anti-Ntn-3
(1:1000, Invitrogen, Waltham, MA, USA, PA5-62249);
rabbit anti-neurofilament 200 (NF200, 1:1000, Millipore,
Burlington, MA, USA, ab1991); rabbit anti-growth asso-
ciated protein 43 (GAP-43, 1:1000, Millipore, ab5220);
rabbit anti-ionized Ca?*-binding adapter molecule 1 (Ibal,
1:1000, Wako, Richmond, VA, USA, 019-19741); mouse
anti- glial fibrillary acidic protein (GFAP, 1:200, Santa
Cruz, Dallas, TX, USA, sc-33673); mouse anti-protein
gene product 9.5 (PGP9.5, 1:1000, Abcam, Cambridge,
UK, ab8189); mouse anti-calcitonin gene-related peptide
(CGRP, 1:1000, Abcam, ab81887); GS-isolectin B4 (IB4)
Alexa Fluor™ 488 (1:1000, Thermofisher, Waltham, MA,
USA, 121411); and rabbit anti-V5(1:1000, Cell Signal-
ing Technology, Danvers, MA, USA, 13202). Sections
were then incubated with secondary antibodies conju-
gated with Alexa Fluor 488 or 546 (1:1000, Invitrogen,
A11008, or A11029) for 1 h at room temperature. Images
were acquired by confocal microscopy (Olympus FV3000,
Shinjuku, Tokyo, Japan) and analyzed using ImageJ soft-
ware (National Institutes of Health, Bethesda, MD, USA).

Quantification of Epidermal Axons

PGP9.5-1abeled intra-epidermal nerve fiber density was
assessed and is presented as the mean number of fibers
crossing the dermal/epidermal junction per linear millim-
eter of the epidermis as previously described [34, 35]. The
abundance of GAP-43* axon sprouting was quantified and
is presented as the GAP-43" fluorescence intensity per
2 x 10* pm? of the epidermis (arbitrary units, a.u.). Five
adjacent fields from six tissue sections per mouse were
used for quantification.
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«Fig. 1 Ntn-3 is expressed in DRG sensory neurons and its expres-
sion is inversely correlated with the severity of DNP. A Immunostain-
ing of Ntn-3 colocalized with NeuN (arrows) in the DRGs of adult
WT mice. Scale bar, 50 pm. The boxed region of the merged images
is enlarged on the right. Scale bar, 15 pm. B Co-immunostaining
of Ntn-3 and neuronal subtype markers in mouse DRGs. Ntn-3 is
expressed in NF200* and CGRP* neurons (arrows), but rarely in
IB4* neurons. Scale bar, 50 pm. C The ratio of neuronal subtypes
in total Ntn-3* neurons. n = 3 mice. D Schematic of the experimen-
tal design. E Weekly blood glucose tests show that hyperglycemia is
induced by STZ administration in mice. **P < 0.01; ns, no signif-
icant difference by Student’s t-test. n = 9 mice per group. F qPCR
analysis show that Ntn-3 expression is downregulated in the DRGs
of DNP mice. **P < 0.01. ns, no significant difference by Student’s
t-test. n = 9 mice per group. G Ntn-3 expression in DRGs is signifi-
cantly correlated with the mechanical pain threshold in diabetic mice
at 4 weeks after STZ administration. n = 12 mice.

PCR (qPCR) with GAPDH as the internal control. The infor-
mation on primer pairs is listed in supplemental Table S1.

Transmission Electron Microscopy (TEM)

Isolated sciatic nerves were placed in 0.1 mol/L phosphate
buffer containing 2.5% glutaraldehyde, osmicated, dehy-
drated, and embedded with Araldite resin (SPI Supplies
Division Structure Probe, West Chester, PA, USA, 02828-
AF). Sciatic nerves were cut at 100 nm on an automated
microtome (Leica, Wetzlar, Germany, RM2065). Tissue
sections were stained with uranyl acetate and imaged in
a TECNALI 10 projection electron microscope [37]. Axon
degeneration was quantified by morphological hallmarks.
The density of myelinated fibers and the total transverse
area of unmyelinated axons in each frame area (3.5 x 3.5
um?) were quantified [36]. The axon g-ratio was analyzed
by ImagelJ as previously described [38].

Elevation of Ntn-3 Expression in Mouse DRGs

For AAV-Ntn-3 preparations, Ntn-3 cDNA was fused with a
V5 tag, which was inserted into the AAV?2/9 vectors with its
expression under the control of the CMV promoter (Brain-
VTA Wuhan Co., Ltd, Wuhan, Hubei, China ). The viral titer
was 1 x 10'3 viral genomes per milliliter (vg/mL). AAV-
Ntn-3 or AAV-GFP (control) was delivered by intrathecal
injection (i.t). Briefly, the spinal cord was first punctured
with a 30-G needle between L5 and L6; then 10 pL AAV
was injected into the cerebrospinal fluid [39, 40]. The
expression of AAV-Ntn-3 was further determined by qPCR.

Gene Expression Omnibus (GEO) Dataset Analysis

RNA-sequencing (RNA-seq) data of sural nerves in diabetic
patients was from a published database, GSE148059 (NCBI
Gene Expression Omnibus, Accession ID: GSE 148059,
http://www.ilincs.org/apps/grein/) [41]. Sural nerve samples

from type 2 diabetic patients had been monitored for >52
weeks. Based on the changes in myelinated fiber density
(AMFD%), subjects had been divided into regenerator and
intermediator groups according to different regenerative
statuses as previously described: the mean AMFD% + SD
was 35.6 = 17.4 for the regenerator group, and 4.8 + 12.1
for intermediator group [42]. Each group contained at least
14 individual patient samples. The expression of Ntn family
members was analyzed for each patient group.

Statistical Analysis

All data and graphs were analyzed using GraphPad Prism
7.0 software (MacKiev). Unpaired Student’s ¢-tests were
used for analysis between two groups. When comparing the
effect of two factors on multiple groups, two-way ANOVA
followed by Tukey’s post hoc test was used. P <0.05 was
considered significant, and the P-value for each experiment
is given in the figure legends. The correlation was analyzed
by Pearson’s correlation coefficient. Data are presented as
the mean + SEM. All data were analyzed by investigators
blinded to experimental groups.

Results
Ntn-3 is Expressed in DRG Sensory Neurons

Previous studies have found that Ntn-3 is predominantly
expressed in the DRGs at the embryonic stage [23], therefore
we wondered whether Ntn-3 can sustain its expression until
adulthood. By immunohistochemistry using the Ntn-3 anti-
body, we found that Ntn-3 was mainly expressed in NeuN*
DRG sensory neurons with its expression predominantly in
the CGRP* neuronal subtype but less in the NF200* and
IB4" neuronal subtypes (Fig. 1A—C). Besides the DRGs,
Ntn-3 expression was also detected in other neural tissues
including the brain, spinal cord, and nerve (Fig. S1).

To investigate the function of Ntn-3, Ntn-3 KO mice were
generated by replacing exon-2 with lacZ and Neo cassettes in
the Ntn-3 gene loci. Depletion of Ntn-3 expression was con-
firmed by RT-PCR and immunostaining with Ntn-3 antibod-
ies (Fig. S2A, B). First, we found that the birth ratio of Nm-3
Het/Het breeding was consistent with Mendel’s law (Fig.
S2C), suggesting the normal viability of Ntn-3 KO mice at
birth. Next, Ntn-3 KO mice had body weights and behavio-
ral functions similar to their WT littermates (Fig. S2D-0).
For example, fear conditioning and the elevated plus-maze
test showed that Ntn-3 KO mice exhibited normal anxiety-
like behaviors similar to their WT controls (Fig. S2E-G);
open-field and rotarod tests showed that Ntn-3 depletion did
not affect the spontaneous motor activity or motor-sensory
coordination (Fig. S2I-K); the sensory function of Nn-3 KO
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mice was also comparable to their WT controls, as indicated
by measurements of their mechanical and cold allodynia as
well as thermal hyperalgesia (Fig. S2M-0). Altogether,
these data suggested that Ntn-3 is dispensable for embryonic
development and physiological functions in mice.

Downregulation of Ntn-3 Expression is Highly
Correlated to the Severity of Diabetic Neuropathic Pain

Next, we wondered whether Ntn-3 plays a role in pathologi-
cal conditions such as DNP. To investigate this, STZ was
used to induce diabetes in mice (Fig. 1D), and the blood
glucose level was monitored as an indicator of hypergly-
cemic progression. We found that the blood glucose levels
rose from week 1 after STZ, then gradually increased in the
following weeks (Fig. 1E). In week 4 after STZ, the devel-
opment of DNP in each animal was evaluated by measuring
the mechanical allodynia using the von Frey test. Animals
with mechanical pain thresholds that dropped to <30% of
the baseline level were considered to experience severe
mechanical allodynia. At this stage, the expression of Ntn-3
was also assessed in DRGs by qPCR analysis. We found
that Ntn-3 expression was significantly decreased in diabetic
mice with severe mechanical allodynia compared to their
vehicle-treated littermates (Fig. 1F). Among the diabetic ani-
mals, there was a distinct correlation between the decrease
of Ntn-3 expression and the severity of mechanical allodynia
(Pearson’s correlation coefficient: » = 0.8947, P <0.00001;
Fig. 1G). However, the expression of other Ntn members,
such as Ntn-1 and Ntn-4, was less correlated with the sever-
ity of mechanical allodynia (Fig. S3A, B). Altogether, these
data link Ntn-3 to the pathogenesis of DNP in diabetes.

Ntn-3 Depletion Aggravates the Neuropathic Pain
in Diabetic Mice

To verify the involvement of Ntn-3 in DNP pathogenesis, we
assessed neuropathic pain in diabetic Ntn-3 KO mice. First,
we found that Ntn-3 KO mice displayed a normal glucose
metabolism in the glucose challenge test, which was com-
parable to WT mice (Fig. 2A). We also found that Ntn-3
KO mice exhibited significantly increased concentrations of
blood glucose and decreased body weights, similar to their
WT littermates (Fig. 2B, C). These results suggested that
Ntn-3 depletion has no significant effect on the progression
of STZ-induced diabetes.

During this period, the development of DNP was moni-
tored in diabetic WT and Nn-3 KO mice by the von Frey
test every week. We found that animals began to show signs
of mechanical allodynia 2 weeks after STZ administration.
At this stage, no significant difference was found between
diabetic WT and Ntn-3 KO mice. Starting from week 3
after STZ, the mechanical allodynia of diabetic Ntn-3 KO
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mice began to get worse than their diabetic WT littermates
(Fig. 2D). In week 4 after STZ, the diabetic Ntn-3 KO mice
also developed more severe cold allodynia than diabetic WT
mice in the acetone test (Fig. 2E). However, their thermal
pain levels remained comparable to the diabetic WT mice
in the thermal hyperalgesia test (Fig. 2F). These data sug-
gested that Ntn-3 deficiency worsens the mechanical and
cold allodynia in diabetic mice.

Ntn-3 Deficiency does not Aggravate Peripheral Nerve
Damage in Diabetic Mice

Since previous studies have linked DNP pathogenesis to
peripheral nerve damage in diabetes [43], we wondered
whether Ntn-3 depletion influences this pathological pro-
cess. To test this idea, we first assessed the proximal nerve
damage by collecting sciatic nerves from diabetic WT and
Nin-3 KO mice. Transmission electron microscopy (TEM)
revealed remarkable signs of axon degeneration and demy-
elination in sciatic nerves from STZ-induced diabetic WT
mice compared to vehicle controls (Fig. 3A), which was
confirmed by the analysis of their axon degeneration ratio
(an indicator of axon degeneration) and g-ratio (an indica-
tor of demyelination) (Fig. 3B, C). However, at this stage,
we found no changes in the density of myelinated axons
and coverage area of nonmyelinated axons in STZ-induced
diabetic mice (Fig. S4A, B), indicating that there was no
axon loss despite marked axon damage. Moreover, we found
no significant difference between diabetic Ntn-3 KO mice
and their diabetic WT littermates on all of the indicators of
axon pathology (Figs 3A—C and S4A, B). These analyses
of pathology suggested that Ntn-3 depletion does not affect
the progress of axon damage in sciatic nerves in week 4
after STZ administration. Since diabetic neuropathy is often
initiated in distal nerves, we then examined the distal nerve
damage by collecting skin samples from the hind paws of
diabetic WT and Ntn-3 KO mice. The density of intra-epi-
dermal nerve fibers was analyzed by immunostaining using
PGP9.5 antibodies. In week 4 after STZ, we found a sig-
nificant reduction of intra-epidermal nerve fiber density in
both diabetic WT and Ntn-3 KO mice, while there was no
difference between them (Fig. 3D). Taken together, these
data suggested that peripheral nerve damage is not the major
contributor to the worsened DNP in N-3 KO mice, at least
in the early stage of STZ-induced diabetic neuropathy.

Ntn-3 Deficiency does not Affect DNP-associated
Neuroinflammation

Similar to other types of neuropathic pain, neuroinflamma-
tion also contributes to the pathogenesis of DNP [5, 44].
Therefore, the neuroinflammation-associated gliosis was first
determined in the spinal cords of diabetic WT and Nn-3
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Fig. 2 Ntn-3 deficiency triggers hypersensitivity of mechanical and
cold allodynia in diabetic mice. A Ntn-3 KO mice perform normally
in the glucose tolerance test. n = 8 mice per group. B, C Weekly
blood glucose tests and body weight measurements indicate that
Ntn-3 KO mice respond to STZ-induced hyperglycemia in a similar
manner to that of WT littermates. *P < 0.05; **P < 0.01; ns, no sig-
nificant difference by two-way ANOVA. n = 8-12 mice per group.
D The mechanical pain threshold is significantly decreased in Nin-3

KO mice by immunohistochemistry. We found significant
activation of astrogliosis (GFAP™) and microgliosis (Ibal*)
in both STZ-induced diabetic WT and Ntn-3 KO mice com-
pared to their vehicle controls, while there was no differ-
ence between WT and Nn-3 KO mice regardless of STZ or

KO mice compared with WT littermates during DNP progression.
*P < 0.05; **P < 0.01 compared with the WT+STZ group by two-
way ANOVA. n = 11 mice per group. E Increased cold allodynia in
Nm-3 KO mice compared with WT littermates at week 4 after STZ
administration. **P < 0.01 by two-way ANOVA. n = 8-10 mice per
group. F No significant differences are found in thermal hyperalgesia
between diabetic Ntn-3 KO and WT mice. n = 7 mice per group. **P
< 0.01. ns, no significant difference by two-way ANOVA.

vehicle administration (Fig. S4C, D). Next, we examined
the expression of the main cytokines responsible for neuro-
pathic pain, interleukin-1 (IL-1), tumor growth factor-beta
(TGF-B), and nerve growth factor (NGF), in diabetic ani-
mals. Both STZ-treated WT and Ntn-3 KO mice exhibited a

@ Springer



752

Neurosci. Bull. May, 2023, 39(5):745-758

WT+STZ | |

Nitn-3 KO+Veh

| | Ntn-3 KO+STZ

O wt+veh
O wTt+sTZ

Axon degeneration ratio (%)

O wT+Veh
O wTt+sTZ

O

Density of PGP+ IENF
(fibers/mm2)

O wT+Veh
IL-1 O wT+sTZ

-

O Ntn-3 KO+Veh

S 4o ns
s 4 — B nin-3 KO+STZ
o
g 3 ns
o *
%: 2 *% * %
v — m
S
[
2 19
=
i

0

Spinal cord Nerve

Fig. 3 Ntn-3 deficiency does not affect peripheral nerve damage
and neural inflammation. A Representative TEM images of sci-
atic nerves from vehicle- and STZ-treated WT and Ntn-3 KO mice.
Both demyelinating axons (arrows) and degenerating axons (arrow-
heads) are observed in STZ-induced diabetic mice. Scale bar, 1 pum.
B Axon degeneration in the sciatic nerve is evaluated by the axon
degeneration ratio. **P < 0.01; ns, no significant difference by two-
way ANOVA. n = 6 sections from 2 to 3 mice per group. C Demy-
elination of the sciatic nerve is evaluated by the g-ratio. *P < 0.05;
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nerves from diabetic WT and Ntn-3 KO mice. **P < 0.01; ns, no sig-
nificant difference by two-way ANOVA. n = 3 mice per group.
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significantly increased expression of these cytokines com-
pared to their vehicle controls, while there was no difference
between WT and Ntn-3 KO animals regardless of STZ or
vehicle treatment (Fig. 3E-G).

Ntn-3 Deficiency Facilitates the Intra-epidermal
Sprouting of Sensory Axons

Previous studies have found that DNP is often associated
with aberrant axon sprouting in epidermal areas [1, 3, 10,
11, 13, 14, 45, 46]. Therefore, we collected skin samples
from the hind paws of diabetic WT and Ntn-3 KO mice,
in which the intra-epidermal sprouting of sensory axons
was examined by immunostaining using the GAP-43 anti-
body. We found that few GAP-43* axons were present in

A WT+Veh Nin-3 KO+Veh

WT+STZ Nitn-3 KO+STZ

GAP-43

the epidermis of both WT and Nn-3 KO mice after vehi-
cle treatment, while the epidermal innervation of GAP-43*
axons was significantly increased after STZ administration
with an even higher axon density in diabetic Ntn-3 KO mice
than diabetic WT mice (Fig. 4A, B). These data suggested
that Ntn-3 deficiency facilitates the intra-epidermal sprout-
ing of sensory axons in diabetes.

To identify the sensory neuronal subtype of aberrant
sprouting axons in Ntn-3 KO mice, we conducted a retro-
grade labeling experiment by injecting Dil into the epidermal
area of mouse hind paws. After 10 days, retrograde-labeled
sensory neuron subtypes were determined by immunostain-
ing with antibodies labeling the different subtypes. Interest-
ingly, we found that most of the Dil-labeled neurons were
CGRP™ sensory neurons in the DRGs of Ntn-3 KO mice

B

© |

WT+STZ
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Fig. 4 Ntn-3 deficiency causes the intra-epidermal sprouting of DRG
sensory axons in diabetic mice. A Representative images of GAP-43
staining in hind paw skin samples were collected four weeks after
STZ administration. Scale bar, 50 um. B Quantification of GAP-43
staining showing significantly increased axon sprouting in diabetic
Nn-3 KO mice compared with diabetic WT mice. **P < 0.01 by
two-way ANOVA. n = 6-8 mice per group. C Representative images
of CGRP and Dil double-labeled primary sensory neurons in the
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ns, no significant difference by two-way ANOVA. n = 6 mice per
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(Fig. 4C, D), indicating that Ntn-3 deficiency selectively
promotes epidermal innervation by CGRP* DRG neurons.
These results were consistent with our finding that Ntn-3
was predominantly expressed in CGRP neurons (Fig. 1B, C).

Elevation of Ntn-3 Levels in DRGs Alleviates
the Neuropathic Pain in Diabetic Mice

Along this line, we wondered whether the DNP could be
relieved by elevating the Ntn-3 levels in DRGs. To assess
this, we first delivered AAV-Nrn-3 into mouse DRGs by
i.t. injection (Fig. SA). After 8 weeks, Ntn-3 expression
was determined by qPCR analysis. We found that Ntn-3
expression exhibited a ~6-fold increase in DRGs infected
with AAV-Ntn-3 compared to AAV-GFP-infected controls
(Fig. 5B). Moreover, by immunostaining, we found that
AAV-Nin-3 was broadly expressed in DRG sensory neurons,
especially in the CGRP* subtype (Fig. S6).

Next, we injected these animals with STZ to induce
hyperglycemia (Fig. 5A). By monitoring their blood glu-
cose levels and body weight loss, we found that Ntn-3 over-
expression did not affect the progression of hyperglycemia

AAV-Nitn-3 i.t STZ i.p Tissue collection

WT mice l ¢ T
YR 1 l l

Week -4 0 4

v

Weekly test for blood glucose and sensory functions

(Fig. S7A, B). However, the von Frey test showed that the
mechanical allodynia in AAV-Ntn-3-injected mice was sig-
nificantly relieved to a level comparable to the non-diabetic
mice (Fig. 5C). Similarly, their cold allodynia was also sig-
nificantly alleviated (Fig. 5D).

The Intra-epidermal Sprouting of Sensory Axons
is Suppressed by Ntn-3 Expression

To determine whether the DNP-associated axon sprouting is
affected by Ntn-3 overexpression, we collected skin samples
from the hind paws of AAV-GFP and AAV-Ntn-3 infected
mice 4 weeks after STZ or vehicle treatment. The intra-epi-
dermal sprouting of sensory axons was examined by GAP-43
immunostaining. We found that the innervation of GAP-43*
axons was significantly lower in the epidermis of AAV-Ntn-
3-infected diabetic mice than in AAV-GFP-infected diabetic
mice, while AAV-Ntn-3 treatment had no effect on the inner-
vation of GAP-43" axons in vehicle-treated control animals
(Fig. 6A, B). These data highlighted the possibility that the
pain-relieving effect of Ntn-3 is mediated by suppressing the
intra-epidermal axon sprouting in diabetic mice.
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Fig. 5 Elevation of Ntn-3 expression in DRGs significantly allevi-
ates DNP. A Schematic of the experimental design. B qPCR analysis
showing Ntn-3 expression is elevated in mouse DRGs by i.t. admin-
istration of AAV-Ntn-3. ***P < 0.001 by unpaired Student’s t-test. n
= 4 mice per group. C AAV-Nm-3 treatment significantly alleviates
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mechanical allodynia in diabetic mice. *P <0.05; **P <0.01 versus
the Control4+STZ group by two-way ANOVA. n = 7-12 mice per
group. D AAV-Nin-3 treatment significantly alleviates cold allodynia
in diabetic mice. **P <0.01; ns, no significant difference by two-way
ANOVA. n = 7-12 mice per group.
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Fig. 6 Ntn-3 overexpression suppresses the intra-epidermal sprout-
ing of sensory axons in diabetic mice. A Representative images of
GAP-43 staining in mouse hind paw skin samples were collected four
weeks after STZ administration. Scale bar, 50 pm. B Quantification
of GAP-43 staining showing significantly decreased axon sprouting

Downregulation of Ntn-3 Expression is Correlated
with the Regenerating Status of Peripheral Nerves
in Diabetic Patients

Next, we wondered whether our findings in DNP mice are
relevant to the clinical observations in diabetic patients with
DNP. Since RNA-seq data have been generated from the
sural nerve biopsies of diabetic patients in previous studies
[41], we took advantage of this database to further analyze
the correlation of Ntn-3 expression with DNP-associated
pathological changes in that nerve in patients. Interestingly,
our analysis showed that Ntn-3 was significantly down-
regulated in DNP patients with more regenerating axons,
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in diabetic mice after AAV-Nin-3 treatment. **P < 0.01 by two-way
ANOVA. n = 7-9 mice per group. C Ntn-3 is significantly downregu-
lated in diabetic neuropathy patients with more regenerating axons. n
>14 for diabetic neuropathy patients in each group. ***P < 0.001 by
unpaired Student’s r-test.

suggesting that Ntn-3 expression is inversely correlated with
the regeneration status of sural nerves in diabetic patients
(Fig. 6C). However, other Ntn members were less relevant
to this pathological event (Fig. 6C). These data supported
our findings that Ntn-3 may be responsible for gating the
aberrant sprouting of regenerating axons in diabetes.

Discussion
In the present work, we found that Ntn-3 was expressed in

DRG sensory neurons, and downregulation of Ntn-3 expres-
sion was correlated with DNP severity in diabetic mice.
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Nitn-3 deficiency stimulated the aberrant spouting of sensory
axons into epidermal areas, thus worsening the mechanical
and cold allodynia in diabetic mice. In contrast, the eleva-
tion of Ntn-3 levels in DRGs alleviated the progression of
DNP and suppressed the intra-epidermal spouting of sen-
sory axons. We also found that the downregulation of Ntn-3
expression was correlated with the regeneration status of
peripheral nerves in diabetic patients.

The Contributions of Peripheral Nerve Pathology
to DNP

The pathogenesis of diabetic neuropathy is often accompa-
nied by two contradictory pathological changes in peripheral
nerves: axon loss and regenerative axon sprouting. Because
these two events occur simultaneously, their respective con-
tributions to DNP remain indistinct. For example, the distal
axon loss in the epidermal area has been used as the key
morphological marker for the diagnosis of diabetic neu-
ropathy [2, 4, 5, 33]; and inhibition of axon loss has been
found to be beneficial for DNP treatment [34, 47]. On the
other hand, there is evidence that the intra-epidermal sprout-
ing of nerve fibers is strongly correlated with the develop-
ment of DNP [1, 3, 10, 11, 13, 14, 45, 46], and inhibition
of nerve fiber sprouting by anti-NGF treatment suppresses
the mechanical allodynia in the mouse model of diabetic
neuropathy [48]. Our findings here suggested that Ntn-3 may
serve as a molecular probe, helping to dissect the contribu-
tions of these two nerve pathologies to the pathogenesis of
DNP. Ntn-3 deficiency facilitated the aberrant intra-epider-
mal sprouting of sensory axons without affecting axon loss
in diabetic animals. In this circumstance, Ntn-3 KO mice
still exhibited more severe DNP, suggesting that the axon
loss is not essential for the development of DNP, and intra-
epidermal sprouting of sensory axons is sufficient for induc-
ing DNP, especially at the early stage of diabetic neuropathy.

The Function of Ntn-3 in Primary Sensory Neurons

Several studies have revealed that axon guidance molecules
are not only implicated in neural wiring during development
but also play important roles in axon regeneration and sprout-
ing under pathological conditions [15-22]. As a functionally
less-characterized Ntn family member, we found that Ntn-3
sustained its expression in DRG sensory neurons until adult-
hood. Genetic ablation of Ntn-3 did not cause any detectable
developmental and behavioral defects in mice, probably due
to functional compensations by other Ntn family members
expressed in the nervous system [17-21]. However, Ntn-3
deficiency promoted the aberrant intra-epidermal sprouting
of sensory axons in diabetes, contributing to increased DNP.
Moreover, despite the fact that Ntn-3 expression is also found
in neural tissues other than DRGs, i.t. injection-mediated

@ Springer

DRG-specific expression of Ntn-3 was sufficient to alleviate
DNP progression by suppressing the intra-epidermal sprouting
of sensory axons. Together, these results reveal an important
fiber pathogenic function of Ntn-3 in sensory neurons. To the
best of our knowledge, this study provides the first evidence
for the function of Ntn-3.

In this study, there was an interesting finding that Ntn-3
depletion selectively worsens the mechanical and cold allo-
dynia but not thermal pain in diabetic mice. Despite the under-
lying mechanism remaining unclear, it is worth noting that
Nitn-3 is only expressed in a subpopulation of DRG sensory
neurons. Therefore, one of the possible explanations is that
Nitn-3 may only be expressed in the neuronal subtypes respon-
sible for mechanical and cold allodynia but not for thermal
hyperalgesia. Unfortunately, the present DRG neuronal sub-
type markers cannot precisely distinguish between them, but
this is an interesting phenomenon to explore in the future.

Targeting the Ntn-3 Pathway for Developing
the Treatment of Neuropathic Pain

DNP is one of the most common neuropathic pain conditions
in the clinic and there is currently no cure. Our data highlight
the possibility that Ntn-3 may serve as a druggable target for
treating DNP. Along this line, future studies should be focused
on identifying the receptors and downstream effectors of
Ntn-3 signaling pathways, which may provide more molecu-
lar insights into the development of Ntn-3-based therapies. It
is also important to explore whether Ntn-3 is implicated in
other types of neuropathic pain given their similar pathological
changes in peripheral nerves. Related studies may shed light
on developing a uniform treatment for different types of neu-
ropathic pain.
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