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A large portion of neuropathic pain suffering patients may also concurrently experience neuropathic itch, with a
negative impact on the quality of life. The limited understanding of neuropathic itch and the low efficacy of
current anti-itch therapies dictate the urgent need of a better comprehension of molecular mechanisms involved
and development of relevant animal models. This study was aimed to characterize the itching phenotype in a
model of trauma-induced peripheral neuropathy, the spared nerve injury (SNI), and the molecular events un-
derlying the overlap with the nociceptive behavior. SNI mice developed hyperknesis and spontaneous itch 7-14
days after surgery that was prevented by gabapentin treatment. Itch was associated with pain hypersensitivity,
loss of intraepidermal nerve fiber (IENF) density and increased epidermal thickness. In coincidence with the peak
of scratching behavior, SNI mice showed a spinal overexpression of IBA1 and GFAP, microglia and astrocyte
markers respectively. An increase of the itch neuropeptide B-type natriuretic peptide (BNP) in NeuN+ cells, of its
downstream effector interleukin 17 (IL17) along with increased pERK1/2 levels occurred in the spinal cord
dorsal horn and DRG. A raise in BNP and IL17 was also detected at skin level. Stimulation of HaCat cells with
conditioned medium from BV2-stimulated SH-SY5Y cells produced a dramatic reduction of HaCat cell viability.
This study showed that SNI mice might represent a model for neuropathic itch and pain. Collectively, our finding
suggest that neuropathic itch might initiate at spinal level, then affecting skin epidermis events, through a glia-
mediated neuroinflammation-evoked BNP/IL17 mechanism.

1. Introduction

Neuropathic pain is a chronic disabling condition (Finnerup et al.,
2021) that is frequently associated with several comorbidities which
further adversely affect the quality of life of patients (Bushnell et al.,
2013; Woo, 2010). Apart from sensory abnormalities, chronic pain alters
mood and impairs cognitive functions. Severe neuropathic pain patients
show a prevalence for the development of depression and anxiety
symptoms five times higher than in the general population (Rayner
et al., 2016). Memory and cognitive dysfunctions are also frequently
observed (Dick and Rashiq, 2007). Neuropathic patients may also
concurrently experience pain and itch (Hachisuka et al., 2018). About
90% of patients with small fiber neuropathies (Pereira et al., 2020a) and
30-65% of post-herpetic zoster patients experience both neuralgia and
itch (Oaklander et al., 2003).

Pathophysiologically, itch can be classified as dermatological, sys-
temic, psychologic and neuropathic (Stander and Grundmann, 2013).

Neuropathic itch accounts for approximately 8%-19% of chronic pru-
ritus conditions and can be developed in several diseases characterized
by a damage or dysfunction of the peripheral or central nervous system
(Cevikbas and Lerner, 2020a; Stumpf and Stander, 2013). The main
symptoms of neuropathic itch are represented by alloknesis (itch
sensation by a non-pruritic stimulation) and hyperknesis (increased itch
in response to a touch stimulation) (Andersen et al., 2018). These dys-
esthesias closely resemble to the neuropathic pain associated symptoms
allodynia and hyperalgesia. Indeed, pain and itch are distinct, but
related sensations: both of them are involved in the protection from a
potential external damage (Basbaum et al., 2009; Cevikbas and Lerner,
2020a) by driving different behavioral responses. A pruritic stimulus
evokes a scratching reflex (Wimalasena et al., 2021) while a nociceptive
stimulus evokes a withdrawal behavior (Ma, 2022). These two sensa-
tions also share similar anatomical ascending pathways (Ikoma et al.,
2006; Liu and Ji, 2013). Pain- and itch-detecting neurons are
small-diameter, unmyelinated C-fibers of the dorsal root ganglia and
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trigeminal ganglia that synapse in the outer layers of the dorsal horn of
the spinal cord (Steinhoff et al., 2006). Under physiological conditions,
an antagonistic interaction between pain and itch is usually observed.
Conversely, under pathological conditions pain and itch share numerous
mechanistic similarities (Cevikbas and Lerner, 2020a).

The pathophysiological consequences of neuropathic itch impact
quality of life as much as neuropathic pain. However, while intense
research has been devoted to understand the mechanisms involved in
neuropathic pain to the development of new therapies, the etiology of
neuropathic itch is still poorly understood and lacks approved therapy
(Poddar et al., 2023; Steinhoff et al., 2018). In fact, the drug therapies
available to date for this form of chronic itching are very limited. Thus, it
is necessary to investigate this form of spontaneous onset itching in
animals’ model of neuropathic pain. In fact, peripheral neuropathy is the
most common etiology of neuropathic itch (Rosen et al., 2018). For this
reason, this study was aimed to characterize the itching phenotype in a
model of trauma-induced peripheral neuropathy, the spared nerve
injury (SNI) and correlated it with the onset of nociceptive behavior.
Moreover, we investigated the alteration of factors involved in both
itching (BNP, epidermal thickness) and chronic pain (neuro-
inflammation, IENF) occurring in the skin, DRG and spinal cord so that
we could understand the possible correlation between these two pro-
cesses. Finally, we optimized an in vitro model using keratinocyte cells
(HaCat), neuronal cells (SH-SY5Y), and microglial cells (BV-2) to mimic
the molecular events observed in SNI animals.

2. Materials and methods
2.1. Animals

CD1 male mice (6 weeks old) weighting approximately 20 g (Envigo,
Varese, Italy) were housed in the Ce.S.A.L. (Centro Stabulazione Animali
da Laboratorio, University of Florence) vivarium and used 3 days after
their arrival. Mice were housed in standard cages, kept at 23 6 1 °C with
a 12-h light/dark cycle, light on at 7 a.m., and fed with standard labo-
ratory diet and tap water ad libitum. All tests were conducted during the
light phase. The experimental protocol was approved by the Institution’s
Animal Care and Research Ethics Committee (University of Florence,
Italy), under license from the Italian Department of Health (54/2014-B).
Mice were treated in accordance with the relevant European Union
(Directive, 2010/63/EU, the council of September 22, 2010, on the
protection of animals used for scientific purposes) and international
regulations (Guide for the Care and Use of Laboratory Animals, US
National Research Council, 2011). All studies involving animals are
reported in accordance with the ARRIVE 2.0. The experimental protocol
was designed to minimize the number of animals used and their
suffering. The G power software was used to perform a power analysis to
choose the number of animals per experiment (Charan and Kantharia,
2013).

2.2. Drug administration

Mice were randomly assigned to each treatment group by an indi-
vidual other than the operator. Pregabalin (30 mg/kg i.p.) (Sigma,
Milan, Italy) was dissolved in saline solution and administered 3 h
before testing and experiments were conducted by operators blinded to
the treatment of the animals.

2.3. Spared nerve injury procedure

The SNI model represents a peripheral mononeuropathy model that
was performed as previously described (Decosterd and Woolf, 2000).
Briefly, the animals were anaesthetized with 4% isoflurane in O2/N2O
(30:70 vol/vol). The right paw, conventionally called “ipsi,” was oper-
ated, whereas the left “contra” remained intact. A skin incision was
made laterally on the right limb to identify the sciatic nerve. Of the 3
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branches of the nerve, the common peroneal and tibial were tied
together with 5.0 silk suture thread (Ethicon; Johnson & Johnson Intl,
Brussels, Belgium) and cut, with the sural remaining intact. Tests were
then conducted 3 days after the operation to detect the postsurgical
appearance of mechanical allodynia and thermal hyperalgesia. The
experimental groups were control (Sham) mice (n = 21; sham-operated
mice) and SNI mice (n = 25; operated mice) subdivided into 2 different
cohorts of animals. Sham mice underwent the same surgical procedure
without ligation and transection of the nerves. Sex differences in
response to pain have been described in the SNI model in which
microgliosis and pain hypersensitivity were mainly detected in male
mice (Ann M. Gregus et al., 2021).

2.4. Behavioral studies

2.4.1. Scratching behavior

To evaluate the spontaneous scratching behavior induced by SNI,
behavioral experiments were performed on post-surgical day 7, 14 and
21. Mice were habituated in plastic cages (78 x 60 x 39 cm) for 60 min
before testing. The number of scratching bouts in 10 min was counted. A
scratching bout was defined when a mouse lifted its hind paw to scratch
the trunk or nape areas of the body and returned the paw to the floor or
to the mouth for licking. Analyses were carried out in a blinded fashion.

2.4.2. Hyperknesis assay

Hyperknesis, defined as itching evoked by a mechanical stimulus,
was evaluated on day 7, 14 and 21 post-surgery. On the day of the test
mice were placed in individual cages for habituation for 30 min.
Hyperknesis was induced by a von Frey filament (bending force of 2.0 g)
applied to the central part of the back. A scratching bout directed to the
site of mechanical stimulation was considered as a positive response.
The hyperknesis score was determined by calculating time spent by the
animal on scratching after the application of the mechanical stimulus in
30s.

2.4.3. Mechanical allodynia

Mechanical allodynia was determined as the force (g) required to
elicit the withdrawal of a paw from the applied stimulus with the use of
von Frey monofilaments. The up—down protocol was applied in which a
lack of response to a filament requires the use of the next higher filament
in the following stimulation. After adaptation for approximately 1 h,
filaments (0.07, 0.16, 0.4, 0.6, 1.0, 1.4 and 2.0 g) were applied in the
injured (ipsilateral) leg. Measurements from the uninjured (contralat-
eral) leg were used as control values. The test was performed before SNI
and on day 7, 14, and 21 after surgery (Borgonetti and Galeotti, 2021).

2.4.4. Thermal hyperalgesia

To assess thermal hyperalgesia, the hot-plate test was used. Each
mouse is placed individually on the metal surface of the apparatus (24
cm diameter), maintained at the constant temperature of 52 °C, which is
surrounded by a transparent acrylic cage. The time (s) taken to elicit a
nocifensive behavior (e.g., paw withdrawal or licking or shaking,
jumping) is recorded. The test was performed before SNI and on day 7,
14, and 21 after surgery (Borgonetti and Galeotti, 2021).

2.4.5. Open field test

The open field test is used to assess the anxiety-like behavior of SNI
mice. The animal is placed into the center of a rectangular box (78 x 60
x 39 cm) surrounded by walls, in which an internal perimeter (3 cm
from the walls) is traced. The time each animal remains in the internal
portion is measured over a 5 min period. Mice prefer not to remain in the
center area of the box that represents a novel and stressful environment
to the animal. The longer the animal stays next to the walls, the more
anxious-like it is. The test was performed before SNI and on day 7, 14,
and 21 after surgery (Borgonetti and Galeotti, 2023).
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2.5. Tissue analysis

2.5.1. Protein lysates from tissue

Spinal cord, dorsal root ganglia (DRG) and dorsal skin samples from
sham and SNI mice were homogenized in a lysis buffer containing 25
mM Tris-HCl pH (7.5), 25 mM NaCl, 5 mM EGTA, 2.5 mM EDTA, 2 mM
NaPP, 4 mM PNFF, 1 mM Na3VOg4, 1 mM PMSF, 20 pg/mL leupeptin, 50
pg/mL aprotinin, 0.1% SDS. The homogenate was centrifuged at
12,000xg for 30 min at 4 °C and the pellet was discarded. The total
protein concentration in the supernatant was measured using Bradford
colorimetric method.

2.5.2. Western blotting analysis

Protein samples (10 pg of protein/lane) were separated by 10% SDS-
polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were then
blotted onto nitrocellulose membranes (90 min at 110 V) using standard
procedures. Membranes were blocked in PBST (PBS with 0.1% Tween)
containing 5% non-fat dry milk for 90 min and incubated overnight at
4 °C with primary antibody against BNP (1:500); IL-17 (1:1000), phos-
phorylated ERK1/2 (1:1000) (Santa Cruz Biotechnology, Santa Cruz,
CA). The day after, blots were rinsed three times with PBST and incu-
bated for 2 h at rt with HRP-conjugated secondary antibodies and then
detected by a chemiluminescence detection system (Life Technologies
Italia, Monza, Italy) (Galeotti et al., 2001). Signal intensity (pixels/mmz)
was quantified using ImageJ (NIH). The signal intensity was normalized
to the total protein content.

2.5.3. Immunofluorescence analysis on tissue

Spinal cord, DRG, dorsal skin and glabrous plantar skin of the hind
paw samples were fixed in formalin at 4% for 24 h, dehydrated in
alcohol, included in paraffin. Paraffin blocks were cut into 20 pm sec-
tions, except for blocks of plantar skin that were cut into 15 pm sections.
The primary antibody used were against BNP (1:100), GFAP (1:300), IL-
17 (1:100) (Santa Cruz Biotechnology), CD11b (1:200) (Bioss Biotach),
NeuN (1:200) (Cell Signaling Biotec), PGP 9.5 (1:5000) (Biogenesis),
diluted in 1% BSA in PBS overnight at 4 °C. After rinsing in PBS con-
taining 0.01% Triton-X-100, sections were incubated in secondary an-
tibodies Invitrogen Alexa Fluor 488 (490-525, 1:400), Invitrogen Alexa
Fluor 568 (1:400) (Thermo Fisher Scientific, Waltham, MA), and Cruz
Fluor 594 (1:400) (Santa Cruz Biotechnology) at rt for 2 h. Sections were
coverslipped using Vectorshield mounting medium (Vector Labora-
tories, Burlingame, CA). Images were acquired with an OLYMPUS
BX63F fluorescence microscope connected to a PC with an image
acquisition card. The immunofluorescence intensity was calculated
using Image J.

2.5.4. Hematoxylin and eosin staining

The dorsal skin samples were fixed in 4% formalin solution for 24 h,
repeatedly rinsed, dehydrated, embedded in paraffin solution, and cut
into 10-ym sections. Deparaffined skin sections were stained with 5%
hematoxylin and 1% eosin (H&E). The slides were observed on a Nikon
ECLIPSE TS2-S-SM and the skin thickness was determined. Images were
analyzed using ImageJ and using black and white.

2.6. Cell culture studies

2.6.1. BV2 Cell culture

BV2 murine immortalized microglial cells (mouse, C57BL/6, brain,
microglial cells, Tema Ricerca, Genova, Italy; 16-20 passages) were
used. The cells were thawed and placed in a 75 cm? flask (Sarstedt,
Milan) in a medium containing Roswell Park Memorial Institute (RPMI)
media with the addition of 10% of heat-inactivated (56 °C, 30 min) fetal
bovine serum (FBS, Gibco®, Milan) and 1% glutamine. Cells were grown
at 37 °C and 5% CO3 with daily medium change. Microglial cells were
seeded in 6-well plates (3 x 10° cells/well) until 70-80% confluence
was achieved. To induce microglial cell activation, BV2 were stimulated
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with LPS, (250 ng/ml) for 72 h.

2.6.2. SH-SY5Y cell culture

A human neuroblastoma cells (SH-SY5Y, passages 6-20, Cat#
94,030,304 ECACC), were cultured in 25 em? cell culture flasks in 1:1
Dulbecco’s Modified Eagle Medium (DMEM; Merck, Darmstadt, Ger-
many) and F12 Ham'’s nutrients mixture (Merck), containing 10% heat-
inactivated FBS (Merck), 1% L-glutamine (Merck), and 1% pen-
icillin-streptomycin solution (Merck) until confluence (70%-80%).
Cells were exposed to unstimulated or LPS-stimulated BV2 conditioned
medium for 48 h.

2.6.3. HaCat cell culture

HaCaT (immortalized human keratinocytes) cells were a gift from
Prof. Monica Montopoli (University of Padua, Italy). Cells were cultured
on 75 em® cell culture flasks and grew in Dulbecco’s modified Eagle’s
medium - high glucose (1:1), L-glutamine (1%) containing 10% fetal
bovine serum (FBS) and 1% antibiotic Pen-Strep (1%). Cells were grown
at 37 °C in 5% COy to achieve 70-80% confluency, with medium
changed daily. Cells were exposed to SH-SY5Y conditioned medium for
48 h previously exposed to unstimulated or LPS-stimulated BV2 condi-
tioned medium. The effect of cytotoxicity on HaCat of BV2 and SH-SY5Y
co-culture medium was measured by doing cell counts, using ImageJ.

2.6.4. Immunofluorescence staining on SH-SY5Y

Cells were fixed with 4% paraformaldehyde (PFA) for 15 min at rt.
Following incubation with blocking buffer (PBS, containing 1% bovine
serum albumin) for 1 h at rt, primary antibody against NBP (1:500 in
PBSA 5%; Santa Cruz Biotechnology) was added for 2 h at rt. Primary
antibody was removed and fixed cells were incubated in secondary an-
tibodies labeled with Invitrogen Alexa Fluor 568 (578-603, 1:500;
Thermo Fisher Scientific) for 1 h. Samples were coverslipped using
UltraCruz® Aqueous Mounting Medium with DAPI (Santa Cruz
Biotechnology) to identify the nucleus. Images were acquired with a
Leica DM6000B fluorescence microscope. The immunofluorescence in-
tensity was calculated by Image J (NIH).

2.7. Statical analysis

All data are presented as the mean + SEM. Biochemical and behav-
ioral data were analyzed using one-way or two-way ANOVA followed by
Tukey’s or Bonferroni’s post hoc test, respectively. The criterion for
statistical significance was a P value of less than 0.05. Statistical ana-
lyses were conducted with GraphPad Prism 10 (GraphPad Software).

3. Results
3.1. SNI behavioral phenotype

3.1.1. Scratching behavior in SNI mice

To define the itching phenotype of SNI mice, the scratching behavior
was evaluated at different time points after surgery (Fig. 1A). Results
were compared to those from sham mice to exclude that the scratching
behavior was related to the surgical procedure or healing process. SNI
mice showed an early hyperknesis as indicated by the increase in the
mechanically evoked scratching time that was significant starting from
day 7 post-injury. Itch peaked on day 14 then diminished and dis-
appeared on day 21 post-surgery, showing values comparable to the
sham group (Fig. 1B and C). SNI mice also showed spontaneous itch. The
evaluation of the number of spontaneous scratching bouts showed a
trend toward an increase on day 7. A peak of scratching behavior was
observed on day 14 while the effect disappeared on day 21 (Fig. 1C and
D). Interestingly, the spontaneous itch was detectable in the morning
(9.00 a.m.), but not in the evening (5.00 p.m.) (Fig. 1E).



V. Borgonetti et al.

A B -
30 ook Fokkok © sham
z O sNI
o
E2 g
o behavior behavior behavior -3
- ! > £ & | @
§ 10 @% o)
T I I I £ % K @ o
SNI a7 d14 d21 p.i. (2] % % g
0 o
7d 14d 21d
D E
% 40- 7d
20
hoad © sham - ;‘:
ég 15 C§D © SNI g g 30
22 ° ° C% g’-é 20
£E 10 a ‘s 1
Se % 9 Se
5 e
g 5 s 9= 104 _
[} |
7d 14d 21d 0

sham

SNI

Neuropharmacology 259 (2024) 110120

¢ 40 “
14d
0 = 21d
o 30
£ [—
22
5
®
5 10
(2] ]
0
sham SNI
E
*
20
i © 09:00AM
0 ¥
EPRE © 05:00PM
a5
2% 101 @
£E
ge
Big ge
@

Sham SNI

Sham SNI

Fig. 1. Scratching behavior in SNI mice. (A) Schematic representation of the experimental protocol. (B) Time-course evaluation of the mechanically evoked
scratching behavior in SNI mice evidencing an increase in the scratching time 7- and 14-days post-surgery. (C) Cumulative scratching behavior induce by a me-
chanical stimulus. (D) Time-course evaluation of the spontaneous scratching behavior showed a peak of scratching bouts on day 14 post SNI. (E) Cumulative number
of spontaneous scratching bouts in SNI mice. (F) Different spontaneous scratching behavior in SNI mice at 9.00 a.m. and 5.00 p.m. *P < 0.05, **P < 0.01, ***P <
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3.1.2. SNI mice nociceptive phenotype

To further characterize the itching phenotype of SNI mice and to
assess the potential overlap with pain hypersensitivity, the nociceptive
behavior was evaluated. As expected, mice showed a severe and long-
lasting pain hypersensitivity. A drastic drop in the reaction to a me-
chanical stimulus was observed in the ipsilateral side from day 7 post-
injury that persisted unaltered up to day 21 (Fig. 2A and B). Similarly,
mice showed a persistent thermal hypersensitivity that was significant
from day 7 to day 21 with a comparable intensity at all time points
(Fig. 2C and D). These results highlighted an overlap of the scratching
and nociceptive behavior on day 7 and 14.

3.1.3. Anxiety-like behavior of SNI mice

Neuropathic pain is accompanied by several comorbidities,
including alteration of mood. Furthermore, a correlation between anx-
iety and itch has been observed (Sanders and Akiyama, 2018). We, thus,
investigated whether SNI mice might develop an anxiety-like behavior.
Results from the open field test showed the lack of effects on day 7 on
SNI mice in comparison with sham mice. On day 14 there was a decrease
in the time spent in the center of the arena, taken as an index of
anxiety-like behavior, that became statistically significant on day 21
(Fig. 2E and F).

3.1.4. Pregabalin suppression of nociceptive and scratching behavior

Pregabalin is a first-line treatment for neuropathic pain in clinics
(Attal and Bouhassira, 2021) that have been observed to produce some
relief for neuropathic itch (Matsuda et al., 2016). Pregabalin (30 mg/kg
i.p.) was administered on day 14 post-surgery, in coincidence to the
peak of scratching behavior and the effects were evaluated 3 h after
treatment. SNI mice were highly responsive to gabapentin. Treated mice
showed a reduced spontaneous itch (Fig. 3A) and hyperknesis (Fig. 3B).
In the same experimental conditions pregabalin resulted effective in
reducing the hypernociceptive behavior as it abolished mechanical
allodynia (Fig. 3C) and thermal hyperalgesia (Fig. 3D).

3.2. Altered peripheral innervation and epidermis morphology in SNI mice

Decrease of the intraepidermal nerve fiber (IENF) density in the skin
is a characteristic trait of mouse models of peripheral neuropathies
(Klazas et al., 2022; Sanna et al., 2020). We detected the IENF in the
glabrous hind paw skin in SNI mice by immunofluorescence staining of
PGP9.5, a pan-neuronal marker used to quantify fibers crossing the
dermal-epidermal junction (Fig. 4A). Consistent with our previous re-
sults (Sanna et al., 2018), quantification analysis showed a reduction of
approximately 60% on day 14 and 50% on day 21 post-injury compared
with that of control sham mice (Fig. 4B).

A time-dependent morphological alteration of the epidermis was
detected in SNI mice. Microscopic observation of the dorsal skin sections
revealed significant differences between SNI and sham mice. Skin
samples showed a variation in the epidermis thickness (Fig. 4C).
Quantification analysis confirmed that the average epidermal thickness
in SNI mice was increased compared to sham on day 14 and 21 post-

A B
304 30+
- ork *

,g - ook Aok 1 ~

S £ 201 £ 204 @

P O =

he 10 @) ) § 10 g -

® 1 ( @ 1

§* % Ehe £ O PR
o® R o°

o/ oA (@) O

Sham SNI SNI+PREG Sham SNI SNI+PREG

Neuropharmacology 259 (2024) 110120
injury with a peak effect on day 14 (Fig. 4D).

3.3. BNP upregulation in lumbar dorsal root ganglia and spinal cord
tissue of SNI mice

An increased expression of BNP was observed in spinal cord samples
of SNI, compared to sham mice, on day 14 post-injury. Then the protein
levels diminished on day 21 showing a time course comparable to the
scratching behavior (Fig. 5A). Immunofluorescence images confirmed
this effect in SNI mice, as showed by an increased BNP immunostaining
in spinal cord sections on day 14 and 21 post-surgery (Fig. 5B). By
comparing the expression in the dorsal and in the ventral horn of SNI
spinal cord sections, quantitative analysis showed that BNP protein was
more abundantly expressed in the dorsal horn (Fig. 5C). Double staining
immunofluorescence experiments in spinal cord sections showed the
expression of BNP in NeuN expressing cells that was increased on day 14
and then diminished on day 21 (Fig. 1 Supplementary).

Cellular events involved in the BNP-mediated pathway were inves-
tigated. Determination of the levels of IL-17 showed a significant in-
crease on day 14 in spinal cord samples (Fig. 5D). To study functional
effects of IL-17 at neuronal sites, the levels of pERK1/2 were determined
and results showed a pERK1/2 overexpression for both isoforms (Fig. 5E
and F). Similar findings were observed in DRG samples (Fig. 5G,H,I)
with a peak on day 14 and a decrease on day 21, showing a time-course
overlapping the scratching behavior.

3.4. Glial cell activation in the spinal cord of SNI mice

Growing evidence indicates an important role of spinal glia in the
modulation of both pain and itch (Tsuda, 2018). Consistently, in the
ipsilateral side of SNI mice an increased immunostaining of CD11b, a
marker of microglia, was observed on day 14 and 21 post-surgery
(Fig. 6A). Quantification analysis showed a more intense increase on
day 14 that then attenuated on day 21 (Fig. 6B). Similarly, an increased
immunostaining of the astrocyte marker GFAP was detected in the
ipsilateral side (Fig. 6C) that was further confirmed by quantification
analysis (Fig. 6D).

3.5. In vitro evaluation of the neuroinflammation-mediated toxicity on
the epidermis

To evaluate whether spinal glia activation might promote BNP
overexpression to initiate itch sensation that is further amplificated in
the skin, we used a cell culture model (Fig. 7A). BV2 microglial cells
were stimulated with LPS (250 ng/ml). After 72 h stimulation, the
conditioned medium was collected and SH-SY5Y neuroblastoma cells
were exposed to the BV2 medium for 48 h. Immunofluorescence staining
showed that stimulated SH-SY5Y cells presented a higher BNP expres-
sion (Fig. 2 Supplementary). Then, the conditioned medium of stimu-
lated SH-SY5Y cells was collected and added to keratinocytes cells
(HaCat). After 48h stimulation, the cell counting of HaCat cells was
evaluated.
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Fig. 3. Effect of pregabalin on nociceptive and scratching behavior. Effect of pregabalin (PREG; 30 mg/kg i.p.) on spontaneous itch, evaluated with (A) scratching
bouts in 10 min and hyperknesis (B). Effect of pregabalin on neuropathic pain symptoms: (C) mechanical allodynia and (D) thermal hyperalgesia in SNI mice on day

14 post-surgery. *P < 0.05, ***P < 0,001, ****P < 0.0001 (one-way ANOVA).
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Fig. 4. Peripheral innervation and epidermis morphology of SNI mice. (A) Representative images of the immunofluorescence staining of the intraepidermal nerve
fiber (IENF) of the glabrous hind paw skin in SNI mice on days 14 and 21 post-injury compared with that of control sham mice. The sections were immunostained
with PGP9.5. Scale bar: 50 pm. (B) Quantification analysis of the IENF in SNI showed a downregulation on day 14 and 21 compared to sham mice. *P < 0.05 (one-
way ANOVA). (C) Representative images of dorsal back skin samples from sham, SNI mice on day 14 post-injury and SNI mice on day 21 post-injury stained using
hematoxylin and eosin (black and white images); scale bar: 100 um. (D) Evaluation of epidermis thickness showing a robust increase in SNI on day 14 that was
significantly reduced on day 21. *P < 0.05. ***P < 0.001, ****P < 0.0001.
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Fig. 5. BNP expression in SNI mice. (A) Spinal BNP protein expression. (B) Immunofluorescence images showing the immunostaining of BNP in the dorsal and
ventral horn of the spinal cord of SNI mice on day 14 and 21 post-surgery. Scale bar 100 uM. (C) Quantification analysis of BNP positive cells in the spinal cord dorsal
and ventral horn of SNI mice. Nuclei are stained with DAPI. *P < 0.05 (two-way ANOVA). IL17 and pERK1/2 protein expression in spinal cord (D,E,F) and DRG (G,H,
I) samples. *P < 0.05, **P < 0.01 ***P < 0.002, ****P < 0.0001 (one-way ANOVA).
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Fig. 6. Time-course of glial cell overexpression in the spinal cord of SNI mice. (A) Immunofluorescence micrographs showing the staining of microglia cells with the
microglia marker CD11b in the contra and ipsilateral side of the spinal cord dorsal horn of SNI mice on day 14 and 21 post injury, Sham mice were used as control
group. (B) Quantification analysis expressed as contra-ipsi ratio for CD11b immunostaining. (C) Immunofluorescence images for the staining of astroglial cells with
the astrocyte marker GFAP in the contra and ipsilateral side of the spinal cord dorsal horn of SNI mice on day 14 and 21 post injury in comparison with sham mice.
(B) Quantification analysis for GFAP immunostaining expressed as contra-ipsi ratio. Scale bar: 20 pm *p < 0.05 **p < 0.01 (one-way ANOVA).
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Fig. 7. Neuroinflammation-mediated toxicity on the epidermis in an in vitro model. (A) Schematic representation of the experimental protocol. (B) Representative
images of HaCat exposed to SH-SH5Y medium obtained from unstimulated SH-SY5Y cells (SH-SY5Y medium), or cells exposed to unstimulated BV2-medium
(BV2+SH-SH5Y) or exposed to LPS-simulated BV2 medium (LPS + BV2+SH-SH5Y), in comparison to unstimulated HaCat (CTRL) and (C) quantification of

HaCat cell. Scale bar: 20 pm ***p < 0.001 ****p < 0.0001 (one-way ANOVA).

The number of HaCat exposed to the medium from unstimulated SH-
SY5Y cells (SH-SY5Y medium), was unaltered. When keratinocytes were
treated with the medium from BV-2 stimulated-SH-SY5Y (SH-SY5Y, BV2
medium) a significant decrease of viability was detected. The maximum
toxicity in HaCat cells was observed after the stimulation with condi-
tioned medium from SH-SY5Y, which were previously exposed to LPS-
stimulated BV2 cell medium (SH-SY5Y, BV-2 +LPS medium) Fig. 7 B,
C - No-cropped images are reported in Fig. 3 Supplementary).

4. Discussion

Neuropathic itch is an unpleasant sensation that affects a discrete
amount of neuropathic pain suffering patients. This condition is often
intractable and has a profound negative effect on patient’s quality of life.
Several experimental models have been proposed to study the patho-
physiology of neuropathic itch (Brewer et al., 2008; Chen et al., 2022).
Although they provided some important information, these models do

not completely mimic molecular and cellular mechanisms of neuro-
pathic itch. Indeed, they require the administration of pruritogen sub-
stances to induce a scratching behavior and do not fully recapitulate
human disease conditions of spontaneous or mechanically evoked itch
associated with neuropathic pain.

The present study aimed to characterize the itching phenotype of
neuropathic mice through a time-course evaluation of spontaneous and
mechanically evoked pruritus. We used the SNI model as peripheral
neuropathies represent the most common etiology for neuropathic itch
(Rosen et al., 2018). SNI male mice showed spontaneous scratching
behavior. This itching phenotype appeared on day 7, peaked on day 14
and disappeared on day 21 post-injury. Interestingly, spontaneous itch
was detectable in the morning but not in the evening. A plausible
explanation for this circadian fluctuation of itch sensation may be
related to the disruption by the neuropathy of physiological circadian
patterns of some hormones or inflammatory mediators. Among others, a
possible role for melatonin serum levels can be hypothesized. Melatonin



V. Borgonetti et al.

administration has been reported to reduce itch (Zhang et al., 2022) and
SNI mice showed a reduced melatonin serum levels (Yang et al., 2018).
Furthermore, changes in the circadian expression of melatonin receptors
in the hypothalamus, with a drastic reduction in the morning and high
levels in the evening, have been detected in mice after peripheral nerve
injuries (Odo et al., 2014).

SNI mice showed hyperkinesis after application of a mechanical
stimulus on the dorsal skin with a time-course overlapping that of
spontaneous itch. Consistent with previous finding (Sanna et al., 2017),
the same animals showed an intense and prolonged mechanical allo-
dynia and thermal hyperalgesia that peaked on day 7 and remained
unaltered up to 21 days after surgery. By comparing the itching and
nociceptive behavior we observed that pain and itch overlapped in the
early phases of the neuropathy, then itch attenuated while pain main-
tained a long-lasting pattern.

Several studies demonstrated a reduction in the quality of life in
patients suffering from chronic itch, with the development of anxiety
and depression, sensations which in turn lead to an exacerbation of the
itch itself, creating a vicious circle (Sanders and Akiyama, 2018). During
the evaluation of the itching profile, tests were carried out to verify the
development of anxiety in mice. The results demonstrated a trend to-
wards an increase in the anxiety-like behavior in SNI mice 14 days after
the operation that further increased on day 21, as reported in previous
studies (Borgonetti and Galeotti, 2023; Guida et al., 2020a). In addition
to a correlation with pain hypersensitivity, present findings indicate a
close relationship between itching and anxiety in this model of periph-
eral neuropathy.

Treatment with gabapentin and pregabalin, a first line treatment for
neuropathic pain (Attal and Bouhassira, 2021) with some efficacy also in
attenuating neuropathic itch (Auyeung et al., 2023), was able to reduce
pain hypersensitivity as well as spontaneous and mechanically evoked
itch, giving behavioral evidence of development of neuropathic itch in
SNI mice. Both gabapentin and pregabalin showed a similar PK in male
and female patients (Schmid et al., 2019). Notably, sex differences in
chronic pain need to be further explored in depth for future ther-
apeutical approach (Ahlstrom et al., 2021; Ann M Gregus et al., 2021).
Several studies revealed that microglia are necessary for the develop-
ment of neuropathic pain hypersensitivity in males but not in females
(Brings and Zylka, 2015; Guida et al., 2020; Halievski et al., 2020; Sorge
et al., 2015; Tansley et al., 2022). Therefore, we focused only on males,
to correlate the development of neuropathic itch with microgliosis.
However, the lack of data about female mice represents a limitation.
Indeed, clinical data reported that women suffer more often from itch
attacks, and they have more scratch lesions (Schmid et al., 2019)
compared to men. Coherently, in an animal model of lymphoma female
mice showed a higher number of scratching bouts compared to males
(Chen et al., 2023). Therefore, the next step will be to better investigate
the onset of neuropathy-associated pruritus in a model that is able to
induce microgliosis and neuropathic pain symptoms in females and to
promote the onset of pruritus.

We also provided further evidence to this hypothesis by histological
analyses of the epidermis. IENFs are free nerve endings arising from Ad
and/or C fibers from sensory neurons within the skin dermis and play a
key role in the transmission of peripheral pain. A significant reduction in
the IENFs density in the skin contributes to the neuropathic pain in
humans (Mangus et al., 2020; Uceyler et al., 2013) and IENFs analysis in
skin biopsy samples represent a diagnostic tool for peripheral neurop-
athies in patients (Myers and Peltier, 2013). Several animal models of
peripheral neuropathy are characterized by a loss of IENF density
(Klazas et al., 2022; Ko et al., 2014; O’brien et al., 2014; Sanna et al.,
2020), mimicking clinical states. A correlation between altered IENF
density and chronic pruritus has also been postulated (Pereira et al.,
2016). In conditions of inflammatory itch, the IENF is increased
(Tominaga and Takamori, 2014; Xing et al., 2020) while in several
models of neuropathic itch the IENF is decreased (Xu et al., 2023). This
condition is also observed clinically in neuropathic itch suffering
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patients (Pereira et al., 2020), reflecting one pathogenic difference be-
tween inflammatory and neuropathic itch. Consistently, a reduction of
the IENF density was detected on day 14, when the scratching behavior
was fully established. Evidence indicates that release of proin-
flammatory molecules participates to neuropathic itch. After peripheral
nerve injury, degenerating peripheral nerve fibers lead to release of
inflammatory mediators and a significant inflammation develops along
with appearance of sensory abnormalities (Davies et al., 2020). Itch
neurons express a variety of receptors for inflammatory mediators
(Chandran et al., 2016) and it is plausible that a component of neuro-
pathic itch origins from the stimulation of the receptors of inflammatory
molecules. SNI mice showed a proinflammatory response in the
epidermis along with an increased epidermis thickness in coincidence
with the scratching behavior, further indicating the presence of neuro-
pathic itch.

Investigating into the signaling pathway involved in the itch pro-
cessing, we highlighted a close connection between the skin and the
central nervous system. In addition to peripheral skin sites, neuropathic
itch involves other important peripheral and central neuronal sites such
as DRG and spinal cord (Cevikbas and Lerner, 2020). Itch sensory neu-
rons are cells that reside in the DRG and both innervate the skin and
connect to the outer laminar layers of the spinal cord dorsal horn. These
neurons synthesize and release itch neuropeptides, molecules that
prominently contribute to the spinal processing of itch. SNI mice showed
an increased protein expression of the itch neuropeptide BNP in spinal
cord that temporally coincided with the scratching behavior, indicating
a prominent role of this peptide in neuropathic itch processing. In the
periphery, BNP expressing neurons are considered an itch-exclusive
neuronal population. Injection of this peptide produces exclusive itch,
and its ablation in mice produces specific itch deficits with intact pain
(Mishra and Hoon, 2013). Furthermore, high BNP levels in the skin were
described in inflammatory itch including atopic dermatitis (Meng et al.,
2018), psoriasis suffering patients (Nattkemper et al., 2018) or animal
models (Ewald et al., 2017; Liu et al., 2016). BNP released from sensory
neurons has been reported to increase the release of IL-17 from kerati-
nocytes (Meng et al., 2020). In various forms of chronic itching, such as
atopic dermatitis and psoriasis, an increase in the expression of in-
terleukins, especially IL-17, has been found at the skin level (Liu et al.,
2020).

Further analysis on the role of BNP in neuropathic itch showed a
spinal overexpression of this peptide that was observed in the dorsal
horn, but not in the ventral horn, reflecting the anatomical location in
lamina I of BNP-positive itch sensitive fibers (Mishra and Hoon, 2013).
Indeed, it has been hypothesized that itch is transmitted through
BNP-positive peripheral afferents contacting spinal dorsal horn neurons
expressing BNP receptors. The BNP released from peripheral sensory
neurons stimulates its receptors on gastrin releasing peptide
(GRP)-positive second-order neurons to release GRP to stimulate
third-order neurons expressing GRP receptors to transmit itch signal to
the brain (Mishra and Hoon, 2013). An increased content of IL17 was
detected in the spinal cord and DRG, along with an overexpression of
PERK1/2, indicating a functional activation of the IL17-mediated
pathway. These results provide some evidence for a
BNP/IL17-mediated pathway for the transmission of pruritus at both
peripheral and central level in SNI mice.

Alterations in microglia and astrocytes morphology and activity have
been shown to play a role in neuropathic pain by promoting neuro-
inflammation. Growing evidence also indicates a role of glial cells in itch
processing (Shiratori-Hayashi and Tsuda, 2021; Tsuda, 2018). Previous
data highlighted the role of astrogliosis (Ji et al., 2019; Shirator-
i-Hayashi et al., 2021) and microgliosis (Sun et al., 2022; Yang et al.,
2023) in the promotion of pain hypersensitivity in SNI mice. Present
results showed an increased microglia and astrocyte activation in the
spinal cord dorsal horns in the ipsilateral side of SNI mice in coincidence
with the peak of scratching behavior, indicating a possible link between
glial cell activation and sensory hypersensitivity. Results from in vitro
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tests supported the hypothesis of a relationship among central and pe-
ripheral events through a BNP-mediated pathways. SH-SY5Y cells,
exposed to the medium from LPS-stimulated BV2 cells, showed an in-
crease in the BNP expression. Stimulation of HaCat cells with the
SH-SY5Y medium dramatically reduced HaCat cell viability. Conversely,
exposure of HaCat to unstimulated SH-SY5Y medium did not produce
any effect, hypothesizing that neuropathic itch may depend on
glia-mediated neuroinflammation mechanism at the spinal cord level,
that then affects neurons activity and consequently skin epidermis
events.

5. Conclusions

In conclusion, present study showed the development of spontaneous
neuropathic itch in SNI mice. Through a behavioral, histological, and
biological characterization of the SNI-associated scratching phenotype,
we hypothesized an initiation of the itch sensation by the release of BNP
in the spinal cord because of the injury-induced neuroinflammation. The
definition of the time-course of spontaneous and mechanically evoked
scratching behavior and of associated molecular events provided by the
present study might represent a starting point for testing new thera-
peutic intervention for neuropathic itch using on SNI.
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