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A B S T R A C T
BACKGROUND: The primary treatment for localized prostate cancer involves radical prostatectomy (RP) often result-
ing in iatrogenic damage to the periprostatic neurovascular bundles (NVB), leading to erectile dysfunction. The current 
study devised an experimental model involving bilateral cavernous nerve (CN) lesions in rats to replicate nerve damage 
close to the injury of the NVB in humans following radical prostatectomy.
METHODS: Fifteen adult male Wistar rats were divided as follows: control rats without surgery (CTRL group); rats un-
derwent bilateral resection of 2 mm of CN repaired with a glycerol-blended chitosan membranes (CS-MEM group); rats 
underwent a total resection of both CN and major pelvic ganglion (RES group). Two months after surgery, membranes 
with regenerated nerves were analyzed morphologically, and for gene and protein expression for the evaluation of nerve 
regeneration and vascularization. Rat penises were assessed for smooth muscle content, morphology, and tissue arrange-
ment. Primary sensory neuron cultures and DRG explants were cultured on micro-grooved chitosan-blended membranes, 
to evaluate axonal orientation on different topographies.
�5�(�6�8�/�7�6���� �5�H�J�H�Q�H�U�D�W�H�G�� �Q�H�U�Y�H�� �¿�E�H�U�V�� �D�Q�G�� �Q�H�Z�O�\�� �I�R�U�P�H�G�� �Y�H�V�V�H�O�V�� �F�R�O�R�Q�L�]�H�G�� �W�K�H�� �Z�K�R�O�H�� �&�6���P�H�P�E�U�D�Q�H�����7�K�H�� �U�H�J�H�Q�H�U�D�W�L�Y�H��
�S�U�R�F�H�V�V���Z�D�V���D�O�V�R���F�R�Q�¿�U�P�H�G���E�\���J�H�Q�H���D�Q�G���S�U�R�W�H�L�Q���H�[�S�U�H�V�V�L�R�Q���D�Q�D�O�\�V�H�V�����7�K�H���W�D�U�J�H�W���R�U�J�D�Q���H�[�K�L�E�L�W�H�G���U�H�P�R�G�H�O�L�Q�J���R�I���V�P�R�R�W�K��
muscle tissue around sinusoidal spaces, indicating potential restoration of cavernous tissue. The quantitative analyses of 
�.���D�F�W�L�Q���V�P�R�R�W�K���P�X�V�F�O�H�����.���6�0�$�����H�[�S�U�H�V�V�L�R�Q���L�Q���&�6���0�(�0���J�U�R�X�S�V���G�L�V�S�O�D�\�H�G���.���6�0�$���S�U�R�W�H�L�Q���V�L�J�Q�D�O�V���F�R�P�S�D�U�D�E�O�H���W�R���F�R�Q-
trols. In-vitro experiments on micro-patterned membranes displayed oriented axonal growth, showing valuable insights 
into the ways in which topographical features can be considered for a more effective performance in vivo.
�&�2�1�&�/�8�6�,�2�1�6���� �&�K�L�W�R�V�D�Q���E�O�H�Q�G�H�G���P�H�P�E�U�D�Q�H�V���S�U�R�P�R�W�H���Q�H�U�Y�H���¿�E�H�U���U�H�J�H�Q�H�U�D�W�L�R�Q���L�Q���D�Q��in-vivo model of nerve lesion 
that resembles the damage to the NVB occurring in men after radical prostatectomy. These results highlight the promising 
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clinical use of dHACM as a novel source of im-
plantable neurotrophic factors and cytokines use-
ful to enhance the regeneration process. Bioma-
terials play a crucial role in tissue engineering to 
promote nerve regeneration8 also in a urological 
clinical setting with the aim to restore the erectile 
function and, subsequently, the quality of life for 
the affected patients. Our research team previous-
ly demonstrated that the application of a chitosan 
membrane, a biomaterial of natural origin, is safe 
and effective on the NVB after NS-RARP, show-
ing positive results in terms of potency recov-
ery.9-11 Along with clinical assessment, an in vitro 
and ex vivo study demonstrated the pro-regenera-
tive effect of chitosan (CS) in axonal elongation 
of autonomic explant ganglia, at the same time, 
�D���V�L�J�Q�L�¿�F�D�Q�W���O�R�Z�H�U���S�U�R�O�L�I�H�U�D�W�L�R�Q���R�I���S�U�R�V�W�D�W�L�F���F�D�Q-
cer cell lines derived from lymph node, brain and 
bone metastasis was reported, providing further 
�¿�Q�G�L�Q�J�V���D�E�R�X�W���W�K�H���V�D�I�H�W�\���R�I���W�K�H���P�D�W�H�U�L�D�O12. How-
ever, the use of CS is constrained by its rigidity and 
brittleness, and plasticizers are tested to improve 
the mechanical properties of CS biomaterials.13 In 
the present study, a novel surgical procedure that 
resembles the iatrogenic damage to the NVB fol-
lowing RP in men was carried out in vivo on a 
rat animal model. Additionally, CN was repaired 
using chitosan-glycerol blended membranes (CS-
�P�H�P�E�U�D�Q�H�V���� �L�Q�� �R�U�G�H�U�� �W�R�� �L�Q�Y�H�V�W�L�J�D�W�H���� �I�R�U�� �W�K�H�� �¿�U�V�W��
time, CN regeneration after a severe injury in vivo. 
Finally, the CS-membranes structured with differ-
ent micro-topographies were tested with primary 
sensory neurons and organotypic explants to eval-
uate their guiding ability on neurons.

Materials and methods

Production of glycerol-blended CS membranes

10% Glycerol-blended CS-membranes were mi-
crofabricated by solvent casting via a two-molds 

Prostate cancer is the most frequent cancer 
�D�I�I�H�F�W�L�Q�J�� �P�H�Q�� �Z�R�U�O�G�Z�L�G�H���� �'�H�V�S�L�W�H�� �V�L�J�Q�L�¿-

cant advancements in detection and treatment, 
it remains a considerable public health issue. 
Advancements in imaging techniques such as 
mpMRI and PSMA-PET, concurrently to com-
puter-aided diagnosis (CAD) systems which sup-
ports mpMRI using algorithms, have enhanced 
early detection and staging accuracy improving 
patients’ outcomes.1-3

Surgical treatments play a main role in lo-
calized or early-stage prostate cancer; the gold 
standard is radical prostatectomy (RP), which in-
volves the complete removal of the prostate gland 
and seminal vesicles, with the aim of eradicating 
cancer while preserving urinary and sexual func-
�W�L�R�Q�����5�H�F�H�Q�W���V�W�X�G�L�H�V���K�D�Y�H���K�L�J�K�O�L�J�K�W�H�G���W�K�H���H�I�¿�F�D�F�\��
and advancements in surgical techniques such as 
robot-assisted RP (RARP), which offers improved 
precision and faster recovery compared to tradi-
tional open surgery. Additionally, advancements 
in nerve-sparing approaches have led to better 
postoperative outcomes in terms of erectile func-
tion and urinary continence.4���)�X�U�W�K�H�U�P�R�U�H�����U�H�¿�Q�H-
ments in surgical planning and intraoperative im-
aging techniques have enhanced the oncological 
outcomes and reduced the risk of complications 
associated with prostate cancer surgery.5 Despite 
these advancements, in patients who undergo 
radical prostatectomy, frequently iatrogenic dam-
age to the peri-prostatic neurovascular bundles 
(NVB) occurs, leading to erectile dysfunction 
(ED) with impairment in patients’ quality of life.6

A strategy to protect and promote the regen-
�H�U�D�W�L�R�Q���R�I���1�9�%���L�Q�M�X�U�H�G���¿�E�H�U�V���D�I�W�H�U���V�X�U�J�H�U�\���L�V���W�K�H��
�D�S�S�O�L�F�D�W�L�R�Q���R�I���À�D�W���P�H�P�E�U�D�Q�H�V�����6�R�P�H���D�X�W�K�R�U�V���G�H-
scribed the application of dehydrated human am-
nion/chorion membranes (dHACM) on the NVB 
after nerve-sparing robot-assisted RP (NS-RARP) 
as a neuroprotective, pro-regenerative and anti-
�L�Q�À�D�P�P�D�W�R�U�\�� �G�H�Y�L�F�H���� �3�D�W�H�O��et al.7 reported the 

�S�R�W�H�Q�W�L�D�O���R�I���W�K�L�V���G�H�Y�L�F�H���L�Q���W�K�H���F�O�L�Q�L�F�D�O���X�U�R�O�R�J�L�F�D�O���¿�H�O�G�����W�K�X�V���V�X�J�J�H�V�W�L�Q�J���W�K�D�W���W�K�H���D�S�S�O�L�F�D�W�L�R�Q���R�I���R�U�L�H�Q�W�D�W�H�G���P�L�F�U�R���S�D�W�W�H�U�Q�H�G��
membranes could further improve nerve regeneration.

(Cite this article as: Fregnan F, Muratori L, Crosio A, Zen F, Fiori C, Tonazzini I, et al. A novel rat model for studying bilateral 
cavernous nerve damage in vivo: exploring the potential of chitosan-blended membranes for nerve regeneration post-radical 
prostatectomy. Minerva Urol Nephrol 2025;77:91-110. DOI: 10.23736/S2724-6051.25.06169-5)
KEY WORDS: Prostatic neoplasms; Prostatectomy; Chitosan; Nerve regeneration; Models, animal.
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The CS-membranes (dry) present a period 
(ridge + groove widths) of 4.8±0.2 µm for GR 
and 5.5±0.3 µm for SCA, and depth of 1.3±0.1 
µm. The topographies created on the membranes 
were checked by atomic force microscopy and 
�E�U�L�J�K�W���¿�H�O�G���P�L�F�U�R�V�F�R�S�\���E�H�I�R�U�H���X�V�H�����2�Q�F�H���L�Q���O�L�T-
uid, CS-membranes became swelled, resulting 
in a pattern period of 7.6±0.3 µm for GR and 
7.9±0.1 µm for SCA. The size of the patterns re-
mains stable and unchanged for long time, from 
days to several months, after exposure to liquids.

In vivo experiments to test the regenerative ca-
pability of CS-membranes after CN injury

Experimental design and surgical procedure

For this study, adult male Wistar rats weigh-
ing approximately 230-250 g (Envigo, Udine, 
Italy) were used. Animals were housed in large 
cages at the animal facility of Neuroscience In-
stitute Cavalieri Ottolenghi (NICO; Ministerial 
authorization DM 182 2010-A 3–11-2010) in a 
humidity and temperature-controlled room with 
12 h light/dark cycles. Free access to water and 
standard chow was provided. Human endpoint 
criteria were adopted to adequately measure and 
minimize any animal pain, discomfort, or dis-
tress. The study conditions were conformed to 
the guidelines of the European Union’s Directive 
EU/2010/63. In addition, approval by the Ethic 
Experimental Committee of the University of Tu-
rin (Ministry of Health project number 583/2020) 
was obtained before the research began.

Table I shows the experimental groups with a 
description of the type of surgery performed, the 
samples collected, and the type of analysis car-
ried out.

For morphological assessment of regenerated 
CN on the CS-membranes, N.=6 rats underwent 

process.14�� �%�U�L�H�À�\���� �W�K�H�� �S�D�W�W�H�U�Q�H�G�� �V�L�O�L�F�R�Q�� �P�R�O�G�V��
were developed through photolithography tech-
nique, and then polydimethylsiloxane (PDMS) 
intermediate mold replicas were realized on 
the silanized silicon molds, as previously de-
scribed.15 The PDMS intermediate replicas were 
used for the fabrication of membranes, using a 
solvent casting technique. A CS solution 2% w/v 
was prepared using CS medium weight (MW) 
powder (Sigma-Aldrich, 448877) dissolved in 
acetic acid solution (1% v/v in deionized wa-
ter). The solution was stirred overnight at room 
temperature (RT) until complete dissolution and 
�¿�O�W�H�U�H�G�� �X�V�L�Q�J�� �D�� �%�•�F�K�Q�H�U�� �I�X�Q�Q�H�O�� �Z�L�W�K�� �3�H�U�I�H�F�W�H����
�¿�O�W�H�U�� �S�D�S�H�U�� ���Z�L�W�K�� �D�� ������ ���P�� �F�X�W���R�I�I���� �6�X�S�H�U�¿�O�W�U�R��
Milano) and a vacuum pump. Glycerol 10% in 
volume was added fresh to the CS solution for 
membranes’ preparation, and the solution was 
stirred for 30 minutes, until complete homogene-
ity. Then, the solution was sonicated for 15 min-
utes just before use, poured on the PDMS molds, 
placed in a Petri dish, and kept for 72 hours under 
chemical hood at RT, until the membranes had 
completely dried. The CS-membranes were neu-
tralized for 30 minutes in a 0.5% w/v NaOH so-
lution and washed once with phosphate buffered 
solution (PBS; Sigma-Aldrich, D8537). Before 
cell culturing, CS- membrane were sterilized by 
treatment with ethanol 70% (for 15 minutes) and 
then rinsed with sterile H2O Milli-Q.

Isotropic standard and micro-patterned (i.e. 
with anisotropic topographies of varying axial 
symmetry) membranes, were created according 
to the previous work.15 Flat molds were used to 
produce FLAT isotropic membranes, as control 
condition. The following directional micro-pat-
terns were established: gratings pattern (GR), 
with alternating lines of grooves and ridges; 
zig-zag pattern with scalene triangles (SCA). 

TABLE I.—  Description of experimental groups, type of surgery, and sample processing.
Experimental group Type of surgery Sample collection and processing (for each rat)

CTRL No surgery • 2 Healthy cavernous nerves: Real time PCR, protein expression;
• Penis: Masson’s Trichrome staining and IHC

CS-MEM Bilateral resection of 2 mm of 
cavernous nerve repaired with 
Chitosan membrane

2 months after surgery
• 2 Regenerated nerves with membrane: iDISCO+, Real time 

PCR, protein expression
• Penis: Masson’s Trichrome staining and IHC

RES Total bilateral resection of cavernous 
nerve and MPG

2 months after surgery
• Penis: Masson’s trichrome staining and IHC
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der deep anesthesia using ketamine hydrochlo-
ride (2.5 mg/kg) and xylazine (50 mg/kg) by 
intraperitoneal injection. All surgical procedures 
�Z�H�U�H���S�H�U�I�R�U�P�H�G���X�Q�G�H�U���D���K�L�J�K���P�D�J�Q�L�¿�F�D�W�L�R�Q���V�X�U-
gical microscope; for CS-MEM group, rats were 
placed in a supine position, the abdominal region 
was shaved and disinfected with betadine, and 
a medial skin incision from the mesogastric re-
gion to the pubis was performed. After spread-
ing the abdominal muscles, the pelvic cavity was 
reached, enabling the exposure of the bladder 
�D�Q�G���W�K�H���L�G�H�Q�W�L�¿�F�D�W�L�R�Q���R�I���W�K�H���S�U�R�V�W�D�W�L�F���J�O�D�Q�G�����)�L�J-
ure 1 I, II-A). After the dissection of the prostatic 
fascia, the dorsolateral lobe of the prostate was 
isolated to identify the major pelvic ganglion 
(MPG) containing autonomic motor neurons, 

bilateral resection of 2 mm of CN repaired with a 
3x2 mm of CS-membrane (CS-MEM).

For mRNA and protein analysis, N=6 rats were 
randomly divided into the following experimen-
tal groups: N.=3 rats underwent bilateral resec-
tion of 2 mm of CN repaired with CS-membrane; 
N.=3 healthy CN were used as controls (CTRL).

�)�R�U�� �P�R�U�S�K�R�O�R�J�L�F�D�O�� �H�Y�D�O�X�D�W�L�R�Q���� �L�P�P�X�Q�R�À�X�R-
rescence analysis (IF) and smooth muscle quan-
�W�L�¿�F�D�W�L�R�Q���R�Q���U�D�W���S�H�Q�L�V�H�V�����D���W�R�W�D�O���R�I���1��� �����U�D�W�V���Z�H�U�H��
used: N.=3 rats from CTRL group; N.=3 from 
CS-MEM group, N.=3 rats from RES group; this 
last experimental group underwent a total resec-
tion of both CNs with major pelvic ganglion 
(MPG) without repair.

The surgical procedures were carried out un-

Figure 1.—Surgical procedure. I) Schematic representation of rat anatomical structure and surgical procedure created with 
�%�L�R�5�H�Q�G�H�U���F�R�P�����,�,�����P�L�F�U�R�S�K�R�W�R�J�U�D�S�K�V���R�I���W�K�H���V�X�U�J�H�U�\�����$�����
���S�U�R�V�W�D�W�L�F���O�R�E�H�����D�����&�D�Y�H�U�Q�R�X�V���Q�H�U�Y�H�����&�1�����L�G�H�Q�W�L�¿�F�D�W�L�R�Q���D�Q�G���L�V�R�O�D�W�L�R�Q��
�I�U�R�P���V�X�U�U�R�X�Q�G�L�Q�J���W�L�V�V�X�H�����%�����D�����[�����P�P���&�6���P�H�P�E�U�D�Q�H���L�P�S�O�D�Q�W�H�G���D�I�W�H�U�������P�P���U�H�V�H�F�W�L�R�Q���R�I���&�1�����E�����K�L�J�K�H�U���P�D�J�Q�L�¿�F�D�W�L�R�Q���R�I���&�6��
�P�H�P�E�U�D�Q�H�����V�X�U�J�L�F�D�O���V�W�L�W�F�K�H�V���D�U�H���Y�L�V�L�E�O�H�����&�����L�P�S�O�D�Q�W�D�W�L�R�Q���V�L�W�H�������P�R�Q�W�K�V���D�I�W�H�U���V�X�U�J�H�U�\�����F�����K�L�J�K�H�U���P�D�J�Q�L�¿�F�D�W�L�R�Q���R�I���W�K�H���L�P�S�O�D�Q�W�D-
tion site; c’: explanted CS-membrane 2 months after surgery and nerve regeneration.

a b c c’
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logenesis, or the pathway of regenerated nerve 
�¿�E�H�U�V���R�Q���W�K�H���Z�K�R�O�H���P�H�P�E�U�D�Q�H��

Indeed, iDISCO+ is an organic solvent-based 
tissue clearing technique that allows the immu-
nolabeling of whole organs to obtain high-quali-
ty three-dimensional images by means of confo-
cal microscopy.

Basically, the peculiarity of iDISCO clearing 
is that allows a better penetration of the antibody 
within the tissue, thanks to an additional pretreat-
ment step with methanol. After this fundamental 
step, samples are then immunolabeled with differ-
ent antibodies and cleared using dichloromethane 
for lipid extraction; the clearing step is useful to 
limit shrinkage and preserve tissue morphology. 
At last, the dibenzyl-ether is used to match the re-
fraction index of the sample to the imaging solu-
tion.16

In this study, iDISCO+ steps used to process 
regenerated CNs on CS-membranes are the fol-
lowing:

• �G�H�K�\�G�U�D�W�L�R�Q���� �D�I�W�H�U�� �¿�[�D�W�L�R�Q�� ���V�H�H�� �S�D�U�D�J�U�D�S�K��
2.2.2), samples were treated in sequential solutions 
of increasing methanol (MetOH) concentration 
(PBS w/o 1X: 20% MetOH, 40% MetOH, 60% 
MetOH, 80% MetOH and twice 100% MetOH; 
each dehydrating wash lasts 45’ stirring at RT);

• bleaching: samples were depigmented with 
hydrogen peroxide, in a solution of 5% H2O2 in 
MetOH at 4 °C, protected from light;

• rehydration: samples were treated with 
sequential washes in solutions of decreasing 
MetOH concentration (PBS w/o 1X: twice in 
100% MetOH, 80% MetOH, 60% MetOH, 40% 
MetOH, 20% MetOH and, at last, PBS 1X; each 
step was left for 45’ stirring at RT);

• blocking and permeabilization: samples 
were pre-treated in a PBS solution containing 
10% normal goat serum (NGS), 1% TritonX-100, 
10% DMSO for 3 days in agitation at RT to fa-
cilitate antibody penetration;

• antibody labelling: samples were incubated 
for 14 days with primary antibodies anti-PAN-NF 
���O�D�E�H�O�O�L�Q�J�� �Q�H�X�U�R�¿�O�D�P�H�Q�W������ �D�Q�W�L���6���������� ���O�D�E�H�O�O�L�Q�J��
Schwann cells) to identify the presence of regen-
�H�U�D�W�H�G���Q�H�U�Y�H���¿�E�H�U�V�����D�Q�W�L���5�(�&�$�����D�Q�G���D�Q�W�L-Neuro-
�¿�O�D�P�H�Q�W���K�H�D�Y�\�����1�)�����W�R���L�G�H�Q�W�L�I�\���Y�H�V�V�H�O�V���D�Q�G���D�[�R�Q�V����
respectively. After primary antibodies, samples 
were incubated with secondary antibodies for 7 

�Z�L�W�K���L�W�V���L�Q�À�R�Z���D�Q�G���R�X�W�À�R�Z���Q�H�U�Y�H���¿�E�H�U�V�����)�L�J�X�U�H��
1 I); from the MPG arises the CN (Figure 1 II 
A, a) which runs dorso-laterally to the prostatic 
gland and reaches the corpora cavernosa (CC) of 
the penis to allow penile erection. After isolation 
of the CN from the prostatic capsule (Figure 1 
II a black arrows), a 2 mm segment was bilater-
ally transected and repaired by suturing 2x3 mm 
of CS-membrane on the two nerve stumps using 
a 9/0 surgical stitch (Figure 1, II B-b). For the 
�5�(�6�� �J�U�R�X�S���� �D�I�W�H�U�� �&�1�� �L�G�H�Q�W�L�¿�F�D�W�L�R�Q���� �0�3�*�� �D�Q�G��
CN were bilaterally removed to avoid spontane-
ous regeneration and penis reinnervation. For the 
CTRL group, no surgery was performed; healthy 
CNs and penises were harvested and used for 
further analysis.

At the end of the surgical procedure, the ab-
dominal wall was sutured using an absorbable 
Vicryl 5/0 surgical stitch, and the skin was su-
tured with a 3/0 stitch. In the CS-MEM group, 
2 months after surgery, rats were euthanized and 
regenerated nerve samples, together with CS-
�P�H�P�E�U�D�Q�H�����Z�H�U�H���L�G�H�Q�W�L�¿�H�G�����)�L�J�X�U�H���������,�,���&���F�����D�Q�G��
collected (Figure 1 II c’). A brief recording of the 
surgical procedure with a full description of all 
surgical steps is available (see Supplementary 
Digital Material 1: Supplementary Video 1, 1 
min 58 s, 59 MB).

For CTRL, CS-MEM and RES groups, rats 
were euthanized through an anesthetic overdose 
of ketamine and xylazine by intraperitoneal in-
jection; healthy CNs, CS-membranes with re-
generated CNs and rat penises were collected.

Morphological evaluation of nerve regeneration in 
the CS-MEM group

Regenerated nerve samples, together with the 
�P�H�P�E�U�D�Q�H���� �Z�H�U�H�� �¿�[�H�G�� �R�Y�H�U�Q�L�J�K�W�� �E�\�� �L�P�P�H�G�L-
ate immersion in 4% paraformaldehyde in PBS 
(Phosphate Buffered Saline, Sigma) at 4 °C and 
processed for iDISCO+ protocol in order to ob-
tain a three-dimensional visualization of nerve 
�¿�E�H�U�V���R�Q���W�K�H���Z�K�R�O�H���P�H�P�E�U�D�Q�H��

iDISCO+ and immunolabeling

Regenerated CNs on CS-membranes were pro-
cessed for iDISCO+, a protocol adapted from 
Renier et al.,16 to obtain a three-dimensional 
reconstruction, useful to study either the vascu-
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extraction, retro-transcription (0.3 µg RNA/
sample), and quantitative real-time PCR (qRT-
PCR), performed as previously described.17 The 
�U�H�O�D�W�L�Y�H�� �T�X�D�Q�W�L�¿�F�D�W�L�R�Q�� �Z�D�V�� �S�H�U�I�R�U�P�H�G�� �W�K�U�R�X�J�K��
Livak 2�í�û�û�&�W method18 using the average Ct value 
of CTRL group as calibrator. The geometric av-
erage of RICTOR (RPTOR Independent Com-
panion of MTOR, Complex 2) and ANKRD27 
(Ankyrin repeat domain 27) threshold cycles was 
used as a housekeeping gene value to normal-
ize data as previously described.19 The assessed 
genes are reported in Table III.

Total protein extraction and Western Blot

Following RNA extraction, total proteins of CNs 
regenerated on CS-membrane and healthy CNs 
were extracted with TRIzol Reagent according 
to the manufacturer’s instructions (INVITRO-
GEN, THERMOFISHER). Laemli buffer (2.5% 
sodium dodecyl sulphate, 0.125 M Tris-HCl, 
pH 6.8) at 100 °C was used to dissolve the pro-
tein pellet. To determine the protein concentra-
tion, the Bicinchoninic Acid assay kit (SIGMA) 

days, Alexa 488 anti-mouse, Alexa 647 anti-rab-
bit, CY3 anti-rabbit as detailed in Table II;

• clearing: dehydrated samples were treated 
with a solution containing 66% dichloromethane 
(DCM) / 33% MetOH, then incubated in 100% 
DCM, stirred for 45 minutes at RT. Then, they 
were transferred in 100% Benzyl ether (DBE) 
for 2 hours while stirring at RT and subsequently 
DBE solution was renewed and samples were 
stored at RT in dark condition.

Finally, samples were acquired using a Leica 
SP5 confocal microscope (Leica Microsystems, 
Wetzlar, Germany) equipped with an oil 20× ob-
jective (HC PL FLUOTAR 20× NA=0.5). To iden-
�W�L�I�\���W�K�H���S�U�H�V�H�Q�F�H���R�I���Q�H�U�Y�H���¿�E�H�U�V���D�Q�G���Y�H�V�V�H�O�V���R�Q���W�K�H��
whole membrane, a reconstruction of the entire 
sample was performed. For the CS-MEM group, 
N=8 membranes were processed and analyzed.

RNA isolation, cDNA preparation, and quantitative 
real-time PCR

CS-MEM and CTRL groups (N.=3 for each ex-
perimental group), were subjected to total RNA 

TABLE II.—  �$�Q�W�L�E�R�G�L�H�V���X�V�H�G���I�R�U���L�P�P�X�Q�R�À�X�R�U�H�V�F�H�Q�F�H���D�Q�D�O�\�V�L�V��
Primary antibodies

Code Dilution Host Source

Anti-PAN-NF MAB2300 1:500 Mouse Merck
�$�Q�W�L���Q�H�X�U�R�¿�O�D�P�H�Q�W���K�H�D�Y�\�����1�)��Ab4680 1:10000 Chicken Abcam
Anti-S100 HPA015768 1:400 Rabbit Sigma
Anti-RECA1 MCA970R 1:400 Mouse Biorad
�$�Q�W�L���.���V�P�R�R�W�K���P�X�V�F�O�H���D�F�W�L�Q��
���.���6�0�$��

MA1-06110 1:100 Mouse Thermo Fisher

Anti-NG2 Ab275024 1:50 Rabbit Abcam
Secondary antibodies

Code Dilution Host Source

Alexa 488 anti-mouse A-11029 1:200 Goat Invitrogen
CY3 anti-rabbit 112-165-167 1:600 Goat Jackson ImmunoResearch
CY3 anti-mouse 715165151 1:800 Donkey Jackson ImmunoResearch
Alexa 647 anti-chicken 703605155 1:800 Donkey Jackson ImmunoResearch

TABLE III.—  Primers used for qRT-PCR.
Gene Forward (5’->3’) Reverse (5’->3’) ID

Rictor gaggtggagaggacacaagccc ggccacagaactcggaaacaagg XM_001055633.3
Ankrd27 cccaggatccgagaggtgctgtc cagagccatatggacttcaggggg NM_001271264.1
Gdnf gatccgaggtgccgccg cagcgggaaggcagacgc NM_019139
c-Jun acgaccttctacgacgatgccc gggtcggccaggttcaagg NM_021835.3
nNos ggcaccccaagttcgactgg ctccagcagcatgttggacacag NM_052799.2
iNos gcatcccaagtacgagtggttcc ccattgaaggggcaggctgg NM_012611.3
eNos ccagaccacagccccccg gcccatcctgctgagcctg NM_021838.2
VegfA tacctccaccatgccaagtg catgggctttctgctccc NM_031836.2
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�,�P�P�X�Q�R�À�X�R�U�H�V�F�H�Q�F�H���D�Q�G���F�R�Q�I�R�F�D�O���P�L�F�U�R�V�F�R�S�\

Transversal cross sections (10 µm thick) of 
CTRL, CS-MEM and RES rat penises were per-
meabilized, blocked with PBS containing 0.1% 
triton X-100, 10% NGS for 1h and incubated 
overnight in a PBS solution with the primary an-
�W�L�E�R�G�\�� �D�Q�W�L���.���6�0�$�� ���������������� �P�R�Q�R�F�O�R�Q�D�O���� �P�R�X�V�H����
Sigma Aldrich). After primary antibody incuba-
tion, sections were washed three times in PBS 
and incubated for 1 h in a PBS solution contain-
ing the secondary antibody Alexa 488 anti-Mouse 
(1:200, Life Technologies). Nuclei were stained 
with 4,6-diamidino-2-phenylindole (DAPI, Sig-
ma) diluted 1:1000 in PBS. After three washes 
in PBS, sections were mounted with a Dako 
�À�X�R�U�H�V�F�H�Q�W���P�R�X�Q�W�L�Q�J���D�Q�G���D�Q�D�O�\�]�H�G���X�V�L�Q�J���D���/�H�L�F�D��
SP5 confocal microscope (Leica Microsystems, 
Wetzlar, Germany). See Table II for details.

�4�X�D�Q�W�L�¿�F�D�W�L�R�Q���R�I���V�P�R�R�W�K���P�X�V�F�O�H���F�R�Q�W�H�Q�W

Since smooth muscle cells (SMC) are consid-
ered the functional compartment of the CC, the 
expression of these cells was evaluated by an 
�D�Q�W�L���.���6�P�R�R�W�K���0�X�V�F�O�H���$�F�W�L�Q�����.���6�0�$���� �D�Q�W�L�E�R�G�\��
�L�P�P�X�Q�R�À�X�R�U�H�V�F�H�Q�F�H�� �D�V�V�D�\�� �Z�L�W�K�� �W�K�H�� �D�L�P�� �W�R�� �G�H-
scribe the morphology of the CC and to evaluate 
changes in SMC content among the experimental 
groups.

�7�K�H���À�X�R�U�H�V�F�H�Q�F�H���T�X�D�Q�W�L�¿�F�D�W�L�R�Q���R�I���.���6�0�$���V�L�J-
nal was performed using Fiji-ImageJ software.

�$�I�W�H�U���&�&���L�G�H�Q�W�L�¿�F�D�W�L�R�Q�����W�K�H���U�H�J�L�R�Q���R�I���L�Q�W�H�U�H�V�W��
�I�R�U�� �.���6�0�$�� �V�L�J�Q�D�O�� �T�X�D�Q�W�L�¿�F�D�W�L�R�Q���� �³�G�H�V�S�H�F�N�O�H�´��
�D�Q�G�� �³�U�H�P�R�Y�H�� �R�X�W�O�L�H�U�´�� �F�R�P�P�D�Q�G�V�� �Z�H�U�H�� �D�S�S�O�L�H�G��
to achieve a better noise/signal ratio. Using the 
�³�W�K�U�H�V�K�R�O�G�´���W�R�R�O�����W�K�H���.���6�0�$���V�L�J�Q�D�O���Z�D�V���L�G�H�Q�W�L�¿�H�G��
�L�Q���W�K�H���U�H�J�L�R�Q���R�I���L�Q�W�H�U�H�V�W�����Z�K�L�O�H���W�K�H���³�D�Q�D�O�\�]�H���S�D�U�W�L-
�F�O�H�V�´���W�R�R�O���Z�D�V���X�V�H�G���W�R���T�X�D�Q�W�L�I�\���W�K�H���V�H�O�H�F�W�H�G���D�U�H�D�V����

�Z�D�V���X�V�H�G�����(�T�X�D�O���S�U�R�W�H�L�Q���T�X�D�Q�W�L�W�L�H�V�������������J�����Z�H�U�H��
loaded into each lane and resolved by 10% SDS-
PAGE. Western blot analysis was carried out as 
previously described.20 Table IV reports the list 
of primary and secondary antibodies used.

Evaluation of target organ

Histological procedure

Rat penises from CTRL, CS-MEM and RES 
groups were harvested 2 months after surgery 
�D�Q�G���L�P�P�H�G�L�D�W�H�O�\���¿�[�H�G���R�Y�H�U�Q�L�J�K�W���L�Q���������S�D�U�D�I�R�U-
maldehyde in PBS (Phosphate Buffered Saline, 
Sigma-Aldrich) at 4 °C and processed for paraf-
�¿�Q���H�P�E�H�G�G�L�Q�J�����6�S�H�F�L�P�H�Q�V���Z�H�U�H���F�X�W���W�U�D�Q�V�Y�H�U�V�H�O�\��
10 µm thick by a Microtome (Leica, Wetzlar, 
Germany) and morphological analysis has been 
carried out using Masson’s Trichrome staining 
�D�Q�G���L�P�P�X�Q�R�À�X�R�U�H�V�F�H�Q�F�H��

Masson’s trichrome staining

Transversal cross sections of penises from 
CTRL, CS-MEM, and RES groups were stained 
with Masson’s trichrome using an aniline blue 
kit (Bio-Optica). The method is a three-color 
staining that allows a macroscopical overview 
of the samples, which is particularly useful to 
evaluate the connective tissue detectable in 
blue. First, slides were stained using a mixture 
of Weigert’s iron and hematoxylin (solutions A 
and B). After an incubation with alcoholic picric 
acid and a wash in distilled water, sections were 
stained with Ponceau acid fuchsin and, lastly, 
with aniline blue for collagen detection. As a 
�¿�Q�D�O�� �V�W�H�S���� �V�H�F�W�L�R�Q�V�� �Z�H�U�H�� �U�D�S�L�G�O�\�� �G�H�K�\�G�U�D�W�H�G�� �L�Q��
ethanol, cleared in xylol/Bioclear (Bio-Optica) 
and mounted in DPX (Fluka).

TABLE IV.—  Antibodies used for Western blot analysis.
Primary antibodies

Code Dilution Host Source

anti-n-Nos 61-7000 1:250 Mouse Invitrogen
anti-e-Nos ab76198 1:250 Mouse abcam
anti-VEGFA ab1316 1:200 Rabbit abcam
anti-Vinculin V9131 1:2000 Mouse Sigma-Aldrich
Secondary antibodies

Code Dilution Host Source

HRP conjugated-anti-rabbit 7074 1:15000 Goat Cell signaling
HRP conjugated-anti-mouse 7076 1:15000 Goat Cell signaling
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In vitro and ex vivo experiments to test the re-
generative capability of micro-patterned CS-
membranes

Ethic statement

For this study, N.=5 adult male Wistar rats (En-
vigo, Udine, Italy) weighing approximately 
190-220g were used. All procedures were per-
formed in accordance with the guidelines of 
the European Union’s Directive EU/2010/63the 
Ethics Committee. In addition, approval by 
the Ethic Experimental Committee of the Uni-
versity of Turin (Ministry of Health project 
number E669C.47/2018, authorization number 
583/2019-PR) was obtained before the research 

�H�[�F�O�X�G�L�Q�J�� �S�D�U�W�L�F�O�H�V�� �V�P�D�O�O�H�U�� �W�K�D�Q�� ������ ���P2. This 
method allowed to quantify the sinusoidal areas 
and smooth muscle content (Figure 2), while the 
DAPI signal was used to quantify the total sec-
tion area of each sample (data not shown).

Statistical analysis

Statistical analyses were performed using Graph-
Pad-Prism. The data normality was assessed 
through the Shapiro-Wilk Test, and normality 
was assumed. One-way ANOVA was used to as-
sess differences between continuous variables 
from in vivo experiments and Tukey post hoc 
correction was used for between-group compari-
�V�R�Q�V�����6�L�J�Q�L�¿�F�D�Q�F�H���3���Y�D�O�X�H���”�����������
����

�)�L�J�X�U�H�������²�0�H�W�K�R�G���I�R�U���W�K�H���.���6�0�$���V�L�J�Q�D�O���T�X�D�Q�W�L�¿�F�D�W�L�R�Q�����5�H�S�U�H�V�H�Q�W�D�W�L�Y�H���S�L�F�W�X�U�H���R�I���W�K�H���V�L�J�Q�D�O�V���X�V�H�G���I�R�U���W�K�H���.���6�0�$���T�X�D�Q�W�L�¿-
�F�D�W�L�R�Q���V�K�R�Z�Q���L�Q���)�L�J�X�U�H�����������D�����&�R�U�S�R�U�D���&�D�Y�H�U�Q�R�V�D�������E�����G�R�U�V�D�O���Y�H�L�Q���D�Q�G�����F�����X�U�H�W�K�U�D�����7�K�H���V�L�J�Q�D�O���F�R�U�U�H�V�S�R�Q�G�L�Q�J���W�R���.���6�0�$���W�K�D�W��
surround the sinusoidal spaces is highlighted in yellow, the sinusoidal spaces are rendered in magenta.
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containing 0.1% triton X-100, 10% normal goat 
serum (NGS)/0.1% NaN3, and incubated over-
�Q�L�J�K�W�� ���2���1���� �D�W�� �5�7�� �L�Q�� �3�%�6�� �F�R�Q�W�D�L�Q�L�Q�J�� �D�Q�W�L�����,�,�,��
Tubulin (mouse, monoclonal, 1:1000, Sigma-Al-
drich) primary antibody; after washes with PBS, 
incubation with secondary antibody was carried 
out in PBS containing the secondary antibody 
Alexa 488 anti-mouse (1:200, Molecular Probes, 
Eugene, Oregon) for 1 hour at RT. Samples were 
�P�R�X�Q�W�H�G���Z�L�W�K���D���'�D�N�R���À�X�R�U�H�V�F�H�Q�W���P�R�X�Q�W�L�Q�J���P�H�G�L-
um and analyzed using a Zeiss LSM800 confocal 
laser microscopy system (Zeiss, Jena, Germany).

Results

Chitosan-blended membranes allow the regen-
eration of cavernous nerve in vivo

�(�Y�D�O�X�D�W�L�R�Q�� �R�I�� �Q�H�U�Y�H�� �¿�E�H�U�V�� �U�H�J�H�Q�H�U�D�W�L�R�Q�� �R�Q�� �W�K�H��
whole CS-membrane

iDISCO+ protocol was performed on regenerat-
ed CNs repaired with CS-membranes harvested 
2 months after injury to study the pathway of 
�Q�H�U�Y�H�� �¿�E�H�U�V�� �R�Q�� �W�K�H�� �Z�K�R�O�H�� �P�H�P�E�U�D�Q�H���� �,�P�P�X-
�Q�R�À�X�R�U�H�V�F�H�Q�F�H�� �D�Q�D�O�\�V�L�V�� �X�V�L�Q�J�� �D�[�R�Q�D�O�� �D�Q�G�� �J�O�L�D�O��
markers enabled the detection of a full coloniza-
tion of regenerated nerve fascicles going through 
the proximal to the distal portion of the mem-
�E�U�D�Q�H�� ���)�L�J�X�U�H�� �������� �+�L�J�K�H�U�� �P�D�J�Q�L�¿�F�D�W�L�R�Q�� �D�O�O�R�Z�H�G��
to better identify the presence of regenerated 
axons immunolabeled with PAN-NF (green) and 
�6�F�K�Z�D�Q�Q���F�H�O�O�V���L�P�P�X�Q�R�O�D�E�H�O�H�G���Z�L�W�K���6�������������U�H�G������
shifting toward the middle portion of the mem-
brane, many fascicles are clearly visible (Figure 
3B, C). Interestingly, nerve bundles have reached 
the distal portion of the membrane according to 
the regeneration process (Figure 3D).

Assessment of vasculogenesis on CS-membrane

Vascularization is one of the great challenges 
faced in nerve reconstruction to ensure cellular 
survival and axonal regrowth; compelling evi-
dence suggests that this process is necessary to 
guide axonal regeneration through VEGF secre-
tion by endothelial cells (EC).24

The presence of newly formed vessels was 
investigated in CS-MEM for their role in nerve 
�U�H�S�D�L�U�� �E�\�� �L�'�,�6�&�2������ �,�P�P�X�Q�R�À�X�R�U�H�V�F�H�Q�F�H�� �D�Q�D�O�\-
sis using anti-RECA1 antibody enabled the de-

began. Adequate measures were taken to mini-
mize pain and discomfort, considering human 
endpoints for animal suffering and distress.

�$�Q�L�P�D�O�V�� �Z�H�U�H�� �V�D�F�U�L�¿�F�H�G�� �E�\�� �O�H�W�K�D�O�� �L�Q�M�H�F�W�L�R�Q��
of ketamine hydrochloride (2.5 mg/kg) and xy-
lazine (50 mg/kg) by intraperitoneal injection, 
DRG were harvested to obtain ex vivo organo-
typic cultures and primary neuron cultures.

In vitro primary sensory neuron cultures

DRG primary neuronal cultures were obtained 
from rats as previously described.21 Dissociated 
sensory neurons were seeded on the different 
micro-grooved substrates with different level of 
asymmetry: i) GR and ii) SCA, and compared 
�Z�L�W�K���À�D�W���V�W�D�Q�G�D�U�G���&�6���P�H�P�E�U�D�Q�H�V�����$�O�O���V�X�E�V�W�U�D�W�H�V��
were pre-coated with laminin (2 µg/cm2, Sigma) 
in 24-well culture dishes. Neuronal cell cultures 
were incubated with Bottenstein and Sato’s me-
dium (BS) containing: 0.1 mg/mL transferrin, 20 
nM progesterone, 100 µM putrescine, 30 nM so-
dium selenite, 1 mg/mL BSA, 0.01mM cytosine 
arabinoside and 10 pM insulin in Ham’s F12 at 
5% CO2 at 37 °C for 72 hours.

DRG dissection and organotypic cultures

After harvesting, the connective tissue capsule 
around the ganglia was removed and each gan-
glion was cut in half to aid the attachment on the 
substrate, a 50 µl drop of Geltrex Matrigel (Ther-
�P�R�¿�V�K�H�U�����L�Q���)�������P�H�G�L�X�P�������������Y���Y�����Z�D�V���D�S�S�O�L�H�G��
on the substrate before seeding each explant. 
After 2 hours of incubation at 37 °C, Serum 
Free Media (SFM)22 culture medium with nerve 
growth factor (NGF, 50 ng/mL, Invitrogen) was 
slowly added to the plate.

Culturing of primary organotypic explants 
represents an ex vivo model of acutely axoto-
mized neurons to study neurite outgrowth.23, 24

After 3 days of culture, organotypic ganglia 
�D�Q�G�� �S�U�L�P�D�U�\�� �Q�H�X�U�R�Q�� �F�X�O�W�X�U�H�V�� �Z�H�U�H�� �¿�[�H�G�� �L�Q�� ������
paraformaldehyde (SIC, Società Italiana Chimi-
ci) for 15 min, washed in 0.1 M phosphate buffer 
���3�%�6�����S�+�������������D�Q�G���S�U�R�F�H�V�V�H�G���I�R�U���L�P�P�X�Q�R�À�X�R�U�H�V-
cence analysis.

�,�P�P�X�Q�R�À�X�R�U�H�V�F�H�Q�F�H

�$�I�W�H�U���¿�[�D�W�L�R�Q�����R�U�J�D�Q�R�W�\�S�L�F���D�Q�G���S�U�L�P�D�U�\���Q�H�X�U�R�Q�V��
cultures were permeabilized, blocked 1 h in PBS 
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CTRL groups. Genes linked to regenerative pro-
cesses and to the family of Nitric oxide synthases 
(Nos), involved either in nervous system regener-
ation, or in angiogenesis, were analyzed25-27. The 
level of Gdnf���G�R�H�V���Q�R�W���F�K�D�Q�J�H���V�L�J�Q�L�¿�F�D�Q�W�O�\���L�Q���&�6��
MEM group, although a slight increase is detect-
able, while the expression of c-Jun in CS-MEM 
remains almost stable (Figure 5A). The transcript 
of nNOS, the neuronal form of Nos, involved in 
neurotransmission and in penile erection with 
its catalytic activity to synthesize NO, released 
in nerve terminals, displays a strong tendency 
towards reduction on CS-MEM experimental 
�J�U�R�X�S�����7�K�L�V���W�H�Q�G�H�Q�F�\���L�V���F�R�Q�¿�U�P�H�G���E�\���W�K�H���S�U�R�W�H�L�Q��

tection of a strong vascularization on the whole 
CS-MEM (Figure 4A) in which spread vessels 
have totally colonized the membrane and the re-
�J�H�Q�H�U�D�W�H�G���G�L�V�W�D�O���V�W�X�P�S�����+�L�J�K�H�U���P�D�J�Q�L�¿�F�D�W�L�R�Q���H�P-
phasizes an interweaving network of vessels with 
different diameters and orientations (Figure 4B-
D). Lastly, the double immunostaining with PAN 
�Q�H�X�U�R�¿�O�D�P�H�Q�W���K�L�J�K�O�L�J�K�W�V���W�K�H���L�Q�W�H�U�D�F�W�L�R�Q���E�H�W�Z�H�H�Q��
vessels and regenerated axons (Figure 4E-G).

Biomolecular assessment in CS-membrane regen-
erated samples

Gene expression analysis was performed on CS-
MEM two months after injury/repair and in the 

�)�L�J�X�U�H�������²�(�Y�D�O�X�D�W�L�R�Q���R�I�� �Q�H�U�Y�H���U�H�J�H�Q�H�U�D�W�L�R�Q���R�Q���Z�K�R�O�H���&�6���P�H�P�E�U�D�Q�H�V���� �,�P�P�X�Q�R�O�D�E�H�O�L�Q�J�� �R�I�� �U�H�J�H�Q�H�U�D�W�L�Q�J�� �¿�E�H�U�V���X�V�L�Q�J�� �3�$�1��
�Q�H�X�U�R�¿�O�D�P�H�Q�W���P�D�U�N�H�U���I�R�U���D�[�R�Q�D�O���V�W�D�L�Q�L�Q�J���D�Q�G���6�����������P�D�U�N�H�U���I�R�U���J�O�L�D�O���F�H�O�O�V�����7�R�S���S�D�Q�H�O�����D���Z�K�R�O�H���&�6���P�H�P�E�U�D�Q�H���I�X�O�O�\���F�R�O�R�Q�L�]�H�G��
�E�\���U�H�J�H�Q�H�U�D�W�H�G���Q�H�U�Y�H���¿�E�H�U�V�����W�R�S���S�D�Q�H�O���U�L�J�K�W�����Q�H�J�D�W�L�Y�H���Y�L�V�X�D�O�L�]�D�W�L�R�Q���R�I���W�K�H���V�D�P�H���P�H�P�E�U�D�Q�H���G�L�V�S�O�D�\�L�Q�J���E�H�W�W�H�U���W�K�H���L�Q�W�H�U�D�F�W�L�R�Q��
�E�H�W�Z�H�H�Q���W�K�H���V�X�E�V�W�U�D�W�H���D�Q�G���Q�H�U�Y�H���¿�E�H�U�V�����%�R�W�W�R�P���S�D�Q�H�O�V�����K�L�J�K�H�U���P�D�J�Q�L�¿�F�D�W�L�R�Q�V���R�I���S�U�R�[�L�P�D�O���S�R�U�W�L�R�Q�����$�������P�L�G�G�O�H���S�R�U�W�L�R�Q�����%������
�P�L�G�G�O�H���G�L�V�W�D�O���S�R�U�W�L�R�Q�����&�������G�L�V�W�D�O���S�R�U�W�L�R�Q�����'�����R�I���W�K�H���P�H�P�E�U�D�Q�H���Z�L�W�K���U�H�J�H�Q�H�U�D�W�H�G���¿�E�H�U�V��
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Changes in morphology, smooth muscle content, 
and pericyte localization in the target organ as a 
consequence of nerve damage and repair

Overall morphology of rat penises by Masson’s Tri-
chrome staining

Masson’s Trichrome staining of CTRL (Figure 
6A-C), CS-MEM (Figure 6D-F) and RES groups 
(Figure 6G-I) rat penises were performed to iden-
tify the morphology of the target organ. In CTRL 
group, the normal morphology of a rat penis is 
�L�G�H�Q�W�L�¿�D�E�O�H���� �L�Q�� �Z�K�L�F�K�� �W�K�H�� �F�R�U�S�X�V�� �V�S�R�Q�J�L�R�V�X�P��
(Figure 6A black arrow), containing penile ure-
thra, occupies the ventral side; laterally to the cor-

expression analysis, in which nNOS is barely de-
tectable in the treatment group compared to the 
CTRL (Figure 5A, B). Exploring the other mem-
bers belonging to Nos family, it is interesting to 
�Q�R�W�H�� �D�� �V�L�J�Q�L�¿�F�D�Q�W�� �X�S�U�H�J�X�O�D�W�L�R�Q�� �R�I�� �W�K�H�� �L�Q�G�X�F�L�E�O�H��
Nos, iNos, in CS-MEM group; iNos is considered 
�D�� �P�H�G�L�D�W�R�U�� �R�I�� �L�Q�À�D�P�P�D�W�L�R�Q���� �L�Q�Y�R�O�Y�H�G�� �L�Q�� �L�Q�M�X�U�\��
repair process28 (Figure 5A). The mRNA and pro-
tein expression of eNOS and VEGFA were also 
tested for their involvement in the physiology of 
penile erection and in neuroregenerative process-
es.24, 29 Increased expression levels of eNOS and 
VEGFA were found on CS-MEM, at both mRNA 
and protein levels (Figure 5A, B).

Figure 4.—A) Evaluation of vascu-
logenesis on the whole CS-mem-
�E�U�D�Q�H���� �&�R�Q�I�R�F�D�O�� �À�X�R�U�H�V�F�H�Q�F�H�� �P�L-
croscopy images of newly-formed 
vessels in a regenerated CS-mem-
brane 2 months after CN repair; 
�%���'���� �K�L�J�K�H�U�� �P�D�J�Q�L�¿�F�D�W�L�R�Q�� �L�P�D�J�H�V��
of vessels randomly detectable in 
the whole membrane (anti-RECA1- 
red); E-G) interaction among ves-
sels (anti-RECA1- red) and axons 
(anti-NF- green). Scale bar A=200 
µm; scale bar B-G=20 µm.
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Figure 5.—Biomolecular as-
sessment of samples regener-
ated on CS-membranes. Sam-
ples regenerated on CS-mem-
branes 2 months after surgery 
and healthy CNs, as control 
(CTRL), were collected and 
used for gene and protein 
expression analysis. A) Bar 
graphs show the results of 
quantitative real-time PCR 
analysis for genes involved 
in nerve regeneration, Gdnf 
and c-Jun and genes belong-
ing to the NOS family, nNos, 
eNos, iNos and Vegfa gene; 
B) representative pictures of 
the protein expression analy-
sis of samples belonging to 
CS-MEM and CTRL-groups. 
The membrane was deco-
rated with anti nNOS, anti 
VEGFA and anti eNOS anti-
bodies. The asterisks point to 
�X�Q�V�S�H�F�L�¿�F���E�D�Q�G�V��

Figure 6.—Histological evaluation and morphological analysis of rat penises by Masson’s Trichrome staining. Masson’s 
trichrome staining on transversal sections of penises belonging to CTRL (A-C), CS-MEM (D-F) and RES (G-I) groups was 
�S�H�U�I�R�U�P�H�G�����%���&���(���)���+���,�����K�L�J�K�H�U���P�D�J�Q�L�¿�F�D�W�L�R�Q���L�P�D�J�H�V���V�K�R�Z�L�Q�J���G�H�W�D�L�O�V���D�E�R�X�W���&�&���R�U�J�D�Q�L�]�D�W�L�R�Q���L�Q���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���J�U�R�X�S�V����
(**) mark sinusoidal space. Black arrow A: corpus spongiosum; red arrows A: CC; green arrow A: dorsal vein; black arrow 
C: SMC around a sinusoidal capillary; red and green arrows G: localization of red staining in subtunical area and dorsal vein. 
Scale bar=20 µm.
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consequence of the repair after CN injury (Figure 
6D). However, cavernous sinuses are still well 
�L�G�H�Q�W�L�¿�D�E�O�H�� �D�Q�G�� �V�X�U�U�R�X�Q�G�H�G�� �E�\�� �6�0�&�� ���)�L�J�X�U�H�� ���)��
asterisks).

Lastly, transversal cross section of penis from 
RES group, in which no innervation occurred, 
shows the presence of blue staining around the 
section; red staining is mostly localized around 
the dorsal vein of penis (Figure 6G green arrow), 
in the subtunical area of the CC (Figure 6G red 
arrow) and spread within the CC (Figure 6I).

�4�X�D�Q�W�L�¿�F�D�W�L�R�Q���R�I�� �V�P�R�R�W�K�� �P�X�V�F�O�H���F�R�Q�W�H�Q�W���L�Q�� �S�H-
nises’ corpora cavernosa

SMC are the functional compartment of CC 
responsible for penile erection; for this reason, 

pus spongiosum, the penis comprises the two CC 
(Figure 6A red arrows), spongy bodies with many 
cavernous sinuses surrounded by smooth muscle, 
responsible for penile erection (Figure 6C black 
arrow). A predominant blue stain is clearly de-
tectable in the whole section, allowing to identify 
a strong presence of collagen content within the 
�W�L�V�V�X�H�����+�R�Z�H�Y�H�U�����D�W���K�L�J�K�H�U���P�D�J�Q�L�¿�F�D�W�L�R�Q�����L�Q�W�H�Q�V�H��
�U�H�G���V�W�D�L�Q�L�Q�J���W�\�S�L�F�D�O���R�I���P�X�V�F�O�H���F�H�O�O�V�����L�V���L�G�H�Q�W�L�¿�D�E�O�H��
within two CC surrounding the sinusoidal caver-
nae (Figure 6B, C asterisks).

In CS-MEM penis, blue staining seems to be 
lower compared to CTRL, and a diffuse dark 
red staining is detectable within CC, showing an 
overall reduction of collagen content and, prob-
ably, a remodeling of the organ occurring as a 

Figure 7.—Evaluation of smooth muscle content in penises Corpora Cavernosa. Total cross section of CTRL (A), CS-MEM 
���%�������5�(�6�����&�����U�D�W���S�H�Q�L�V�H�V���L�P�P�X�Q�R�O�D�E�H�O�H�G���Z�L�W�K���D�Q�W�L���.���6�0�$�����J�U�H�H�Q�����D�Q�G���K�L�J�K�H�U���P�D�J�Q�L�¿�F�D�W�L�R�Q���L�P�D�J�H�V���V�K�R�Z�L�Q�J���G�H�W�D�L�O�V���D�E�R�X�W��
the morphology and the organization of sinusoidal spaces within CC in CTRL (a’, a’’), CS-MEM (b’, b’’) and RES group 
���F�¶�����F�¶�¶�������'�����E�D�U���J�U�D�S�K�V���G�H�S�L�F�W�L�Q�J���W�K�H���T�X�D�Q�W�L�¿�F�D�W�L�R�Q���R�I���W�K�H���W�R�W�D�O���F�U�R�V�V���V�H�F�W�L�R�Q���D�U�H�D���R�I���W�K�H���S�H�Q�L�V�H�V�����(�����T�X�D�Q�W�L�¿�F�D�W�L�R�Q���R�I���W�K�H���U�D�W�L�R��
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group (Figure 8B-b) penis, while in RES group 
SMC are limited to sinusoidal space, suggesting 
a possible atrophy of the target organ due to the 
lack of innervation (Figure 8C-c).

Evaluation of pericyte localization and arrange-
ment in rat penis as a consequence of cavernous 
nerve damage and regeneration

Pericytes are a population of contractile cells that 
surround the EC of microvessels, strongly asso-
ciated with capillary ECs of healthy penis30. De-
rangement of the structure and function of these 
cells is recognized to be important in the patho-
physiology of ED resulting from a variety of 
conditions, including diabetes and CN damage.31

Since the involvement of these cells in CC 
arrangement after CN injury, the presence of 
pericytes was evaluated in CTRL, CS-MEM and 
RES experimental groups. A double immuno-
�À�X�R�U�H�V�F�H�Q�F�H�� �D�Q�D�O�\�V�L�V�� �X�V�L�Q�J�� �D�Q�W�L���1�*���� ���S�H�U�L�F�\�W�H��
�P�D�U�N�H�U�����D�Q�G���D�Q�W�L���.���6�0�$�����6�0�&���P�D�U�N�H�U�����D�Q�W�L�E�R�G-
ies was carried out to identify the distribution 
of pericytes among experimental groups. In rat 
CTRL penis, NG2 expression was found around 
microvessels in the periphery of corpus caver-
nosum, close to nerve bundles and dorsal vein 
(Figure 9A, B white arrows); no expression of 
NG2 was detectable around cavernous sinusoids 
(Figure 9C, D). Interestingly, an intense immune 
�H�[�S�U�H�V�V�L�R�Q���R�I���1�*�����Z�D�V���L�G�H�Q�W�L�¿�D�E�O�H���L�Q���&�6���0�(�0��

�L�P�P�X�Q�R�À�X�R�U�H�V�F�H�Q�F�H���D�Q�D�O�\�V�L�V���X�V�L�Q�J���D�Q�W�L���.���6�0�$��
�D�Q�W�L�E�R�G�\���Z�D�V���S�H�U�I�R�U�P�H�G���W�R���V�S�H�F�L�¿�F�D�O�O�\���T�X�D�Q�W�L�I�\��
muscle cells and their changes in distribution 
within cavernous tissue in CTRL, CS-MEM and 
RES groups.

Total cross section of rat penises immunola-
�E�H�O�H�G�� �Z�L�W�K�� �D�Q�W�L���.���6�0�$�� �V�K�R�Z�H�G�� �W�K�H�� �S�U�H�V�H�Q�F�H�� �R�I��
SMC surrounding vascular sinusoidal spaces, 
small vessels, and the dorsal vein of the penis 
���)�L�J�X�U�H�����$���&�������)�R�U���W�K�H���T�X�D�Q�W�L�¿�F�D�W�L�R�Q���R�I���W�K�H���W�R�W�D�O��
cross section area, a mean value of 7.6±0.57 mm2 
in CTRL, 8.5±0.6 mm2 in CS-MEM, 8.5±0.2 
mm2 in RES groups was reported with no statisti-
�F�D�O�O�\���V�L�J�Q�L�¿�F�D�Q�W���G�L�I�I�H�U�H�Q�F�H�V���D�P�R�Q�J���H�[�S�H�U�L�P�H�Q�W�D�O��
groups (Figure 7D).

Changes in smooth muscle content among the 
�H�[�S�H�U�L�P�H�Q�W�D�O�� �J�U�R�X�S�V�� �Z�H�U�H�� �T�X�D�Q�W�L�¿�H�G�� �D�V�� �D�� �S�H�U-
�F�H�Q�W�D�J�H�� �R�I�� �W�K�H�� �U�D�W�L�R�� �E�H�W�Z�H�H�Q�� �W�K�H�� �.���6�0�$�� �V�L�J�Q�D�O��
around sinusoidal spaces and the total area of the 
corresponding cross section (as shown in Figure 
���������8�Q�O�L�N�H���W�K�H���5�(�6���J�U�R�X�S�����Z�K�L�F�K���V�K�R�Z�V���D���V�L�J�Q�L�¿-
�F�D�Q�W���U�H�G�X�F�W�L�R�Q���R�I���W�K�H���.���6�0�$���V�L�J�Q�D�O���F�R�P�S�D�U�H�G���W�R��
�W�K�H���&�7�5�/�����L�Q���&�6���0�(�0���Q�R���V�L�J�Q�L�¿�F�D�Q�W���G�L�I�I�H�U�H�Q�F�H��
was observed (Figure 7E) revealing a mainte-
nance and/or a recovery of the smooth muscle 
cell components around the sinusoidal spaces. 
�)�L�Q�D�O�O�\�����W�K�H���P�R�U�S�K�R�O�R�J�L�F�D�O���H�Y�D�O�X�D�W�L�R�Q���R�I���.���6�0�$��
�S�R�V�L�W�L�Y�H���F�H�O�O�V���S�H�U�I�R�U�P�H�G���D�W���K�L�J�K�H�U���P�D�J�Q�L�¿�F�D�W�L�R�Q��
allowed to detect SMC spread in the cavernous 
tissue in CTRL (Figure 8A-a) and CS-MEM 

Figure 8.—Morphological 
�H�Y�D�O�X�D�W�L�R�Q���R�I���.���6�0�$���S�R�V�L�W�L�Y�H��
cells in rat penises. Low and 
�K�L�J�K���P�D�J�Q�L�¿�F�D�W�L�R�Q���L�P�D�J�H�V���R�I��
CTR (A-a), CS-MEM (B-b) 
and RES (C-c) rat penises 
immunolabeled with anti-
�.���6�0�$�� ���J�U�H�H�Q���� �D�Q�G�� �'�$�3�,��
(blue), to label nuclei; Scale 
bar=20 µm. (*) Asterisks in-
dicate sinusoidal spaces.
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Micro-patterned CS-membranes with GR and 
SCA patterns were used as substrates to study 
membrane interaction with primary sensory 
neuron cultures and organotypic cultures of ex-
planted ganglia from the dorsal root (DRG). The 
�J�R�D�O���R�I�� �W�K�H�V�H���P�R�G�L�¿�F�D�W�L�R�Q�V���Z�D�V���W�R���L�P�S�U�R�Y�H���W�K�H��
performance of CS-membranes by creating on 
its surface directional topographic patterns ca-
pable of guiding neurite outgrowth via mecha-
notrasduction in vitro, with the further aim to 
make the nerve repair process more effective 
in vivo. Additionally, a zigzag asymmetric SCA 
topography may optimize the regeneration of 
nerves by offering a greater pathway for growth 
and extension without causing tension during 
movements.

�$���F�R�P�P�R�Q���D�[�R�Q�D�O���L�P�P�X�Q�R�P�D�U�N�H�U�����.���W�X�E�X�O�L�Q����
facilitated the visualization of neurites from both 
primary dissociated sensory neurons (Figure 
10I) and organotypic explant ganglia cultures 

group within the CC (Figure 9E, F), and in cav-
ernous sinusoids (Figure 9F, G white arrows) 
in which SMA positive cells are also detectable 
and partially overlapped with NG2 positive cells 
(Figure 9E, F asterisks); immunopositivity for 
NG2 was also found around microvessels (Fig-
ure 9H) similarly to CTRL. Finally, NG2 ex-
pression was undetectable in the RES group, in 
�Z�K�L�F�K�� �R�Q�O�\�� �.���6�0�$�� �S�R�V�L�W�L�Y�H�� �F�H�O�O�V�� �I�R�U�P�L�Q�J�� �F�D�Y-
ernous sinusoids (Figure 9I-K) and microvessels 
(Figure 9L) are visible.

Effect of the topography of micro-patterned CS-
membranes in vitro and ex vivo

The presence of the directional micro-topogra-
phies on the CS-membranes is designed to cre-
�D�W�H���D���V�X�U�I�D�F�H���W�K�D�W���I�X�U�W�K�H�U���H�Q�F�R�X�U�D�J�H�V���Q�H�U�Y�H���¿�E�H�U��
regrowth of the human NVB, characterized by 
�D�X�W�R�Q�R�P�L�F���Q�H�U�Y�H���¿�E�H�U�V���D�U�L�V�L�Q�J���I�U�R�P���W�K�H���L�Q�I�H�U�L�R�U��
prostatic plexus, arranged in network.

Figure 9.—Evaluation of pericyte localization and re-arrangement in rat penises. Pericytes are normally localized in cor-
respondence of the vessels and microvessels (a,b,g,h, arrows). In the space of the corpora cavernosa, single NG2 (red) and 
�.���6�0�$�����J�U�H�H�Q�����S�R�V�L�W�L�Y�H���F�H�O�O�V���D�U�H���R�E�V�H�U�Y�H�G���L�Q���W�K�H���V�D�P�S�O�H�V���E�H�O�R�Q�J�L�Q�J���W�R���W�K�H���&�6���0�(�0���H�[�S�H�U�L�P�H�Q�W�D�O���J�U�R�X�S�����D�V�W�H�U�L�V�N�V�������6�F�D�O�H��
bar=20 µm.
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Discussion

Chitosan, a biocompatible and biodegradable 
polysaccharide derived from chitin, has gained at-
tention in regenerative medicine due to its unique 
properties;32 several preclinical studies have 
�G�H�P�R�Q�V�W�U�D�W�H�G�� �W�K�H�� �H�I�¿�F�D�F�\�� �R�I�� �&�6���P�H�P�E�U�D�Q�H�V�� �L�Q��
promoting nerve regeneration and functional re-
covery of somatic nerves.33, 34

Following these encouraging results, CS-mem-
�E�U�D�Q�H���Z�D�V���D�S�S�O�L�H�G���L�Q���W�K�H���F�O�L�Q�L�F�D�O���X�U�R�O�R�J�L�F�D�O���¿�H�O�G��
to NVB of 140 patients after NS-RARP, resulting 
a feasible and safe treatment without any compli-
cations or adverse events in patients.10 Further-
more, results from a comparative study in which 
the application of CS-membrane on NVB was 
�P�D�W�F�K�H�G�� �Z�L�W�K�� �S�D�W�L�H�Q�W�V�� �Z�K�R�� �G�L�G�� �Q�R�W�� �E�H�Q�H�¿�W�� �I�U�R�P��
CS use revealed a higher potency recovery rate 
at 1 and 2 months after a bilateral or monolateral 
full NS-RARP.11

Lastly, ex vivo experiments performed on auto-
nomic explant ganglia have shown the neuro-re-

(Figure 10-II). In primary cultures of dissociated 
neurons, a noticeable trend towards substrate-
dependent oriented growth was observed on both 
GR and SCA CS-membranes, indicating neurites 
are guided by the topographies. Additionally, the 
capability of neurites to follow micro-patterned 
CS-membrane was also evaluated using ex vivo 
models, which provide a valuable 3D culture 
platform preserving the tissue cytoarchitecture 
and the interaction between neuronal and glial 
cells, thus closely mimicking in-vivo condi-
tions.12 The direct interaction of ex vivo explants 
with GR and SCA CS-membranes suggests their 
complex utility in promoting the oriented growth 
of glial cells and neurons, a pivotal aspect in en-
�K�D�Q�F�L�Q�J���W�K�H���H�I�¿�F�D�F�\���R�I���U�H�J�H�Q�H�U�D�W�L�R�Q�����)�L�J�X�U�H������������
The more asymmetric pattern, SCA, just leaves 
a higher degree of freedom to cell cytoskeleton, 
as expected.15 Overall, either GR, or SCA mem-
branes are effective in inducing neuronal polar-
ization and alignment along the patterns in both 
DRG and ex vivo explants.

Figure 10.—Micro-patterned CS-membranes, in vitro and ex vivo���D�Q�D�O�\�V�L�V�����(�Y�D�O�X�D�W�L�R�Q���R�I���W�K�H���H�I�I�H�F�W���R�I���W�R�S�R�J�U�D�S�K�L�F�D�O���P�R�G�L�¿-
cations of CS-membranes on the neurite orientation. Two types of directional micro-grooved patterns, with different level of 
�D�V�\�P�P�H�W�U�\�����Z�H�U�H���W�H�V�W�H�G�����J�U�D�W�L�Q�J�V�����*�5�����D�Q�G���V�F�D�O�H�Q�H���W�U�L�D�Q�J�O�H�V�����6�&�$�������W�R�J�H�W�K�H�U���Z�L�W�K���V�W�D�Q�G�D�U�G���L�V�R�W�U�R�S�L�F���À�D�W���P�H�P�E�U�D�Q�H�V�����)�/�$�7������
�,���� �3�U�L�P�D�U�\�� �V�H�Q�V�R�U�\�� �Q�H�X�U�R�Q�V�� �I�U�R�P�� �D�G�X�O�W�� �U�D�W�� �G�R�U�V�D�O�� �U�R�R�W�� �J�D�Q�J�O�L�D�� ���'�5�*������ �,�,���� �2�U�J�D�Q�R�W�\�S�L�F�� �F�X�O�W�X�U�H�V�� �R�I�� �'�5�*���� �6�W�D�L�Q�L�Q�J���� �D�Q�W�L������
tubulin antibody. Scale bar=100 µm. White arrows indicate the pattern orientation of the membranes.
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us to attribute this expression to the network of 
�Q�H�U�Y�H���¿�E�H�U�V���L�G�H�Q�W�L�¿�H�G���D�O�R�Q�J���W�K�H���H�Q�W�L�U�H���H�[�W�H�Q�V�L�R�Q��
of the membrane. The expression pattern of this 
gene in CS-MEM group is in agreement with its 
role in supporting axonal regeneration and elon-
gation during nerve repair.25, 36

The expression of c-Jun was investigated for 
its involvement in reprogramming of myelin and 
non-myelin Schwann cells during nerve repair 
and also for its overexpression during axonal re-
generation in rodents.26 The stability of c-Jun in 
CS-MEM group highlighted that Schwann cell 
reprogramming, mediated by its activation, has 
probably already occurred.

nNOS, the neuronal form of NOS, is involved 
in neurotransmission due to its catalytic activ-
ity that gives rise to NO that is released in nerve 
terminals, allowing penile erection. It has been 
demonstrated that the expression and activity of 
nNOS decrease in CNs after injury, resulting in 
the decline of nerve-derived NO.27 Indeed, ac-
cording to the literature, the mRNA expression of 
nNos in the CS-MEM experimental group shows 
a strong tendency toward reduction, which is fur-
ther supported by the protein expression analysis, 
showing that nNOS is hardly detectable in the 
treatment group when compared to the CTRL. 
Looking into the Nos family, it was intriguing 
�W�R���¿�Q�G���W�K�D�W���W�K�H��iNos gene CS-MEM group had a 
large upregulation. This may be viewed as either 
an element that can balance NO levels due to the 
lack of nNOS,28���R�U���D�V���D���P�H�G�L�D�W�R�U���R�I���L�Q�À�D�P�P�D�W�L�R�Q��
that is compatible with nerve damage.37

The importance of vascularization during 
nerve regeneration is well-established, and there 
is a strong evidence that the surface of blood ves-
sels directly supports Schwann cells migration 
and axonal regrowth, suggesting an important 
link between neurite elongation and vasculo-
genesis.24, 38 In this study, the presence of newly 
formed vessels on the whole CS-membranes and 
�W�K�H�L�U�� �L�Q�W�H�U�D�F�W�L�R�Q�� �Z�L�W�K�� �H�O�R�Q�J�D�W�L�Q�J�� �D�[�R�Q�V�� �F�R�Q�¿�U�P��
the key role of blood vessels as supporting ele-
ments for nerve regeneration.29 Higher levels of 
eNOS and VEGF were detected on CS-MEM, at 
both the gene and protein levels, highlighting the 
�V�L�J�Q�L�¿�F�D�Q�F�H���R�I���H�1�2�6���L�Q���1�2���V�\�Q�W�K�H�V�L�V���D�Q�G���9�(�*�)��
participation in pro-angiogenic and regenerative 
mechanisms.

�J�H�Q�H�U�D�W�L�Y�H���H�I�I�H�F�W���R�I���D���À�D�W���&�6���P�H�P�E�U�D�Q�H���U�H�S�R�U�W�L�Q�J��
a higher neurite outgrowth. At the same time, in-
vitro experiments with metastatic cancer cell lines 
displayed a lower proliferation rate when cultured 
with CS coating and dissolution products.12

In this study, CS-membranes were applied for 
�W�K�H�� �¿�U�V�W�� �W�L�P�H�� �W�R�� �V�W�X�G�\�� �W�K�H�� �U�H�J�H�Q�H�U�D�W�L�R�Q�� �R�I�� �D�X�W�R-
nomic CNs in vivo on rat animal models, with 
promising results.

The innovative surgical procedure used re-
sembles, as much as possible, the damage to the 
NVB occurring in men after RP with the side ef-
fect of ED. However, other concurrent events, 
including metabolic syndromes or vascular dis-
�R�U�G�H�U�V���� �W�K�D�W�� �F�R�X�O�G�� �D�I�I�H�F�W�� �U�H�J�H�Q�H�U�D�W�L�R�Q�� �H�I�¿�F�L�H�Q�F�\��
after RP cannot be evaluated using this para-
digm requiring advanced animal models (i.e., 
obese, diabetic, elderly rats). The NVB plays a 
crucial role in erectile physiology, containing 
autonomic nerves responsible for initiating and 
maintaining penile erection as well as vascular 
�V�W�U�X�F�W�X�U�H�V���F�U�X�F�L�D�O���I�R�U���D�G�H�T�X�D�W�H���E�O�R�R�G���À�R�Z���W�R���W�K�H��
penis. Damage to these structures can disrupt the 
neural signaling necessary for achieving and sus-
taining erections, leading to ED. Anatomically, 
rats have a single CN that runs dorso-laterally to 
each prostatic lobe, whereas humans have nerves 
and vessels travelling in tandem within the NVB. 
Despite this anatomical difference, both species 
exhibit the same functional behavior,35 suggest-
ing that rat CN is a suitable model to study nerve 
regeneration from a translational point of view.

The innovative and sensitive iDISCO+ proto-
col allowed to detect the pathway of regenerated 
�Q�H�U�Y�H���¿�E�H�U�V�������P�R�Q�W�K�V���D�I�W�H�U���W�K�H���L�Q�M�X�U�\���D�Q�G���U�H�S�D�L�U����
thus showing the ability of the CS-membranes 
to support CN regeneration. Furthermore, the 
presence of nerve fascicles in the distal portion 
�R�I���W�K�H���P�H�P�E�U�D�Q�H���G�H�P�R�Q�V�W�U�D�W�H�G���W�K�D�W���Q�H�U�Y�H���¿�E�H�U�V��
reached the distal site. Gene expression analysis 
also allowed to evaluate the regenerative envi-
ronment of the membranes: through two genes 
in particular, Gdnf and c-Jun, the observation of 
the supporting role in axonal regeneration and 
elongation and also in the reprogramming of my-
elin and non-myelin Schwann cells during nerve 
�U�H�J�H�Q�H�U�D�W�L�R�Q���Z�D�V���R�E�W�D�L�Q�H�G�����$�O�W�K�R�X�J�K���Q�R�W���V�L�J�Q�L�¿-
cant, the tendency of Gdnf to increase in samples 
regenerated through the CS-membranes allowed 
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�I�R�U�P�D�W�L�R�Q���R�Q���K�R�Z���V�S�H�F�L�¿�F���W�R�S�R�J�U�D�S�K�L�F�D�O���I�H�D�W�X�U�H�V��
can be exploited for the fabrication of micro pat-
terned CS-membranes that could have better 
nerve repair performances in vivo.15

Conclusions

The overall results achieved in this study demon-
strated that the CS-membranes used to repair CN 
�G�D�P�D�J�H���D�U�H���H�I�I�H�F�W�L�Y�H���L�Q���V�X�S�S�R�U�W�L�Q�J���Q�H�U�Y�H���¿�E�H�U���U�H-
generation in vivo, as evidenced by the morpho-
logical evaluation and gene and protein analysis 
of the regenerating nerves.

�7�D�N�H�Q�� �W�R�J�H�W�K�H�U���� �W�K�H�V�H�� �U�H�V�X�O�W�V�� �F�R�Q�¿�U�P�� �W�K�H��
promising potential about the application of CS-
membranes in the regenerative urological clini-
�F�D�O�� �¿�H�O�G���� �D�U�L�V�L�Q�J�� �I�U�R�P�� �W�K�H�� �E�L�R�O�R�J�L�F�D�O�� �S�U�R�F�H�V�V�H�V��
occurring in the restoration of nervous activity 
and functional recovery.

As a further study, diabetic transgenic rat 
�P�R�G�H�O�V���Z�L�O�O���E�H���H�Q�U�R�O�O�H�G���W�R���H�Y�D�O�X�D�W�H���W�K�H���H�I�¿�F�D�F�\��
of the CS-membrane in comorbidity conditions. 
At the same time, starting from the promising in 
vitro results, micropatterned membranes will be 
tested in vivo in the same surgical experimental 
�P�R�G�H�O�� �W�R�� �L�P�S�U�R�Y�H�� �W�K�H�� �S�H�U�I�R�U�P�D�Q�F�H�� �R�I�� �W�K�H�� �À�D�W��
membrane. Lastly, a deep sequencing analysis 
will be conducted either on regenerating nerves 
or the target organ.

�)�U�R�P�� �D�� �W�U�D�Q�V�O�D�W�L�R�Q�D�O�� �S�H�U�V�S�H�F�W�L�Y�H���� �W�K�H�� �V�L�J�Q�L�¿-
cance of this study is to develop an innovative 
strategy to improve NVB recovery after iatro-
genic damage and thus, patients’ outcomes and 
quality of life.
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