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ABSTRACT

BACKGROUND: The primary treatment for localized prostate cancer involves radical prostatectomy (RP) often
ing in iatrogenic damage to the periprostatic neurovascular bundles (NVB), leading to erectile dysfunction. The
study devised an experimental model involving bilateral cavernous nerve (CN) lesions in rats to replicate nerve
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); rai
derwent bilateral resection of 2 mm of CN repaired with a glycerol-blended chitosan membranes (CS-MEM grou
underwent a total resection of both CN and major pelvic ganglion (RES group). Two months after surgery, men
with regenerated nerves were analyzed morphologically, and for gene and protein expression for the evaluation
regeneration and vascularization. Rat penises were assessed for smooth muscle content, morphology, and tissu
ment. Primary sensory neuron cultures and DRG explants were cultured on micro-grooved chitosan-blended me
to evaluate axonal orientation on different topographies.
5(68/76 5HJHQHUDWHG QHUYH ¢EHUV DQG QHZO\ IRUPHG YHVVHOV
SURFHVV ZDV DOVR FRQ¢UPHG E\ JHQH DQG SURWHLQ H[SUHVVLRQ
muscle tissue around sinusoidal spaces, indicating potential restoration of cavernous tissue. The quantitative an
DFWLQ VPRRWK PXVFOH . 60% H[SUHVVLRQ LQ &6 0(0 JURXSV GL
trols. In-vitro experiments on micro-patterned membranes displayed oriented axonal growth, showing valuable i
into the ways in which topographical features can be considered for a more effective perfanmice
&21&/86,216 &KLWRVDQ EOHQGHG PHPEUDQHV SUhRR&RWIde! oF HAVE HsigrE
that resembles the damage to the NVB occurring in men after radical prostatectomy. These results highlight the p
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SRWHQWLDO RI WKLV GHYLFH LQ WKH FOLQLFDO XURORJLFDO ¢HOG WKXV V]
membranes could further improve nerve regeneration.

(Cite this article asFregnan F, Muratori L, Crosio A, Zen F, Fiori C, Tonazziet kl.A novel rat model for studying bilateral
cavernous nerve damaievivo. 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.

ostate cancer is the most frequent cancefinical use of dHACM as a novel source of im-
DIITHFWLQJ PHQ ZRUOG ZL Qlantablel Me8rbtwiptic fatidrQdng cytokines use-
cant advancements in detection and treatmerfitl to enhance the regeneration process. Bioma-
it remains a considerable public health issuéerials play a crucial role in tissue engineeriog t
Advancements in imaging techniques such gwomote nerve regeneratioalso in a urological
mpMRI and PSMA-PET, concurrently to com-clinical setting with the aim to restore the efecti
puter-aided diagnosis (CAD) systems which sugunction and, subsequently, the quality of life for
ports mpMRI using algorithms, have enhancethe affected patients. Our research team previous-
early detection and staging accuracy improvinty demonstrated that the application of a chitosan
patients’ outcomes3 membrane, a biomaterial of natural origin, is safe
Surgical treatments play a main role in loand effective on the NVB after NS-RARP, show-
calized or early-stage prostate cancer; the goldg positive results in terms of potency recov-
standard is radical prostatectomy (RP), which irery?-11 Along with clinical assessment, amvitro
volves the complete removal of the prostate glarehdex vivostudy demonstrated the pro-regenera-
and seminal vesicles, with the aim of eradicatingive effect of chitosan (CS) in axonal elongation
cancer while preserving urinary and sexual funmf autonomic explant ganglia, at the same time,
WLRQ 5HFHQW VWXGLHV KD YH WLIIKLG IFIKOWH ® RVKHH) HS Y RDEVHU D'
and advancements in surgical techniques such @ cell lines derived from lymph node, brain and
robot-assisted RP (RARP), which offers improvethone metastasis was reported, providing further
precision and faster recovery compared to tradi; QGLQJYV DERXW WKH % BowW\ RI W
tional open surgery. Additionally, advancementsver, the use of CS is constrained by its rigialitgt
in nerve-sparing approaches have led to bettbrittleness, and plasticizers are tested to improve
postoperative outcomes in terms of erectile fundhe mechanical properties of CS biomaterals.
tion and urinary continende.) X U W K H U P-R Uh# priggdrg &dly, a novel surgical procedure that
ments in surgical planning and intraoperative imresembles the iatrogenic damage to the NVB fol-
aging techniques have enhanced the oncologidalving RP in men was carried oit vivo on a
outcomes and reduced the risk of complicationst animal model. Additionally, CN was repaired
associated with prostate cancer sur§ddgspite using chitosan-glycerol blended membranes (CS-
these advancements, in patients who undergpHPEUDQHYV LQ RUGHU WR LQYHV
radical prostatectomy, frequently iatrogenic damtime, CN regeneration after a severe injaryivo.
age to the peri-prostatic neurovascular bundldanally, the CS-membranes structured with differ-
(NVB) occurs, leading to erectile dysfunctionent micro-topographies were tested with primary
(ED) with impairment in patients’ quality of life. sensory neurons and organotypic explants to eval-
A strategy to protect and promote the regensate their guiding ability on neurons.
HUDWLRQ RI 19% L\QMXUHG JEHUV DIWHU VXUJHU\ LV WKH
D_SSOLFDV_VL_RQ RI ADW PHpEUDQHVMa@&iQIEaPhW%&dQV GH
scribed the application of dehydrated human am-
nion/chorion membranes (dHACM) on the NVBpoduction of glycerol-blended CS membranes
after nerve-sparing robot-assisted RP (NS-RARP)
as a neuroprotective, pro-regenerative and anfi9% Glycerol-blended CS-membranes were mi-
LQADPPDWRU\ GHal'LrEpdrte® &V Er@abricated by solvent casting via a two-molds
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process4 %ULHA\ WKH SDWWH UlgeHGS-WdnbriafeR Qdry) Rope€ewit a period
were developed through photolithography techiridge + groove widths) of 4.8+0.2 um for GR
nique, and then polydimethylsiloxane (PDMSyand 5.5+0.3 um for SCA, and depth of 1.3+0.1
intermediate mold replicas were realized omm. The topographies created on the membranes
the silanized silicon molds, as previously dewere checked by atomic force microscopy and
scribed!s The PDMS intermediate replicas wereEULJKW ¢HOG PLFURVFRSY EHIRUE
used for the fabrication of membranes, using aid, CS-membranes became swelled, resulting
solvent casting technique. A CS solution 2% w/An a pattern period of 7.6+0.3 um for GR and
was prepared using CS medium weight (MWY.92£0.1 um for SCA. The size of the patterns re-
powder (Sigma-Aldrich, 448877) dissolved inmains stable and unchanged for long time, from
acetic acid solution (1% v/v in deionized wa-days to several months, after exposure to liquids.
ter). The solution was stirred overnight at room , ,
temperature (RT) until complete dissolution and VIVO experiments to test the regenerative ca-
COWHUHG XVLQJ D %sFKQH UWaPXHDEPIeF e 248 B HEW H
(OWHU SDSHU ZLWK D P FXibRildesidhbikidiic MokeBure
Milano) and a vacuum pump. Glycerol 10% in
volume was added fresh to the CS solution fdfor this study, adult male Wistar rats weigh-
membranes’ preparation, and the solution wasg approximately 230-250 g (Envigo, Udine,
stirred for 30 minutes, until complete homogenekaly) were used. Animals were housed in large
ity. Then, the solution was sonicated for 15 mineages at the animal facility of Neuroscience In-
utes just before use, poured on the PDMS moldstitute Cavalieri Ottolenghi (NICO; Ministerial
placed in a Petri dish, and kept for 72 hours undeuthorization DM 182 2010-A 3-11-2010) in a
chemical hood at RT, until the membranes hakumidity and temperature-controlled room with
completely dried. The CS-membranes were ned2 h light/dark cycles. Free access to water and
tralized for 30 minutes in a 0.5% w/v NaOH sostandard chow was provided. Human endpoint
lution and washed once with phosphate bufferectiteria were adopted to adequately measure and
solution (PBS; Sigma-Aldrich, D8537). Beforeminimize any animal pain, discomfort, or dis-
cell culturing, CS- membrane were sterilized byress. The study conditions were conformed to
treatment with ethanol 70% (for 15 minutes) anthe guidelines of the European Union’s Directive
then rinsed with sterile J© Milli-Q. EU/2010/63. In addition, approval by the Ethic
Isotropic standard and micro-patternact.( Experimental Committee of the University of Tu-
with anisotropic topographies of varying axialrin (Ministry of Health project number 583/2020)
symmetry) membranes, were created accordingas obtained before the research began.
to the previous worké Flat molds were used to  Table | shows the experimental groups with a
produce FLAT isotropic membranes, as contraflescription of the type of surgery performed, the
condition. The following directional micro-pat- samples collected, and the type of analysis car-
terns were established: gratings pattern (GRijied out.
with alternating lines of grooves and ridges; For morphological assessment of regenerated
zig-zag pattern with scalene triangles (SCA)CN on the CS-membranes, N.=6 rats underwent

TaBLE |.—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 2 months after surgery
cavernous nerve repaired with « 2 Regenerated nerves with membrane: iDISCO+, Real time
Chitosan membrane PCR, protein expression
¢ Penis: Masson’s Trichrome staining and IHC
RES Total bilateral resection of cavernous2 months after surgery
nerve and MPG ¢ Penis: Masson'’s trichrome staining and IHC
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bilateral resection of 2 mm of CN repaired with aler deep anesthesia using ketamine hydrochlo-
3x2 mm of CS-membrane (CS-MEM). ride (2.5 mg/kg) and xylazine (50 mg/kg) by

For mRNA and protein analysis, N=6 rats weréntraperitoneal injection. All surgical procedures
randomly divided into the following experimen-ZHUH SHUIRUPHG XQGHU D KLJK P
tal groups: N.=3 rats underwent bilateral reseaical microscope; for CS-MEM group, rats were
tion of 2 mm of CN repaired with CS-membraneplaced in a supine position, the abdominal region
N.=3 healthy CN were used as controls (CTRL)was shaved and disinfected with betadine, and

YJRU PRUSKRORJLFDO H YD x2ial&KiQ incisieriPffo@ fhA MiBsogastric re-
rescence analysis (IF) and smooth muscle quagion to the pubis was performed. After spread-
WL FDWLRQ RQ UDW SHQLYV Hing the avdenwnal Bustles] the pehidiavity whs H
used: N.=3 rats from CTRL group; N.=3 fromreached, enabling the exposure of the bladder
CS-MEM group, N.=3 rats from RES group; thsDQG WKH LGHQWL,{FDWLR® RI WKF
last experimental group underwent a total resecwe 1 I, 11-A). After the dissection of the prostatic
tion of both CNs with major pelvic ganglion fascia, the dorsolateral lobe of the prostate was
(MPG) without repair. isolated to identify the major pelvic ganglion

The surgical procedures were carried out urMPG) containing autonomic motor neurons,

/ Bladder

é Bladder
Site of lesion
©S: MEM%

Prostate
Prostate

Figure 1.—Surgical procedure. I) Schematic representation of rat anatomical structure and surgical procedure created with
%LR5HQGHU FRP ,, PLFURSKRWRJUDSKVY RI WKH VXUJHU\ % SURVWDWLF OR
IURP VXUURXQGLQJ WLVVXH % D [ PP &6 PHPEUDQH LPSODQWHG DIWHU P
PHPEUDQH VXUJLFDO VWLWFKHY DUH YLVLEOH & LPSODQWDWLRQ-VLWH P}
tion site; ¢’: explanted CS-membrane 2 months after surgery and nerve regeneration.
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ZLWK LWV LQARZ DQG RXWARJGNEsH, Y tHe pditvayVof regenérdted nerve
1 1); from the MPG arises the CN (Figure 1L Il EHUVY RQ WKH ZKROH PHPEUDQH
A, a) which runs dorso-laterally to the prostatic Indeed, iDISCO+ is an organic solvent-based
gland and reaches the corpora cavernosa (CC)tifsue clearing technique that allows the immu-
the penis to allow penile erection. After isolatiomolabeling of whole organs to obtain high-quali-
of the CN from the prostatic capsule (Figure 1y three-dimensional images by means of confo-
Il a black arrows), a 2 mm segment was bilateeal microscopy.
ally transected and repaired by suturing 2x3 mm Basically, the peculiarity of iDISCO clearing
of CS-membrane on the two nerve stumps usirig that allows a better penetration of the antibody
a 9/0 surgical stitch (Figure 1, 1l B-b). For thewithin the tissue, thanks to an additional pretreat
5(6 JURXS DIWHU &1 LGHQ Weérnt btepWithRiathaf@. *Afler@ris fundamental
CN were bilaterally removed to avoid spontanestep, samples are then immunolabeled with differ-
ous regeneration and penis reinnervation. For tkgit antibodies and cleared using dichloromethane
CTRL group, no surgery was performed; healthjor lipid extraction; the clearing step is usefol t
CNs and penises were harvested and used @it shrinkage and preserve tissue morphology.
further analysis. At last, the dibenzyl-ether is used to match the re
At the end of the surgical procedure, the alfraction index of the sample to the imaging solu-
dominal wall was sutured using an absorbablggn 16
Vicryl 5/0 surgical stitch, and the skin was su- |n this study, iDISCO+ steps used to process
tured with a 3/0 stitch. In the CS-MEM group,regenerated CNs on CS-membranes are the fol-
2 months after surgery, rats were euthanized aglying:
regenerated nerve samples, together with CS-« GHK\GUDWLR Q DIWHU ¢[DWLRC
PHPEUDQH ZHUH LGHQWL ¢ H &2 2)lsdidiSlwere treafedin séyfeftial sosition
collected (Figure 1 1 ¢’). A brief recording of the of increasing methanol (MetOH) concentration
surgical procedure with a full description of a.”(pBS w/o 1X: 20% MetOH, 40% MetOH, 60%
surgical steps is available (see SupplementagfetoH, 80% MetOH and twice 100% MetOH:
Digital Material 1: Supplementary Video 1, leach dehydrating wash lasts 45' stirring at RT);

min 58 s, 59 MB). « bleaching: samples were depigmented with

For CTRL, CS-MEM and RES groups, ratsyygrogen peroxide, in a solution of 5%@; in
were euthanized through an anesthetic overdoggstoH at 4 °C protected from light;

of ketamine and xylazine by intraperitoneal in- , rehydration: samples were treated with
jection; healthy CNs, CS-membranes with régeqyential washes in solutions of decreasing
generated CNs and rat penises were collected.\1atOH concentration (PBS w/o 1X: twice in

Morphological evaluation of nerve regeneration in100% MetOH, 80% MetOH, 60% MetOH, 40%

the CS-MEM group MetOH, 20% MetOH f_;\n_d, at last, PBS 1X; each
step was left for 45’ stirring at RT);

Regenerated nerve samples, together with thee. blocking and permeabilization: samples

PHPEUDQH ZHUH ¢([HG RY HWklpt&idatd inLsPPBS Gdlution containing

ate immersion in 4% paraformaldehyde in PB30% normal goat serum (NGS), 1% TritonX-100,

(Phosphate Buffered Saline, Sigma) at 4 °C anthy, DMSO for 3 days in agitation at RT to fa-
processed for iDISCO+ protocol in order to obcijlitate antibody penetration;

tain a three-dimensional visualization of nerve « antibody labelling: samples were incubated

¢EHUV RQ WKH ZKROH PHP E Ydp12 Hays with primary antibodies anti-PAN-NF
ODEHOOLQJ QHXUR¢{ODPHQW DC
Schwann cells) to identify the presence of regen-
Regenerated CNs on CS-membranes were prtd UDWHG QHUYH ¢(EHUVNeDr@ WL 5(&9
cessed for iDISCO+, a protocol adapted frompy, ODPHQW KHDY\ 1) WR LGHQWLI\
Renier et al,6 to obtain a three-dimensionalrespectively. After primary antibodies, samples
reconstruction, useful to study either the vascwere incubated with secondary antibodies for 7

iDISCO+ and immunolabeling
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days, Alexa 488 anti-mouse, Alexa 647 anti-rabextraction, retro-transcription (0.3 pg RNA/
bit, CY3 anti-rabbit as detailed in Table II; sample), and quantitative real-time PCR (qRT-
« clearing: dehydrated samples were treatddCR), performed as previously describédhe
with a solution containing 66% dichloromethaneUHODWLYH TXDQWL{FDWLRQ
(DCM) / 33% MetOH, then incubated in 100%Livak 21t t&miethod® using the average Ct value
DCM, stirred for 45 minutes at RT. Then, theyof CTRL group as calibrator. The geometric av-
were transferred in 100% Benzyl ether (DBEgrage of RICTOR (RPTOR Independent Com-
for 2 hours while stirring at RT and subsequentlpanion of MTOR, Complex 2) and ANKRD27
DBE solution was renewed and samples wer@nkyrin repeat domain 27) threshold cycles was
stored at RT in dark condition. used as a housekeeping gene value to normal-
Finally, samples were acquired using a Leic&e data as previously describ€dlhe assessed
SP5 confocal microscope (Leica Microsystemgyenes are reported in Table III.
Wetzlar, Germany) equipped with an oil 20x ob-
jective (HC PL FLUOTAR 20x NA=0.5). To iden- Total protein extraction and Western Blot
WLI\ WKH SUHVHQFH RI QHUYH ¢EHUV DQG YHVVHOV RQ
whole membrane, a reconstruction of the entirg0!lowing RNA extraction, total proteins of CNs
sample was performed. For the CS-MEM grOUF{,egenerated on CS-membrane and healthy CNs

to the manufacturer’s instructions (INVITRO-

RNA isolation, cDNA preparation, and quantitativeGEN, THERMOFISHER). Laemli buffer (2.5%
real-time PCR sodium dodecyl sulphate, 0.125 M Tris-HCI,
pH 6.8) at 100 °C was used to dissolve the pro-
CS-MEM and CTRL groups (N.=3 for each ex-ein pellet. To determine the protein concentra-
perimental group), were subjected to total RNAion, the Bicinchoninic Acid assay kit (SIGMA)

TABLE —$SQWLERGLHV XVHG IRU LPPXQRAXRUHVFHQFH DQDO\VLV
Primary antibodies

Code Dilution Host Source
Anti-PAN-NF MAB2300 1:500 Mouse Merck
$QWL QHXUR;ODPHQ@®WEBHDY\ 1) 1:10000 Chicken Abcam
Anti-S100 HPA015768 1:400 Rabbit Sigma
Anti-RECA1 MCA970R 1:400 Mouse Biorad
$QWL . VPRRWK PXVHEAH6DIEW L Q 1:100 Mouse Thermo Fisher
. 60%
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 Ill.—Primers used for gqRT-PCR.
Gene

Forward (5'->3’) Reverse (5'->3) ID
Rictor gaggtggagaggacacaagccc ggccacagaactcggaaacaagg XM_001055633.3
Ankrd27 cccaggatccgagaggtgctgte cagagccatatggacttcaggggg NM_001271264.1
Gdnf gatccgaggtgccgcecg cagcgggaaggcagacgc NM_019139
c-Jun acgaccttctacgacgatgccc gggtcggccaggttcaagg NM_021835.3
nNos ggcaccccaagttcgactgg ctccagcagcatgttggacacag NM_052799.2
iNos gcatcccaagtacgagtggttce ccattgaaggggcaggctgg NM_012611.3
eNos ccagaccacagccccccg gcccatcctgctgagectg NM_021838.2
VegfA tacctccaccatgccaagtg catgggctttctgctccc NM_031836.2
96 MINERVA UROLOGY AND NEPHROLOGY February 2025

ZDV

W KH



NERVE REGENERATION POST RADICAL PROSTATECTOMY FREGNAN

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

ZDV XVHG (TXDO SURWHLQ TRPXQURAXRHMWVFHQFH BQIE FRQIRFD!
loaded into each lane and resolved by 10% SDS-
PAGE. Western blot analysis was carried out &
previously describe#b. Table IV reports the list
of primary and secondary antibodies used.

ansversal cross sections (10 pm thick) of
TRL, CS-MEM and RES rat penises were per-
meabilized, blocked with PBS containing 0.1%
triton X-100, 10% NGS for 1h and incubated

Evaluation of target organ overnight in a PBS solution with the primary an-
WLERG\ DQWL . 60% PRQRFOF
Histological procedure Sigma Aldrich). After primary antibody incuba-

_ tion, sections were washed three times in PBS
Rat penises from CTRL, CS-MEM and RESynqg incubated for 1 h in a PBS solution contain-
groups were harvested 2 months after surgefyq the secondary antibody Alexa 488 anti-Mouse
DQG LPPHGLDWHO\ ¢[HG RYh{JAQd. {ifeWedhfblogieS) P& Rukle stained
maldehyde in PBS (Phosphate Buffered Salingth 4,6-diamidino-2-phenylindole (DAPI, Sig-
Sigma-Aldrich) at 4 °C and processed for paraima) diluted 1:1000 in PBS. After three washes
¢Q HPEHGGLQJ 6SHFLPHQV ghddl fH&i¥hsWErP RidudtEdUwit @ \Dako
10 pum thick by a Microtome (Leica, Wetzlar, AXRUHV F H QW PRXQWLQJ DQG DQD
Germany) and morphological analysis has beefps confocal microscope (Leica Microsystems,

DQG LPPXQRAXRUHVFHQFH

AXDQWLFDWLRQ RI VPRRWK PXVFO

Masson’s trichrome staining ] )
Since smooth muscle cells (SMC) are consid-

Transversal cross sections of penises fromred the functional compartment of the CC, the

CTRL, CS-MEM, and RES groups were staine@xpression of these cells was evaluated by an

with Masson'’s trichrome using an aniline blueDQWL . 6PRRWK OXVFOH $FWLQ

kit (Bio-Optica). The method is a three-colorLPPXQRAXRUHVFHQFH DVVD\ ZLWE
staining that allows a macroscopical overvievscribe the morphology of the CC and to evaluate

of the samples, which is particularly useful tachanges in SMC content among the experimental
evaluate the connective tissue detectable groups.

blue. First, slides were stained using a mixture 7KH AXRUHVFHQFH TXDQWL¢FDW
of Weigert’s iron and hematoxylin (solutions Anal was performed using Fiji-ImageJ software.

and B). After an incubation with alcoholic picric $IWHU && LGHQWL¢{FDWLRQ WKF
acid and a wash in distilled water, sections weréeRU . 60$% VLIJQDO TXDQWL FDWLF
stained with Ponceau acid fuchsin and, lastyp QG 3UHPRYH RXWOLHU"~ FRPPDQ!
with aniline blue for collagen detection. As ato achieve a better noise/signal ratio. Using the
QDO VWHS VHFWLRQV ZHUHNKDBVGRD GHWRRIDODWHG LGO0S$ VL
ethanol, cleared in xylol/Bioclear (Bio-Optica) LQ WKH UHJLRQ RI LQWHUHVW ZK|
and mounted in DPX (Fluka). FOHV" WRRO ZDV XVHG WR TXDQWI
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JLIXUH 20HWKRG IRU WKH . 60$%$ VLIQDO TXDQWL,FDWLRQ 5HSU
FDWLRQ VKRZQ LQ )LIJXUH D &RUSRUD &DYHUQRVD E GRUV
surround the sinusoidal spaces is highlighted in yellow, the sinusoidal spaces are rendered in magenta.

O
O«

HIFOXGLQJ SDUWLFOHY TYi® DIO @id @ndwhkKvD@@xperiméhts to test the re-
method allowed to quantify the sinusoidal areagenerative capability of micro-patterned CS-
and smooth muscle content (Figure 2), while theiembranes

DAPI signal was used to quantify the total S€Chic statement

tion area of each sample (data not shown).
For this study, N.=5 adult male Wistar rats (En-

vigo, Udine, ltaly) weighing approximately
Statistical analyses were performed using Grapi90-220g were used. All procedures were per-
Pad-Prism. The data normality was assessé&med in accordance with the guidelines of
through the Shapiro-Wilk Test, and normalitythe European Union’s Directive EU/2010/63the
was assumed. One-way ANOVA was used to a&thics Committee. In addition, approval by
sess differences between continuous variablése Ethic Experimental Committee of the Uni-
from in vivo experiments and Tukepost hoc versity of Turin (Ministry of Health project
correction was used for between-group compamumber E669C.47/2018, authorization number
VRQV 6LJQL¢{FDQFH 3 YDO XH83/2019-PR) was obtained before the research

Statistical analysis
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began. Adequate measures were taken to mimentaining 0.1% triton X-100, 10% normal goat

mize pain and discomfort, considering humaserum (NGS)/0.1% Nal\ and incubated over-

endpoints for animal suffering and distress. QLJKW 21 DW 57 LQ 3%6 FRQWD
$QLPDOV ZHUH VDFULy FH Glulstin @ndisiek mddocloQa HIDOW LSy a-Al-

of ketamine hydrochloride (2.5 mg/kg) and xy-drich) primary antibody; after washes with PBS,

lazine (50 mg/kg) by intraperitoneal injection,incubation with secondary antibody was carried

DRG were harvested to obta@gx vivoorgano- out in PBS containing the secondary antibody

typic cultures and primary neuron cultures. Alexa 488 anti-mouse (1:200, Molecular Probes,

Eugene, Oregon) for 1 hour at RT. Samples were

PRXQWHG ZLWK D 'DNR AXRUHVFHC

DRG primary neuronal cultures were obtainedm and analyzed using a Zeiss LSM800 confocal

from rats as previously describ&dissociated |aser microscopy system (Zeiss, Jena, Germany).
sensory neurons were seeded on the different

micro-grooved substrates with different level of Results

asymmetry: i) GR and ii) SCA, and compared

ZLWK ADW VWDQGDUG &6 PHPEUYD QL] §O0 098 BNpWIED WV

were pre-coated with laminin (2 pg/énSigma) €ration of cavernous nerven vivo

in 24-well culture dishes. Neuronal cell cultures;y poXDWLRQ RI QHUYH (EHUV UHJ
were incubated with Bottenstein and Sato’s M&ghole CS-membrane

dium (BS) containing: 0.1 mg/mL transferrin, 20

nM progesterone, 100 uM putrescine, 30 nM sgPISCO+ protocol was performed on regenerat-

dium selenite, 1 mg/mL BSA, 0.01mM cytosine€d CNs repaired with CS-membranes harvested
arabinoside and 10 pM insulin in Ham's F12 ag months after injury to study the pathway of

In vitro primary sensory neuron cultures

5% CO2 at 37 °C for 72 hours. QHUYH ¢(¢EHUV RQ WKH ZKROH PH
o _ QRAXRUHVFHQFH DQDO\VLV XVLOQ.
DRG dissection and organotypic cultures markers enabled the detection of a full coloniza-

After harvesting, the connective tissue capsuléon of regenerated nerve fascicles going through
around the ganglia was removed and each galfte proximal to the distal portion of the mem-
glion was cut in half to aid the attachmentonth&€ UDQH )LJIXUH +LJKHU PDJQL¢
substrate, a 50 pl drop of Geltrex Matrigel (Therto better identify the presence of regenerated
PR;VKHU LQ ) PHGLXP wxons immunoiedwith BAN-NF (green) and
on the substrate before seeding each explaftFKZDQQ FHOOV LPPXQRODEHOHG
After 2 hours of incubation at 37 °C, Serunshifting toward the middle portion of the mem-
Free Media (SFM¥ culture medium with nerve brane, many fascicles are clearly visible (Figure
growth factor (NGF, 50 ng/mL, Invitrogen) was3B, C). Interestingly, nerve bundles have reached
slowly added to the plate. the distal portion of the membrane according to
Culturing of primary organotypic explantsthe regeneration process (Figure 3D).
represents aex vivo model Qf acutely axoto- Assessment of vasculogenesis on CS-membrane
mized neurons to study neurite outgrow’af4
After 3 days of culture, organotypic gangliavascularization is one of the great challenges
DQG SULPDU\ QHXURQ FXO WacetHVneTve Leonstiye®n [tagensure cellular
paraformaldehyde (SIC, Societa Italiana Chimisurvival and axonal regrowth; compelling evi-
ci) for 15 min, washed in 0.1 M phosphate buffedlence suggests that this process is necessary to
3%6 S+ DQG SURFHVVH GuigelaxprrPregerrratioRtoreugh VEGF secre-
cence analysis. tion by endothelial cells (EC}.

R The presence of newly formed vessels was
PPXQRAXRUHVFHQFH investigated in CS-MEM for their role in nerve
$IWHU ¢([DWLRQ RUJDQRW\SUHPMIG FVLIPDIR2QHRPPRQRAXRUHYV
cultures were permeabilized, blocked 1 h in PBSis using anti-RECAL antibody enabled the de-
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PROXIMAL

DISTAL

400 ym

tection of a strong vascularization on the whol€TRL groups. Genes linked to regenerative pro-
CS-MEM (Figure 4A) in which spread vesselsesses and to the family of Nitric oxide synthases
have totally colonized the membrane and the réNos), involved either in nervous system regener-
JHQHUDWHG GLVWDO VWXPS atteh, dKitHang@eae3is, e whalyzen Hhe
phasizes an interweaving network of vessels witlevel ofGdnf GRHV QRW FKDQJH VLJQL |
different diameters and orientations (Figure 4BMEM group, although a slight increase is detect-
D). Lastly, the double immunostaining with PANable, while the expression ofJunin CS-MEM
QHXUR¢{ODPHQW KLJKOLJKW VvenviilstalnhoSt\aiatle (igWelSR)QTHe HaseihH Q
vessels and regenerated axons (Figure 4E-G). of nNOS, the neuronal form of Nos, involved in
Biomolecular assessment in CS-membrane regeﬁt_aurotran_smiss_io_n and in pen_ile erection with
erated samples its catalytic activity to synthesize NO, released

in nerve terminals, displays a strong tendency
Gene expression analysis was performed on C®wards reduction on CS-MEM experimental
MEM two months after injury/repair and inthe JURXS 7KLV WHQGHQF\ LV FRQ¢UF
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NERVE REGENERATION POST RADICAL PROSTATECTOMY FREGNAN

Figure 4.—A) Evaluation of vascu-
PROXIMAL logenesis on the whole CS-mem-

croscopy images of newly-formed
vessels in a regenerated CS-mem-
brane 2 months after CN repair;

of vessels randomly detectable in
the whole membrane (anti-RECAL-
red); E-G) interaction among ves-
sels (anti-RECA1- red) and axons
(anti-NF- green). Scale bar A=200
pum; scale bar B-G=20 pum.

DISTAL

expression analysis, in which nNOS is barely dé=hanges in morphology, smooth muscle content,
tectable in the treatment group compared to thend pericyte localization in the target organ as a
CTRL (Figure 5A, B). Exploring the other mem-consequence of nerve damage and repair

bers belonging to Nos family, it is interesting tg . B
QRWH D VLJQL,FDQW XSUH Jck:/r Eﬁé\@%ﬁ%"%ﬂf "RACTESEE Y M3 E Y 1
Nos, Nos in CS-MEM groupjNosis considered
D PHGLDWRU RI LQADPPDW L Ragson'sQIvidRiornveHs&inin@ of QMRIX (Figure
repair proce$8 (Figure 5A). The mRNA and pro- 6A-C), CS-MEM (Figure 6D-F) and RES groups
tein expression of eNOS and VEGFA were als@Figure 6G-I) rat penises were performed to iden-
tested for their involvement in the physiology oftify the morphology of the target organ. In CTRL
penile erection and in neuroregenerative procesgroup, the normal morphology of a rat penis is
es?4 29|ncreased expression levels of eNOSant GHQWL¢(¢DEOH LQ ZKLFK WKH
VEGFA were found on CS-MEM, at both mRNA(Figure 6A black arrow), containing penile ure-
and protein levels (Figure 5A, B). thra, occupies the ventral side; laterally to the ¢
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FREGNAN NERVE REGENERATION POST RADICAL PROSTATECTOMY

Figure 5.—Biomolecular as-
sessment of samples regenel+ Gdnf c-Jun nNos iNos
ated on CS-membranes. Samt
ples regenerated on CS-mem 15 20
branes 2 months after surgery
and healthy CNs, as control
(CTRL), were collected and
used for gene and protein
expression analysis. A) Bar 1 05 10
graphs show the results of 08 5
quantitative real-time PCR 0
analysis for genes involved
in nerve regenerationGdnf
andc-Junand genes belong-
ing to the NOS familynNos
eNos iNos and Vegfa gene; 3
B) representative pictures of
the protein expression analy-
sis of samples belonging to
CS-MEM and CTRL-groups.
The membrane was deco- 1 10 anti-VEGEA
rated with anti nNOS, anti 05
VEGFA and anti eNOS anti- anti-Vinculin
bodies. The asterisks point to

XQVSHFLLF EDQG A &75/ &6 0(0 &75/ &6 0(0 | B

25

1.5 20

1.0
15

A bb&7
A bb&7

1.0

A bb&7
A bb&7

0.0 0.0 0
&75/ &6 0(0 &75/ &6 0(0 &75/ &6 0(0 &75/ &6 0(0

eNos Vegfa oN CS-MEM

25
20 anti-nNos _ 160 kDa

15 anti-eNos _133kDa

A bb&7
LS]
A bb&7

—21kDa

—123 kDa

&75/

A B
CS-MEM

D
5(6

G

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
SHUIRUPHG % & () +, KLJKHU PDJQL¢{FDWLRQ LPDJHV VKRZLQJ GHWDLOV D
(**) 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 pm.
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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
WLVVXH +RZHYHU DW KLJKHU PDJQL{FDWLRQ LQWHQVH
UHG VWDLQLQJ W\SLFDO RHPXVFOH FHOOV LV LGHQWL¢{DEO
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 dark4XDQWL° FDWLRQ RI VPRRWK PXVFO
red staining is detectable within CC, showing an'SeS corpora cavernosa
overall reduction of collagen content and, probSMC are the functional compartment of CC
ably, a remodeling of the organ occurring as eesponsible for penile erection; for this reason,

Figure 7.—Evaluation of smooth muscle content in penises Corpora Cavernosa. Total cross section of CTRL (A), CS-MEM

% 5(6 & UDW SHQLVHV LPPXQRODEHOHG ZLWK DQWL . 60%$ JUHHQ DQG KL
the morphology and the organization of sinusoidal spaces within CC in CTRL (a’, a"), CS-MEM (b’, b”) and RES group

FT FTT ' EDU JUDSKV GHSLFWLQJ WKH TXDQWLg,FD LRQ RI WKH WRWDO FU
EHWZHHQ . 60%$ VLJQDO DURXQG VLQXVRLGDO VSDFHVY DQG WKH WRWDO DUHD






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

The presence of the directional micro-topogra-

phies on the CS-membranes is designed to cre-

DWH D VXUIDFH WKDW IXUWKHU HQFRXUDJHYVY QHUYH ¢(EHU
regrowth of the human NVB, characterized by

DXWRQRPLF QHUYH ¢EHUV DULVLQJ IURP WKH LQIHULRU
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

. 60%$ JUHHQ SRVLWLYH FHOOV DUH REVHUYHG LQ WKH VDPSOHY EHORQJLQ:
bar=20 pm.



Figure 10.—Micro-patterned CS-membranasyitro andex vivo DQDO\VLY (YDOXDWLRQ RI WKH HIIHFW F
cations of CS-membranes on the neurite orientation. Two types of directional micro-grooved patterns, with different level of
DV\PPHWU\ ZHUH WHVWHG JUDWLQJV *5 DQG VFDOHQH WULDQJOHV 6&$ W

3ULPDU\ VHQVRU\ QHXURQV IURP DGXOW UDW GRUVDO URRW JDQJOLD '5*
tubulin antibody. Scale bar=100 um. White arrows indicate the pattern orientation of the membranes.

(Figure 10-II). In primary cultures of dissociated Discussion

neurons, a noticeable trend towards substrate- ) ) )

dependent oriented growth was observed on bofilitosan, a biocompatible and biodegradable

GR and SCA CS-membranes, indicating neuritd2°lysaccharide derived from chitin, has gained at-

are guided by the topographies. Additionally, théention _in regenerative med_ic_ine due to its unique
capability of neurites to follow micro-patternedProperties? several preclinical studies have
CS-membrane was also evaluated ugkgivo GHPRQVWUDWHG WKH HI¢FDF\ RI
models, which provide a valuable 3D cultur?romoting nerve regeneration and functional re-
platform preserving the tissue cytoarchitectur€overy of somatic nerves.s+

and the interaction between neuronal and glial Following these encouraging results, CS-mem-

cells, thus closely mimickingn-vivo condi- EUDQH ZDV DSSOLHG LQ WKH FOL(
tions12 The direct interaction a#x vivoexplants to NVB of 140 patients after NS-RARP, resulting

with GR and SCA CS-membranes suggests theérfeasible and safe treatment without any compli-
complex utility in promoting the oriented growthcations or adverse events in patiéatsurther-

of glial cells and neurons, a pivotal aspect in ermore, results from a comparative study in which
KDQFLQJ WKH HI¢{FDF\ RI UH thd @ppleaion 0RCH-mambyateHon NVB was

The more asymmetric pattern, SCA, just leave® DWFKHG ZLWK SDWLHQWYV ZKR G
a higher degree of freedom to cell cytoskeletorf;S use revealed a higher potency recovery rate

as expectetk Overall, either GR, or SCA mem- at 1 and 2 months after a bilateral or monolateral
branes are effective in inducing neuronal polaifull NS-RARP11

ization and alignment along the patterns in both Lastly,ex vivoexperiments performed on auto-

DRG andex vivoexplants. nomic explant ganglia have shown the neuro-re-






Penile erection is a neurovascular phenom-
enon that results from smooth muscle relaxation,
arterial dilation, and venous restriction. It in-
volves the coordination of three hemodynamic
HYHQWYV LQFUHDVHG DUWHULDO LQARZ VLQXVRLGDO
smooth muscle relaxation and decreased venous Conclusions
RXWARZ W DOVR LPSOLHV Mot QUEMALN FRR ofidy i

brain, nerves, neurotransmitters, and smooth ard'€ °Vera _
striated muscles. An alteration in any of thesg rated that the CS-membranes used to repair CN

components may affect the response of the ereg2 bP tD ‘J. H .D U H H.(;' H FdV\éLtT] HoL Qh VXSSRI
tile tissue, causing EB.The histological analy- enerationn vivo, as evidenced by the morpho-

g
sis of the target organ showed important chang% ical evaluation and gene and protein analysis

. . . ) . the regenerating nerves.
onits mqrpholqu, eitherin CS MEM,_or in RES 7DNHQ WRJIHWKHU WKHVH UHV
group with an important remodeling in connec-

tive tissue content and smooth muscle. promising potential about the application of CS-

nes, in the,n tive, urological clini-
2XU ¢QGLQJV UHJDUGLQJ F‘sig*gﬁééggﬁ’ggg@e\w}%ﬁ \GRP WKH EL
smooth muscle content in rat penises reF)"Jl'req:curring in the restoration of nervous activity

. . . . 0
B e tneonand unctonl recovery.
9 9 9 9 As a further study, diabetic transgenic rat

get organ functional recovery, while a dramati RGHOV ZLOO EH HQUROOHG WR |
decrease in sinusoidal organization and morphoiz-; the CS-membrane in comorbidity conditions

ogy was evidenced in RES penises. At the same time, starting from the promising

ITot_fL_ltrther sustain th(_e ewcielnce of per;rlls USSUGg results, micropatterned membranes will be
plasticity among experimental groups, tn€ Pré3agtedin vivo in the same surgical experimental

ence of pericytes, supporting cells of vessels ang RGHO WR LPSURYH WKH SHUIRU
strictly related to erectile function, was investi-

e membrane. Lastly, a deep sequencing analysis
gated. The analysis highlighted the strong preggy he conducted either on regenerating nerves

ence of these cells in CS-MEM group, within,, ihe target organ.

the CC and close to the sinusoidal capillaries, a JURP D WUDQVODWLRQDO SHUVSE
sign of cavernous_tissue remodeling after NerV&ince of this study is to develop an innovative
damage and repair. In contrast to CS-MEM, iyateqy to improve NVB recovery after iatro-

the RES group, immunopositivity for pericytesyenic ‘damage and thus, patients’ outcomes and

ZDV XQGHWHFWDEOH FRQy :ﬂillny'?ife. KH K\SRWKHVLYV

that the lack of reinnervation in the target organ

causes the derangement to the CC and probably
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