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Abstract

Background and Aims: Chemotherapy-induced peripheral neurotoxicity (CIPN), with
paraesthesia, numbness, dysesthesia and neuropathic pain ranks among the most
common dose-limiting toxicity of several widely used anticancer drugs. Recent stud-
ies revealed the microvascular angiogenesis as a new important actor, beside periph-
eral neurons, in the neurotoxicity and neuropathic pain development and
chronicisation. The aim of this work is to elucidate the role of vascular alterations
in CIPN.

Methods: We evaluated the severity of CIPN with neurophysiological, behavioural
and neuropathological analysis together with the microvascular network in central
and peripheral nervous systems of rats in order to correlate the features of the CIPN
and the vascular abnormalities. The vascular network was quantitatively evaluated

through synchrotron radiation-based X-ray phase-contrast micro-tomography

Abbreviations: CDDP, cis-diamine-dicloroplatin; CIPN, chemotherapy-induced peripheral neurotoxicity; CNS, central nervous system; IENF, intra-epidermal nerve fibres; L4-L6 DRG, lumbar
dorsal root ganglia; PNS, peripheral nervous system; PTX, paclitaxel; S1, S1 somatosensory cortex; SNAP, sensory nerve amplitude of the action potential; SNCV, sensory nerve conduction

velocity; XPCT, X-ray phase-contrast micro-tomography.
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1 | INTRODUCTION

According to the data provided by the World Health Organization
International Agency for Research on Cancer (http://gco.iarc.fr), more
than 19 million people worldwide received a diagnosis of cancer in
2020. While in the last decades, cancer patients' life expectancy has
substantially increased, chemotherapy still causes long-term, severe
side effects that hit hundreds of thousands of people. The most
urgent unmet needs for cure are toxicities involving peripheral (PNS)
and central (CNS) nervous systems that have severe and often long-
term debilitating consequences affecting 70% of those patients
receiving neurotoxic chemotherapy.?>  Chemotherapy-induced
peripheral neurotoxicity (CIPN), with paraesthesia, numbness, dys-
esthesia and sensory ataxia ranks among the most common dose-
limiting toxicity of several widely used anticancer drugs such as plati-
num and taxanes. Notably, neuropathic pain requiring medical treat-
ment is reported by patients even years after therapy cessation®>
and it is, only at least, tentatively treated according to international
guidelines (for details, see the studies by Attal et al.® Bates et al.” and
Dworkin et al.8). It should be noted that among all drugs available for
neuropathic pain treatment, only duloxetine showed moderate effi-
cacy against neuropathic pain related to CIPN, and specifically
paclitaxel-related CIPN.* Taken together, these facts highlight the
need for a better understanding and treatment of neurotoxicity and
neuropathic pain due to CIPN. At the moment, effective neuroprotec-
tive strategies are not available so far and the only option to prevent
severe and permanent neurological deficits is to reduce or withdraw
the anticancer treatment, thus affecting the oncological patients'
outcome.

The painful peripheral neuropathy is the result of peripheral nerve
damage, which modifies the pain-processing neural circuits and

involves neurons that become hypersensitised, a condition that

and neuropathic pain.

imaging, measuring four specific parameters: vascular density, vessel diameter, vessel
tortuosity and branching.

Results: Rats exposed to paclitaxel and affected by a severe painful sensory axonopa-
thy showed an increased vascular density (putative sprouting angiogenesis) in the
crucial districts of the central (somatosensory cortex and lumbar spinal cord) and
peripheral nervous system (lumbar dorsal root ganglia). In addition, the complexity of
the vascular network and the size of neo-formed vessels were significantly decreased
in specific regions. On the other hand, less significant changes were observed in rats
exposed to cisplatin, affected by a painless peripheral neuropathy, suggesting a spe-

cific involvement of neo-angiogenesis in the development of severe neurotoxicity

Interpretations: These new ground-breaking results can shed light on new pathoge-

netic mechanisms and potential novel therapeutic approaches for painful-CIPN.

angiogenesis, central nervous system, chemotherapy, microvessels, neurotoxicity, peripheral
nervous system, X-ray microtomography

triggers long-term changes in many spinal, cortical and subcortical
regions.’ Painful chemotherapy-induced peripheral neuropathy (pain-
ful-CIPN) can be considered a CIPN exacerbated by neuropathic pain
measured as an altered response to mechanical and thermal stimuli. It
is to note that not all neurotoxic chemotherapies that induce a periph-
eral neuropathy also produce painful conditions. For example, the
principal symptoms of CIPN induced by cisplatin are paraesthesia,
progressing to proprioceptive loss, areflexia and sensory ataxia, in high
rates of patients receiving cumulative doses of cis-
diamine-dicloroplatin (CDDP),*° other than neuropathic pain. Pacli-
taxel (PTX), on the other hand, induces numbness, tingling and neuro-
pathic pain as allodynia (increased responsiveness to mild mechanical
and thermal stimuli) in the patient's fingers, toes, lower leg, and wrist
with a “glove and stocking” distribution (Klein and Lehmann, 2021).1*

Even if the huge number of studies performed so far (for compre-

hensive recent reviews see the studies by Alberti et al..° Bae et al.'?

and Zajaczkowska et al.X®)

, CIPN pathogenesis remains elusive.
Peripheral neurons (devoid of blood-brain barrier) have, for a long
time, been considered the only reasonable target of investigations
that led to the discovery of several pathogenetic mechanisms.>4-22
Nonetheless, recent data suggest that non-neuronal actors (i.e., glial
cells as well as immune cells in the nerve tissue and in the skin) are
also involved in neurotoxicity and neuropathic pain development,
highlighting the urgent need to overcome the “neurocentric” view of
CIPN (23-27:28-30) Moreover, accumulating research hints to a poten-
tial involvement of the vascular compartment in the pathophysiology

of neuropathies?>31-34

and, since this could envisage relevant thera-
peutics, an appropriate investigation is mandatory.

In this work, we investigated ex vivo the alterations induced by
two common neurotoxic chemotherapy drugs (PTX and cisplatin) on
the vascular component of the “neuro-glial-vascular unit” in both the

somatosensory CNS and PNS. Here, we explore modifications in the
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angiogenesis in the CNS and PNS of rats affected by CIPN by using
synchrotron radiation-based X-ray phase-contrast micro-tomography
(XPCT) from ex vivo samples. The results shed light on new patho-
genic mechanisms and potential novel molecular targets for future

therapeutic approaches for painful-CIPN.

2 | MATERIALS AND METHODS

21 | Animals

Forty-eight female Wistar rats (175-200 g upon arrival) were pur-
chased from Envigo Laboratory (Udine, Italy). The age, sex and strain
were chosen based on previous studies that demonstrated the appro-
priateness of the animal models.'®?%2 The animals were housed
under a 12-h light/dark cycle in the animal facility-controlled rooms
(maintained at 22 + 2°C with a relative humidity of 55 + 10%) with ad
libitum access to food and water. Their clinical conditions were moni-
tored daily, and the weight changes were recorded once or twice a
week for drug dose adjustment. All experimental procedures were
conducted in conformity with the institutional guidelines in compli-
ance with national (D. L.vo 26/2014, Gazzetta Ufficiale della Repub-
blica Italiana, n.61, 14 March 2014) and international laws and policies
(European Union directive 2010/63/UE; Guide for the Care and Use
of Laboratory Animals, U.S. National Research Council, 8th Ed. 2011).
The study procedures were authorised by the lItalian Ministry of
Health (authorisation number 1161/2016). Throughout the duration
of the study, the rats were monitored daily for evidence of debilitation
due to drug treatments (i.e., piloerection, kyphosis, mucosal dehydra-
tion, rhinorrhoea, decreased grooming, eating and drinking, decreased
exploring and nesting). Any animal showing obvious signs of suffering
or losing more than 20% of its body weight from the beginning of the

study would be euthanised.

22 | Drugs

PTX (powder, LC Laboratories, Woburn, MA, USA) was prepared as pre-
viously reported in the study by Pozzi et al.2® and injected intravenously
(i.v.) at the dose of 10 mg/kg, 1 mL/kg. Cisplatin (CDDP; 1 mg/mL solu-
tion, Accord Healthcare Limited, Middlesex, UK) was injected intraperi-

toneal (i.p.) at the dose of 2 mg/kg, 1 mL/kg, in saline solution.

2.3 | Transcardiac perfusion for microvessels
labelling and tissue preservation

Transcardiac perfusion was performed as reported previously.>* Saline
solution, followed by 4% paraformaldehyde and Indian ink (Rohrer
and Klingner KG, Zella-Mehlis, Germany) were employed to label the
vascular network and perform the analysis of the microvasculature in
the CNS and PNS. More in detail, after anaesthesia, the perfusion was

performed using peristaltic pumps (Heidolph Pumpdrive 5101,

Biosigma, Cona, Venice, Italy) as follows: 200 mL/rat of saline solution
was employed to clean the vessels from the blood. Immediately after,
200 mL/rat of 4% paraformaldehyde was infused to effectively fix
and preserve the tissues. Finally, 200 mL/rat of Indian ink was used to
mark the vasculature. The same procedure, without the use of Indian
ink, was conducted on the animals destined for morphological investi-

gations and immunolocalisation.

24 | Experimental design

Forty-eight rats were randomised into four groups of 12 animals each.
Twelve rats were treated with PTX 10 mg/kg, i.v. in the tail vein
(PTX-drug), once a week for 4 weeks (cumulative dose 40 mg/kg) and
12 rats were injected with CDDP 2 mg/kg, i.p., twice a week for
4 weeks (cumulative dose 16 mg/kg, CDDP-drug). The remaining
24 animals were divided into two groups of 12 animals each and trea-
ted with the respective vehicles' solutions (PTX-Vehicle/10% tween
80, 10% EtOH absolute in saline solution and CDDP-vehicle/saline
solution). All the animals in the study underwent neurophysiological
and neuropathic pain assessments. At baseline and at the end of the
drug treatments, neurophysiological analyses were performed to
assess the functionality of peripheral nerves while neuropathic pain
was evaluated through behavioural tests for the mechanical and ther-
mal thresholds. An appropriate randomisation of the animals was per-
formed after baseline measurements, to obtain homogeneous groups
before starting the drug treatments. After in vivo evaluations, 3 days
after the last drug injection, animals were perfused and/or sacrificed
and employed for tissue collection. Four animals/group were transcar-
dially perfused with Indian ink and paraformaldehyde 4% and used to
collect L4-L5 dorsal root ganglia (DRG), L4-L5 spinal cord and S1 brain
cortex for the XPCT analysis. Four animals/group were perfused only
with 4% paraformaldehyde and employed to collect peripheral nerves
(sciatic and caudal) and L4-L5 DRG for qualitative and quantitative
evaluations at light microscopes or for immunofluorescence analysis.
Finally, four animals/group were euthanised by CO, inhalation fol-
lowed by cervical dislocation and employed to sample the skin biop-
sies for the quantification of the intra-epidermal nerve fibre (IENF)
density. For a summary of randomisation and analysis planned, see
Table 1. In full respect of the Reduction principle of the 3Rs, the num-
ber of animals/group (n = 12) was selected to obtain reliable results
and enough biological samples to perform the analysis planned in this
paper and in other experiments ongoing at the Experimental Neurol-
ogy Unit of the University of Milano-Bicocca (see statistics). Con-
served blinded operators performed all the analyses planned in this

study.

2.5 | Invivo evaluation of peripheral neurotoxicity:
nerve conduction studies

Neurophysiological assessments were performed at baseline, and

3 days after the completion of the chemotherapy treatments, using
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TABLE 1  Experimental design.
In vivo XPCT Morphological, morphometrical analysis on peripheral nerves and DRG, IF IENF

Groups analysis analysis analysis density
PTX-vehicle 12 42 42 4
PTX-drug 12 42 42 4
CDDP- 12 42 42 4
vehicle

CDDP-drug 12 42 42 4

Note: The table shows a summary of the number of animals employed for each group, the treatments and the analysis performed in the study.
Abbreviations: CDDP, cis-diamine-dicloroplatin; IF, immunofluorescence; PTX, paclitaxel; XPCT, X-ray phase-contrast tomography.

2Animals perfused.

the Matrix Light electromyography apparatus (Micromed, Mogliano
Veneto, Italy), as previously described.3> Sensory nerve conduction
velocity (SNCV) and amplitude of the sensory nerve action potential
(SNAP) for both proximal caudal and digital nerves were obtained,
keeping animals under deep anaesthesia with isoflurane and control-
ling body temperature with a thermal pad controlled via a rectal
probe.

2.6 | Invivo evaluation of neuropathic pain:
behavioural tests

Dynamic Plantar Aesthesiometer and Plantar tests were performed to
explore the mechanical and thermal thresholds of the animals, at base-
line and 2 days after the completion of the chemotherapy regimens.
Paw withdrawal threshold in response to mechanical stimulus was
assessed using a Dynamic Plantar Aesthesiometer apparatus (Ugo
Basile Biological Instruments, Varese, Italy) as reported in the study by

Pozzi et al.?®

The response to the non-nociceptive mechanical stimu-
lation was registered three times for each paw and then calculated as
the average of six repeated trials (expressed in grammes).

The paw withdrawal threshold in response to infrared heat stimu-
lus was assessed using a Plantar instrument (Ugo Basile Biological
Instruments) as previously described in the study by Meregalli et al.>¢
The time of hind paw withdrawal was recorded three times for each
paw and then calculated as the average of four repeated trials
(expressed in seconds). For both mechanical and thermal tests, cut-

offs were fixed to avoid paw damage.

2.7 | Anaesthesia and euthanasia
For neurophysiology, anaesthesia was induced in a chamber with 3%
isoflurane carried in oxygen followed by 3%-3.5% isoflurane in the
nose cone for maintenance during the procedures. The corneal blink
response and any withdrawal physical response to external stimuli were
adequately suppressed. To avoid isoflurane-induced hypothermia, the
body temperature was maintained at 37.0 + 0.5°C using a heating pad
(Homoeothermic System, Harvard Apparatus, Holliston, MA, USA).

At the end of the experiments, before sample collection, the ani-

mals were anaesthetised with Ketamine/Xylazine (Lobotor

100 80 mg/kg/Xilazina 2% 10 mg/kg) for the transcardiac perfusion

or euthanised by CO, inhalation followed by cervical dislocation.

2.8 | Structural characterisation of peripheral
neuropathy
2.8.1 | Neuropathological analysis

For morpho-structural investigations, sciatic, distal caudal nerves
(approximately 5 cm from the base of the tail extremity, the point of
neurophysiological recordings) and L4-L6 DRG from four perfused
animals/group were collected and processed as described in the stud-
ies by Meregalli et al. and Pozzi et al.?%2% for light microscopy obser-
vations and quantitative analysis (see paragraph below). Semithin
sections of 1.5 um-thickness were prepared and stained with tolui-
dine blue. Finally, the obtained sections were examined and represen-
tative images were taken with a Nexcope Ne920 AUTO light
microscope (TiEsseLab Srl, Milano, Italy).

2.8.2 | Morphometrical analysis of DRG

Serial 1.5 um sections, spaced of 50 um, were prepared for the mor-
phometric analysis of L4-L6 DRG as reported in (Meijer et al., 1999)*”
with adjustments. Briefly, stitching images of DRG sections were cap-
tured with a light microscope-incorporated camera (Nexcope Ne920
AUTO light microscope, TiEsseLab Srl, Milano, Italy) at a magnification
of 20x. The somatic, nuclear and nucleolar sizes of at least 200 DRG
neurons/rat were manually measured from three animals/group and
analysed with a computer-assisted image analyser (ImageJ software,
US National Institutes of Health).

2.8.3 | Intra-epidermal nerve fibre density

To evaluate the damage of small unmyelinated peripheral nerve fibres, a
parameter correlated with both neurotoxicity and neuropathic pain
induced by chemotherapy, the IENF density in the hind paw footpad of
three non-perfused animals/group was measured as described before.>®

Plantar glabrous skin biopsies (5 mm) from the right hind paws were
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fixed in 2% paraformaldehyde-lysine-sodium periodate solution for
24 h at 4°C and cryoprotected at —20°C until use. Samples were then
serially cut into 20 um sections with a cryostat. Free-floating immuno-
histochemistry was performed on six randomly selected sections from
each footpad on a 96-well tissue culture plate under a stereomicro-
scope. After blocking in 4% of NGS + 0.1% of triton X-100, sections
were incubated in rabbit polyclonal antibody anti-protein gene product
9.5 (Proteintech Europe, Manchester, UK). After rinses, sections were
exposed to the anti-rabbit biotinylated secondary antibody (Vector Lab-
oratories Newark, CA, USA). Sections were then incubated with Vector
ABC, avidin-biotin mix fron Vectastain ABC-HRP kit (Vector Laborato-
ries Newark) and finally, in the blue chromogen/peroxidase substrate
(Vector SG-HRP substrate kit, Vector Laboratories Newark) until the
reaction was completed. The total number of nerve fibres that cross the
dermal/epidermal junction was counted from three sections/animal
under light microscopy at high magnification, the length of the epidermis
was manually measured (Image J software, US National Institutes of
Health) and the linear density of IENF/mm was obtained.

2.84 | X-ray phase contrast tomography analysis of
vascular network

The experimental framework used to reconstruct the 3D vessel micro-
structure in the nervous is illustrated in Figure 1. Samples were housed
in Teflon tubes sized 1.2-2.4 mm in diameter, 1 cm long and subse-
quently acquired at the synchrotron facility. The cylinder-shaped sam-
ples were collected from three different regions of the nervous system:

L4-L5 DRG, L4-L5 spinal cord at L4-L5 and the primary somatosensory
cortex (S1). For the S1 samples, we directly cored the right parietal lobe
of the extracted brains by gently rotating and inserting the Teflon tube
(1.2 mm in diameter) orthogonal to the cortical surface. Lumbar spinal
cords and DRGs were first extracted and then gently inserted in the
2.4 mm thick tubes. Tubes were closed both at the top and the bottom
ends with a tip of semi-liquid paraffin pre-heated at 45°C.

XPCT studies were carried out at SYRMEP (Synchrotron Radia-
tion for MEdical Physics) beamline of Elettra Sincrotrone Trieste S.C.
p.A (ltaly) using the available high-resolution white/pink beam
setup.? The CT scans were performed with an average energy of
19.3 keV by filtering the energy spectrum with a 1 mm Si filter. The
samples were imaged in free space propagation mode setting a
sample-to-detector distance of 12 cm. Raw images were acquired
using an sCMOS camera (Hamamatsu Orca Flash 4.0, 2048 pixels
x 2048 pixels having a physical pixel size of 6.5um x 6.5 um)
coupled to a 17 um thick GGG scintillator screen. Thanks to an optical
magnification system, the effective isotropic pixel size was 0.9 um
yielding a field of view of about 1.8 mm x 1.8 mm. XPCT scans were
acquired by collecting 1800 projections (equally spaced) over 180°
with an exposure time of 200 ms per radiography. The acquired data-
sets also comprised 20 flat fields (i.e., images of the brunbackground)
and 20 dark images. The tomographic reconstructions were per-
formed using the open-source software SYRMEP Tomo Project (STP,
v.1.6).%° Projections were first pre-processed through conventional
flat fielding method and potential ring artefacts were attenuated by
applying a Rivers filter with width 11. Projections were phase

retrieved using Paganin's algorithm with a delta/beta ratio equals to

Cortex coring Scintillator
Rat Brain & Sinagram
CCD camera projections Phase-Contrast
e reconstruction
/ Synchrotron X-ray beam - aEiy - E‘:l
(a—

Rotating Stage

FIGURE 1

|

3D vessel Tomography

slice i-1 [ & /

< slice i

slice i+1

slice i+2

Ay

The experimental framework used to reconstruct the 3D vessel microstructure from the cortical coring. The synchrotron-

generated X-ray beam hit the cortical sample held on a rotating stage. The exiting beam excites a scintillator and the emitted visible light is
collected by a digital camera sensor. Resulting projections are processed by a computer that reconstructs the 3D microCTs slice-by-slice. At last,
an automatic segmentation algorithm extracts the entire 3D vascularisation of the scanned brain tissue sample.
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4 and finally, virtual slices were obtained by applying Filtered Back

Projection algorithm combined with a Shepp-Logan filter.

2.9 | Computational analysis

The scope of the imaging technique was to extract vessels from the vir-
tual slices returned by the XPCT studies, an operation commonly
named segmentation. For this purpose, we tuned a computational pro-
cessing pipeline as follows. Reconstructed volumes were first converted
to 8-bit from the original 32-bit tiff format and then the Frangi vessel-
ness filter was applied by using the fibermetric Matlab built-in function.
Afterward, obtained volumes were automatically thresholded in Image)
by using the Shanbhag method. At the end of that step, the binarised
volume usually contained a small fraction of false positive vessels to be
removed. They typically belong to spurious radiodense neuron somas
or regions at the sample borders. In order to eliminate those structures,
we used a connected component filtering implemented by the Morpho-
LibJ Fiji plugin. More in detail, we first computed the 3D connected
component labelling with an Euler connectivity parameter of 26. That
operation returned clusters of contiguous 3D voxels that were individu-
ally characterised by counting the number of constituent voxels. Clus-
ters that had fewer than 40 voxels were discarded because they
putatively represented neuron somas. By a visual inspection, we
removed clusters dispersed over the sample borders. At the end of the
segmentation process, volumes represented vessels by 1's over O's
(no vessels) and were analysed to estimate important vascular features
like the density, the diameter, the branching factor and the tortuosity.
An estimate of the vascular density was computed by the ratio
between the number of vascular voxels over the number of total voxels
(Figure 2A). The estimation of the diameter for each vessel segment
was done by computing the largest inscribable equivalent ellipsoid and
averaging the two smallest ellipsoid axes (Figure 2B). Further character-
isations of the vascular network required a skeletonisation that trans-
formed each vessel segment into diameterless cylinders using the built-
in ImageJ 3D skeletonisation function (Figure 2C). In this way, we esti-
mated the bifurcation points (sites where a single vessel gives birth to
another or more vessels) and the tortuosity (the extent of the curve-

ness of the vessel segment, Figure 2D).

2.10 | Immunofluorescence analysis for
microvasculature in the S1 cortex, L4-L5 spinal
cord, DRG

To histologically visualise the blood vessels and corroborate the
quantitative results obtained by XPCT, L4-L6 DRG, L4-L5 spinal
cord and S1 cortex of four perfused animals per group were dis-
sected, post-fixed in 10% formalin for 3 h at RT, infiltrated with a
30% sucrose solution and frozen. Ten-micrometre-thick serial slices
were then cut with a cryostat and incubated with Lectin from Lyco-
persicon Esculentum (tomato) in PBS (1:1000, Sigma-Aldrich, USA),
washed in PBS, mounted and analysed on a confocal microscope

(LSM710, Zeiss, Germany). Negative controls were incubated
in PBS.

211 | Statistical analysis and G-power

The sample size, as the number of animals/group to be employed, was
determined by considering the power analysis and the biological sample
demand. In respect of the “reduction” principle of the 3Rs, the biological
samples harvested were employed for morphological and molecular
analysis described before in this study and for other experimental
research performed at the Experimental Neurology Unit of the Univer-
sity of Milano-Bicocca. The estimate of the sample size per group has
been calculated on the basis of the main objective of the study: the
development of alterations in the mechanical threshold. Assuming the
biologically meaningful difference between chemotherapy-treated ani-
mals versus vehicles of 5 g (i.e., a variation of around 20%-30%) with an
alpha value of 5% and a power of 80%, the required number of rats
would be a minimum of eight/group. The number of animals employed
was definitely 12/group, in order to satisfy the biological sampling
demand. Data deriving from nerve conduction studies were analysed
with unpaired t test with Welch's correction. Data from behavioural
tests, IENF density, were analysed with multiple non-parametric t tests
(Mann-Whitney test, Bonferroni post-hoc test for multiple compari-
sons). DRG morphometry was analysed with non-parametric t tests.
Results from 3D reconstructed vascular networks were obtained by
analysis of variance (ANOVA) one-way comparisons with Tukey's post-
hoc test for multiple comparisons. Second level analyses comparing ner-
vous system regions were modelled by a two-way ANOVA test with
Tukey's post-hoc test for multiple comparisons. We performed multiple
comparisons just for the contrasts: for neurophysiological analysis, beha-
vioural test, XPCT analysis: PTX-vehicle versus PTX-drug and CDDP-
vehicle versus CDDP-drug; for the effect size of XPCT analysis among
regions: CDDP versus PTX. A p-value <.05 was set as significant. All

analyses were conducted with GraphPad prism software (v 9.0).

3 | RESULTS

3.1 | Invivo assessments of chemotherapy-
induced peripheral neurotoxicity and neuropathic pain

At baseline, sensory nerve conduction studies (SNCV, Figure 3),
together with behavioural testing, were used to ensure proper randomi-
sation of the animals and groups homogeneity (data not shown). The
results of the in vivo analyses performed to assess the neurotoxic
effects of PTX and CDDP at the end of the treatments are reported in
Figure 3. SNCS were used as parameters to verify if axonal damage had
ensued in peripheral (caudal and digital) nerves. The behavioural tests
were performed to assess the mechanical and the thermal thresholds of
the animals, as parameters indicating the establishment of neuropathic
pain. At the end of the treatments, a significant decrease in caudal and

digital SNAPs together with a reduction of caudal nerve conduction
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Estimation of the vascular network metrics. (A) Vascular density is simply obtained as the ratio between the number of voxels

indicated as “vessels” by the segmentation algorithm and the number of total voxels. (B) Ellipsoids inscribed in each vascular segment
approximate the vascular diameter by averaging the two minor axes. (C) The entire vascular network is skeletonised by reducing the diameter of
each segment to just one point. This operation allows for the estimation of topological measures like the length density and the tortuosity (D).

velocity were recorded in PTX-treated animals compared to their vehi-
cles, indicating the establishment of a sensory axonal polyneuropathy
(data in Table S1). CDDP treatment determined a mild, but significant,
decrease in the caudal amplitude of nerve potential. As expected,
mechanical allodynia and thermal hypoalgesia (Figure 3), intended as an
increased sensitivity for non-nociceptive mechanical stimulations and a
decrease in sensitivity to thermal stimulation, were evident at the end
of the treatment with PTX (data in Table S1). No alterations in mechani-
cal and thermal thresholds for animals treated with CDDP were
recorded. These data, as expected, suggested the development of neu-

ropathic pain in animals treated with PTX.

3.2 | Neuropathological study of chemotherapy-
induced neurotoxicity

321 |
fibres

Peripheral nerves and intra-epidermal nerve

Representative sections of caudal nerves and skin biopsies of animals
treated with PTX, CDDP and vehicles are reported in Figure 4, as well
as quantitative results of morphometrical investigations on skin

epidermis.

85U8017 SUOWLIOD 8AITeR1D) 8|qeo! [dde au Aq peusenob ae Sapie YO ‘sn Jo'Sse|nl 1o} Ariqi8uluQ A8]1M UO (SUONIPUOD-PUE-SWR)L0D" A3 1M Ale.q |Bu JUO//SdNL) SUORIPUOD pue SWis | 8y} 8eS *[5Z0z/c0/S2] Uo AriqiTauliu A(IM ‘@8l L IaeisieAln Ag 0992T SUlTTTT 0T/I0p/wod Ao |im Areiqijeuluo//sdny wo.j pepeojumod ‘v “#20g ‘220862ST



“ | WILEY

ZIPPO ET AL.

(A) Caudal Nerve Amplitude

>
S

250 - *kk Kk

1
200
*
150 I 1
o- L 3
50
0

1 1 1
<
&\,@ e &o@ @0
AR RS
"4 oo

(B) Digital Nerve Amplitude

>
S

rifice at the end of treatment with PTX confirmed the development of

axonopathy: as reported in Figure 4A, an overall degeneration of

200

*kkk

150

100- A
50

0 1 1 1 1
$
Q".\. < ’ OQQ Q’\z
¢ )
Q oo

(E) Mechanical sensitivity

g 45+
i
2 40-
k=] s
E 35 *kkk I-L
o L1 -
2ol
[+
Q
‘S 25-
©
s A
(5]
g 20 1 I0 1 1
X @
& ¢ &
# Qo 4 Q
{\' P QQ P
S F R
()

Morphological examination of caudal nerves, harvested after sac-

(C) Caudal Nerve Velocity
50- * k%
1
45+
-]
3
9 354
€
30—
25+
20 1 Ie' & 1
(]
‘\.\' .\.'4 QQ Q'Ae

(D)

Digital Nerve Velocity

50

45- T
o [
% 40 aa
E 1

35+

30 1 l0 1 1

<
Y O
R oo

3

204
>
g ==
s 18- |
!A
- )
58 16- I—_l
© O
£5 1o j
£
2 |
3 124 i
§ I |
10 1 |0 I 1
O ¥ O @
PR S Ny
& S oF
(@) QL
S o

FIGURE 3 Nerve conduction studies
for the functionality of nerves and
behavioural tests for the neuropathic
pain. Twelve animals/group were tested
at baseline (not shown) and at the end of
chemotherapy treatments for the
functional analysis of the peripheral
nerves measuring the caudal and digital
nerve potential amplitudes (A and B) and
caudal and digital nerve conduction
velocities (C and D) and for the
mechanical and thermal thresholds

(as measures of the development of
neuropathic pain) by dynamic tests (E) and
plantar test (F) (CDDP, cis-diamine-
dicloroplatin; IR, Infrared intensity; PTX,
paclitaxel) (p-value significance: *p < .05;
**p <.01; ***p < .001; ****p < .0001;
Mann-Whitney U test).

myelinated fibres as well as a severe loss of fibres were evident in
PTX-drug compared to PTX-vehicle that could justify the statistically
significant impaired neurophysiology (Figure 3A-D). The same
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FIGURE 4 Morphological and morphometrical studies on caudal nerve and skin biopsy. Representative images of caudal nerves (A) and skin
biopsies (B) are reported. Nerves and skin from four animals/group were analysed. Degenerated myelinated fibres are indicated by way of
examples by red arrows in (A) whereas the extensive areas of myelinated fibre loss (as an indication see the yellow square in (A)). Intraepidermal
unmyelinated fibres are indicated by way of examples by red arrows in (B). A massive loss of these fibres is evident in PTX-treated animals. C
represents the quantitative analysis of IENF (% rate change): PTX, but not CDDP, induced a significant loss of small unmyelinated fibres in the
epidermis (IENF, intraepidermal nerve fibres; CDDP, cis-diamine-dicloroplatin; PTX, paclitaxel; bar = 20 um) (p-value significance: *p < .05;

**p < .01; ***p < .001; ****p < .0001; Mann-Whitney U test).

analysis performed on CDDP specimens indicated no relevant struc-
tural abnormalities in the myelinated fibres at light microscope. How-
ever, as previously reported,?® the morphometrical analysis of caudal
nerve revealed a slight decrease in the frequency of large fibres in
CDDP (data not reported). This suggests, since no alterations in the
global fibre density were observed, an increased rate of smaller-
calliper fibres versus larger ones. Caudal nerves of PTX-treated ani-
mals resulted in being too damaged to perform the morphometrical
analysis.

The qualitative observation and a quantitative analysis of small
unmyelinated fibres in the skin biopsy (Figure 4B,C and Table S2)
revealed a significant decrease in the IENF density for PTX animals
compared to vehicles. On the other hand, no changes in the small

unmyelinated fibres were detected in CDDP-treated animals.

322 | DRG

As a confirmation of the data previously published,?® the morphologi-
cal examination of L4-L6 DRG at light microscope did not reveal any
obvious alterations in the cyto-preservation of sensory neurons in
PTX animals (data not shown). The analysis of DRG from CDDP-
treated animals demonstrated, as expected, the development of a
peripheral neuronopathy: some structural changes in the DRG sensory
neurons, that is, nucleolar eccentricity and increased number of nucle-
oli evidenced by arrows and arrowheads respectively, were present in
CDDP-drug compared to CDDP-vehicle (Figure 5). These observa-
tions were enriched by morphometrical examinations (Figure 5A-C)
that evidenced a statistically significant atrophy of DRG neurons
(Table S3).

3.3 | Morphological and topological
characterisation of the reconstructed vascular systems

Three-dimensional volumes obtained from XPCT reconstructions
were processed according to a computational pipeline to filter arte-
facts and noise and to segment vascular objects from the rest of the
cellular substrate (see Section 2). Differential analyses among groups
(PTX-drug vs. PTX-vehicle and CDDP-drug vs. CDDP-vehicle) were
performed on four vascular system measurements: the vascular den-
sity (the percentage of vessel volume over the total volume), the ves-
sel diameter (the distribution of the estimated vessel diameters), the

tortuosity (the estimation of the curvature of each vessel) and

the number of branch points (the number of points where vessels
bifurcate giving birth to another vessel).

The results of this analysis are reported in Figure 6 and Table S4.
Vascular density largely varied among groups in the explored nervous
system regions. The DRG had significantly higher vascular density in
PTX rats compared with its vehicle. A similar result was found also
in the lumbar tract of the spinal cord (L4-L5) and in S1 (Figure 6A and
Table S4). In contrast, vessels had significantly thinner diameters
(Figure 6B and Table S4) in the PTX group compared to vehicle group
in all three regions. This finding suggests that novel vessels were
probably constituted by smaller capillaries, which cause the average
diameter to collapse.

In the second part of the analysis, the reconstructed vascular
architectures were skeletonised, an operation that transforms vessels
into topological objects described by just segments and bifurcation
points. During vasculogenesis and angiogenesis, a vessel segment
commonly bifurcates, leading to another vascular segment. By analys-
ing the number of bifurcations (branch points), we found a significant
increment in the PTX group compared to the vehicle (in L4-L5 spinal
cord and in S1). From this perspective, we analysed the tortuosity,
that is, how much a vascular segment tends to be a straight line or,
conversely, a circular shape. Moreover, we found that vessels from
the PTX group were less tortuous, namely, they were more prone to
be straight compared to the other groups in the three regions. Alto-
gether, these results confirmed the presence of a conspicuous angio-
genesis in the PTX nerve tissues, with alterations in the vascular
organisation. In CDDP, the vascular changes were obviously less sig-
nificant with only an increased complexity in the vessels network
(i.e., increased branch points) in S1 (Figure 6C and Table S4), but no
alterations in the vascular density and vessel diameter were observed
after CDDP treatment.

A qualitative comparison of the extent of the angiogenesis in the
different regions of the CNS and PNS in PTX and CDDP animals com-
pared to their vehicles is reported in Figure 7 and in the 3D rendering
videos (see Movies S1-512). The angiogenesis is higher in DRG, spinal
cord and S1 of PTX-treated animals compared to the PTX-vehicle. No
relevant changes were observable in DRG, spinal cord and S1 of
CDDP-treated animals compared to the CDDP-vehicle (Figure 7A-F,
J-L and Movies S1-512).

Eventually, we considered the hypothesis that effect sizes among
regions were different and thus we compared each measure
among the three nervous system sites over the treatments PTX,
CDDP (Figure 8 and Table S5). We found that vascular density was
the highest in the PTX-treated S1 (Figure 8A), followed by the lumbar
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FIGURE 5 Morphological and morphometrical analysis of DRG. Representative microscopy images of DRG from vehicles and CDDP-treated
animals together with morphometrical analysis of DRG (A-C) are reported. DRG from four animals/group were analysed. Nucleolar eccentricity
(arrows) and multi nucleoli (arrowheads) were evident in DRG of CDDP-treated animals. Morphometrical analysis (mean+/— SEM) reported
somatic (A), nuclear (B) and nucleolar (C) atrophy in DRG of CDDP-treated animals (CDDP, cis-diamine-dicloroplatin; bar = 20 um) (p-value
significance: *p < .05; **p < .01; ***p < .001; ****p < .0001; Mann-Whitney U test).

spinal cord and the DRG. Similarly, in the CDDP group, S1 is primarily
characterised by a relatively maximal vascular density followed again
by the lumbar spinal cord and the DRG. Equivalently, average vascular
diameter ranked last in the S1 of the PTX group (Figure 8B) followed
by DRG, lumbar spinal cord, as well as for the CDDP group. Also, the
number of branch points was the largest in the S1 PTX group, fol-
lowed by the lumbar spinal cord and the DRG (Figure 8C). A similar
trend was observed also for tortuosity (Figure 8D). These results indi-
cated that the major effects of the observed putative angiogenesis
were located first in the S1, secondly in the L4-L5 spinal cord and
eventually in the DRG, a sequence inversely related to the ascendent

nociceptive pathway.

3.4 | Immunostaining of blood vessels
Finally, we performed some experimental analyses of immunofluores-
cence in order to investigate the molecular substrate of the observed

neo-angiogenesis and “qualitatively” confirm the quantitative XPCT

data. We chose the lectin from tomato (Lycopersicom Esculentum),
widely employed as a marker of blood vessels and a valuable tool in
studying angiogenesis neovascular development.

The results of the immunofluorescence imaging, represented in
Figure 9, confirmed a significantly higher concentration of vessels
in the L4-L5 DRG, lumbar spinal cord and S1 of PTX-treated animals
compared to their vehicles.

4 | DISCUSSION

In this work, we found that, on our schedules of treatment, the
chronic administration of rats with PTX induced severe neurophysio-
logical and neuropathological alterations in the peripheral nerves,
mechanical allodynia, thermal hypoalgesia and a decrease in intraepi-
dermal small unmyelinated fibre density, indicating the development
of a severe painful peripheral axonopathy. CDDP determined a
peripheral neuropathy with mild neurophysiological and neuropatho-

logical changes in peripheral nerves, severe DRG neurons' structural

85U8017 SUOWLIOD 8AITeR1D) 8|qeo! [dde au Aq peusenob ae Sapie YO ‘sn Jo'Sse|nl 1o} Ariqi8uluQ A8]1M UO (SUONIPUOD-PUE-SWR)L0D" A3 1M Ale.q |Bu JUO//SdNL) SUORIPUOD pue SWis | 8y} 8eS *[5Z0z/c0/S2] Uo AriqiTauliu A(IM ‘@8l L IaeisieAln Ag 0992T SUlTTTT 0T/I0p/wod Ao |im Areiqijeuluo//sdny wo.j pepeojumod ‘v “#20g ‘220862ST



ZIPPO ET AL.

(A) Vascular Density
DRG Spinal cord L4/5
4 dn

9 9 *okk

> B

£ %.3_ T

& g ’ ~

e (=] , r ;| -u- ¥

2 &R o S, dh 15 ma g

3 2 321 = 2 &4

& b 7 @ &

> g

1 I I 1 1 1 1 1 T T
P L & g L
R R ) R & K
& & ° R & °
(B) Vessel Diameter
DRG
Kk Spinal Cord L4/5
*] — 9 %k
— 8- _
- — 8-

AR &5 | ]

& 7- Y. Bl ity o oL e

£ Fj rog 2] ] £

LEERHE 5Pl

5 ! -I- ' ! 5 'l- -:- -I- T
& & 2 & + Q
CE S S & s S

\\d‘ \@b‘-'o &® \\d& T &P

85 Branch points

©) DRG

Spinal cord L4/5
ok o

@ 5004 - & 600~

e | £ o

€ 400 £ ;

gsoo T |-'-| - & 400+ - -

™t B ES ¢ (2B L

'S 200+ Bl el S N s B=g

i~ b L] = 2 2004 [] &L ,4 z

2 1004 © X g =, EE

g g

@

E 0 T T T T * 0 T T T T
& < Q 4 & & g &K
&S L RE P

& & & & Pl
Tortuosit
(D) DRG Y
sekokok Spinal cord L4/5
159 | | . 1.6 koK
e |
. 154 |

47 i T 1 >4 rl s

£ 13 F | b i § Bl l’_‘l i

g 4 T 21s B 4 B B9

124 £ £ IT b 29

= | . 1.2 o2 i

1.1+ I 11

1.0 T T T T 1.0 T T : i

¢ & &K g & 2 &L
& E S & & F S
4& \\q‘}“‘ & 4@% @Q‘c’ ®

alterations and no changes in the sensory thresholds and in small
unmyelinated fibre density in the skin. These results demonstrated
that, in our animal models of CIPN, the development of neuropathic
pain was evident only after PTX, but not CDDP, chronic treatment.

These results are consistent with our previous works in which the two
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FIGURE 6 Vascular metrics
computed on the synchrotron X-ray
generated tomographies. Distributions
were compared by a one-way ANOVA
model over the four experimental
conditions (PTX-drug, PTX-vehicle,
CDDP-drug and CDDP-vehicle).

(A) Vascular density distributions were
statistically different in all of three
regions (L4-L6 DRG, lumbar spinal cord,
S1 cortex; four animals/group were
analysed) and post-hoc analyses revealed
that in the PTX group, density was
significantly larger than the PTX-vehicle
group in all of three regions. (B) Vessel
diameter distributions were statistically
different in all of three regions and post-
hoc analyses identified that in the PTX
group, average diameter was significantly
smaller than the PTX-vehicle group in all
of three regions. (C) The distributions of
the number of branch points per mm3
were statistically different in all of three
regions and post-hoc analyses showed
that in the PTX group, there were more
branch points than the PTX-vehicle group
in all of three regions. (D) Tortuosity was
differently distributed over the groups in
all three regions and multiple comparison
analysis showed that in the PTX group,
the tortuosity decreased in comparison
to the PTX-vehicle group in all three
regions (mean+/— SD; p-value
significance: *p < .05; **p < .01;

***p < .001; ****p < .0001; Tukey post-
hoc, t test).

drugs were repeatedly injected for 4 weeks.22244! The animal models
we employed are, in our vision, optimal to study the pathophysiology
of CIPN firstly because they faithfully mimic, in the animals, the pro-
longed administration schedules of the drugs in humans. Secondly,

the chronic injections of the drugs are able to determine, as happened
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lllustrative XPCT tomographies. Vascular network of DRG, lumbar spinal cord and S1 cortex of vehicles and CDDP or PTX-treated

animals was obtained by automatic segmentation of the 3D reconstructed XPCT volumes. An evident increment of vascular density was
observable only in all the regions of PTX-treated animals (A-D: DRG; E-H: lumbar spinal cord; I-L: S1 cortex; bars [in white]: 500 um).
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FIGURE 8 Second-level analysis of the angiogenesis measures over the nervous system regions. Measures were compared in two-way

ANOVA models by contrasting the treatment (PTX, CDDP) and the region (L4-L6 DRG, lumber Spinal Cord and S1 cortex). The S1 cortex
accounted for most of the expressed angiogenesis in comparison to the other regions in terms of the vascular density (A) and diameter (B). S1
was also the site with the major number of branch points (C) and most tortuous vessel segments (D) (p-value significance: *p < .05; **p < .01;

***p <.001; ****p < .0001; Tukey post-hoc, q test).

in humans, established morphological and functional damage in
peripheral nerves and/or in lumbar DRG, as preferential target sites of
chemotherapy drugs not protected by the blood-brain barrier. More-
over, the development of pain, if present, is also well established, and
is the result of the chronicisation of nerve damage in the PNS. Other

works in the past demonstrated the development of transient

alterations of mechanical and thermal thresholds shortly after one sin-
gle or few repeated injections of CDDP.*?*® These altered thresholds
are, in these cases, not related to nerve damage since one or few
administrations of the drug are not enough to determine chronic
nerve damage. For these reasons, the results of these studies are not

comparable with those obtained in our study as the administration
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schedule and the threshold evaluation timing were different. More-
over, to support our results, the development of neuropathic pain in
patients exposed to CDDP-based chemotherapy is not as common as
during other chemotherapy regimens as those based on PTX, oxalipla-
tin and bortezomib.® Paraesthesia, progressing to proprioceptive loss,
areflexia and sensory ataxia, other than neuropathic pain are the typi-
cal symptoms appearing in high rates of patients receiving cumulative
doses of CDDP.>1°

The key result of this work is the demonstration of a relation

between the development of a severe painful-CIPN and extensive

FIGURE 9 Immunofluorescence
analysis on DRG, lumbar spinal cord and
S1 cortex. Lectin from tomato (green),
evidences the wall of blood vessels; DAPI
(blue) stains the cell nuclei. The density of
blood vessels qualitatively increased in
DRG, lumbar spinal cord and S1 cortex of
PTX-treated animals compared with
respective vehicle-treated animals. Three
animals/group were analysed

(bar = 50 pm).

angiogenesis of peripheral and central districts of nociception such as
the lumbar dorsal root ganglia (L4-L6 DRG), the lumbar spinal cord
(at L4-L5) and the primary somatosensory cortex (S1). Specifically, we
found that PTX-induced painful neuropathy is significantly linked with
angiogenesis in the DRG, L4-L5 DRG and S1 cortex while CDDP-
induced non-painful neuropathy was not. In addition, a consistent
reduction of the average vascular diameter, in all three regions of
PTX-treated animals, testified that angiogenesis was compatible with
the formation of smaller capillaries, in comparison to vehicle groups,

by sprouting processes. Other measurements on the reconstructed
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vascular systems revealed that in the PTX group novel vessels were
also less distributed over the tissue because tortuosity decreased
throughout.

A certain extent of tortuosity is necessary for capillaries to best
serve the contingent local blood volume; therefore, a tortuosity
reduction indicates a loss of efficiency in nutrient delivery by capil-
laries. Moreover, vessels of the PTX group had many more branches
in DRG, L4-L5 and S1 supporting the hypothesis that sprouting angio-
genesis has taken place.

Concerning the method of analysis of the vasculature, the XCPT
analysis, it requires the Indian-Ink perfusion of animals, well estab-
lished and employed by other authors for decades. Details on the
analysis previously evidenced that (i) no leakage is due to the dye;
(ii) Indian-ink preparation is not compatible with immunostaining,
though; (iii) vessels with lumen larger than 100 microns (arterioles and
venules) are hardly stained because of the low viscosity of the
dye.44‘47
Similar results were obtained also after nerve ligature, where we
observed an early diffuse and conspicuous microvascular neogenesis
mainly in the primary somatosensory cortex compared to other brain
regions of neuropathic animals, already peaking at 15 days from the
nerve lesion. Progressive fading of this microvessel neogenesis then
ensued in the next 6 months, yet maintaining higher vascular density
with a preserved small fraction of them.*®

In the present work, the significant differences in neovasculature
emerged almost only in the PTX group, but also CDDP animals
showed a similar trend when comparing morphological metrics like
tortuosity and branching. This could mean that some modifications
occur as well in non-painful milder CIPN, but they were not strong
enough to produce important vascular remodelling. Therefore, angio-
genesis into the somatosensory pathway could be a specific footprint
of painful neuropathies.

From our analyses, specific regions seem to be differentially
affected by angiogenesis. Indeed, the primary somatosensory cortex
resulted in the largest effect sizes within regional comparisons fol-
lowed by the lumbar spinal tract and by the DRG. This appeared coun-
terintuitive because in the somatosensory and the nociceptive
ascendant pathway, DRG is firstly involved in gathering, processing
and routing of the hyperactivity induced by peripheral neuropathy,
subsequently followed by the spinal cord and eventually the somato-
topic cortical area. However, it should be noticed that as neurons and
glial cells are much more prone to changes (i.e., plasticity) in the cere-
bral cortex, vascular endothelium could be more favourable to adap-
tive modifications in the central regions than in the peripheral
districts. A previous study on the vascular architecture of DRG dem-
onstrated a high neovascularisation after nerve injury, with a high
degree of vascular branching, irregularity, and tortuosity in DRG ipsi-
lateral to the damage.®®

In our hypothesis, angiogenesis could be a subtle consequence of
the neuronal hyperactivity and hyperexcitability induced by peripheral
neuropathy. More in detail, the prolonged increased activity of the
ascending somatosensory pathway*® generates a condition of nutri-

ents and metabolites deficiency that is typically accompanied by

upregulation of hypoxic factors (e.g., the hypoxic inducible factor
1a)*7°° that, in turn, is generally associated with the upregulation of
pro-angiogenic genes like the vascular endothelial growth factor
(e.g., the VEGF family) and the angiopoietin.’**? VEGF would proba-
bly play a key role: for example, it was demonstrated that VEGF and
its receptor flk-1 are overexpressed in the DRG following peripheral

5354 and in spinal cord after compression.>®

mechanical nerve injury
Moreover VEGF is a potent angiogenic factor that stimulates the for-
mation of new blood vessels in vivo and enhances vascular permeabil-
ity (for details, see the study by Lange et al.>®). Moreover, VEGF is a
neurotrophic factor that can stimulate axonal outgrowth, neuron sur-
vival and Schwann cell proliferation.>>>4

According to this thread, angiogenesis would be a fast and adap-
tive response to best preserve neuron structure and function by
increasing the energy supply to the aberrant neuronal populations. A
relation between the neuroprotective role of angiogenesis and periph-
eral neuropathy is not new. In fact, authors found that systemic
administration of antagonists of VEGFR1 aggravated PTX-induced
neuropathy in the DRG of mice.>” Oppositely, injection of VEGF-A
(one of the prominent pro-angiogenic factors) in the knee seems suffi-
cient to cause osteoarthritis in wild-type mice.’® A similar result
emerged from VEGF-A injections into the temporomandibular joint.>?
Therefore, the role of angiogenesis, and its promoting factors, appears
controversial in diverse neuropathic pain conditions.’° A potential
explanation of such an antithetical role could be the temporal devel-
opment of the pro-angiogenic profile during the evolution of neuropa-
thy. Indeed, while at early stages angiogenesis could serve as
neuroprotection, lately it could contribute to the maintenance of the
chronic conditions induced by neuropathy.

One obvious limitation of this work is represented by the lack of
information regarding the functionality of the neogenerated vessels
in the central and peripheral districts of PTX-treated animals. In
other terms, at this point, we cannot affirm whether the vessels are
functional in optimally perfusing the tissue with metabolites and
oxygen, thus whether novel vessels take part in the blood flow
dynamics. Moreover, the newly formed vessels appeared to be less
tortuous, suggesting a weak and less effective spread of nutrients
and metabolites in the tissue. An altered vascularisation in the PNS
can have an indirect role in the processes of degeneration of nerve
tissue, triggered by direct exposure to chemotherapy, almost
indirectly.

Literature data reported that several pathological pathways seem
to be activated in neurons and supportive glial cells in the PNS and
CNS after treatment with neurotoxic chemotherapy; this is related to
an impaired microtubule assembly and disassembly, impaired axonal
transport and vesicle trafficking, impaired intracellular calcium, mito-
chondrial alterations, ATP deficits, bioenergetic failure and the gener-
ation of Oxygen Radical Species (for a review, see the study by
Velasco-Gonzalez and Coffeen®l). Moreover, the secretion of hyper-
activating neuropeptides (substance P and calcitonin gene-related
peptide) from peripheral and central neurons®2-¢* determine, as a cas-
cade process, an increasing neuronal hypersensitisation that triggers

the onset and development of painful conditions. The involvement of
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altered vascularisation, blood supply and oxygen/nutrients/metabo-
lites in this scenario remains to be elucidated.

Moreover, also the integrity of the barrier generated by endothe-
lial cells (i.e., blood-brain barrier) in these newly formed vessels in the
CNS has to be verified. The massive and dis-homogeneal creation of
new vessels in specific regions of the brain and the spinal cord could
lead to defective endothelial barriers.

The immediate consequence of our results is the possibility of
regulating micro-angiogenesis in order to control the pain develop-
ment in chemotherapy-induced neuropathy. The literature data reflect
the controversial implications of VEGF in nociception since both pro-
and anti-nociceptive activities have been described. As examples, to
support the hypothesis that decreasing the levels of VEGF may cause
hyperalgesia, Verheyen et al.>” demonstrated that the neutralisation
of all endogenous VEGF isoforms, or VEGF receptor antagonism
increases pain sensitivity in PTX-induced neuropathy. To support the
contrary hypothesis, Ludin et al. demonstrated that the anti-VEGF
receptor treatment can alleviate the neuropathic pain in chronic con-
striction injury rats, by decreasing the expression of VEGF and puri-
nergic P2X2/3 receptors in DRG neurons.*® Besides the nociception,
Kirchmair et al.>%® demonstrated a degeneration of the vasa ner-
vorum after treatment with PTX and CDDP that can be prevented by
the co-administration of the DNA encoding VEGF-1, suggesting a
positive role of VEGF on the recovery of vascularity and, conse-
quently, an improved nerve functionality in toxic neuropathies. More-
over, Micheli et al.?> proved that an increase in VEGF-A can be
involved in oxaliplatin-induced neuropathic pain and could be miti-
gated by VEGF-A antibodies in an animal model of painful toxic neu-
ropathy. The potential of VEGF-A to be alternatively spliced into two
families of splice variants with opposite effects®’ can justify these
controversial results. A pro-nociceptive and an anti-nociceptive vari-
ant have been detected in rats with saphenous nerve injury (where
the pro-nociceptive variant was prevalent) and in diabetic neuropathic
rats (where the anti-nociceptive variant) was prevalent.%¢?

The demonstration of the increased angiogenesis in the CNS and
PNS of rats with severe painful peripheral neuropathy (PTX model)
and not in rats with painless neurotoxicity (CDDP model), reported in
the present work, inspires the possibility that an anti-angiogenic treat-
ment can avoid the painful consequences of the treatment with toxic
antineoplastic agents, opening new possibilities for the treatment of
neurotoxicity and neuropathic pain. However, it will be of crucial
importance to determine the timing of the onset of vascular alter-
ations during the development of neuropathic symptoms, in order to
determine the optimal time of exposure and dosage of the anti-
angiogenic treatment. Moreover, importantly, the neo-angiogenetic
pathways need to be elucidated also. In this scenario, the documented
antineoplastic effect of anti-angiogenic compounds excludes any
impacting effects on the antitumoral activity of chemotherapy drugs.
The administration of PTX, in combination with bevacizumab, has
been extensively reported as a safe therapeutic schedule against sev-
eral solid tumours (for reviews see the studies by Croom and Dhillon”®

and Rosen et al.”%).

5 | CONCLUSION

In conclusion, in this work, we described, by synchrotron radiation-
X-ray computer-assisted microtomography, abundant angiogenesis in
the CNS and PNS of rats with severe painful-CIPN, with alterations
in the complexity of the vascular network. These results can shed light
on new factors involved in the development of neurotoxicity and neu-

ropathic pain after peripheral nerve damage.
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