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Abstract Besides their deleterious action on cardiac muscle,
anthracycline-type cytostatic agents exert significant neuro-
toxic effects on primary sensory neurons. Since cardiac sen-
sory nerves confer protective effects on heart muscle and share
common traits with cutaneous chemosensitive nerves, this
study examined the effects of cardiotoxic doses of adriamycin
on the function and morphology of epidermal nerves. Sensory
neurogenic vasodilatation, plasma extravasation, and the neu-
ral CGRP release evoked by TRPV1 and TRPA1 agonists in
vitro were examined by using laser Doppler flowmetry, the
Evans blue technique, and ELISA, respectively. Carrageenan-
induced hyperalgesia was assessed with the Hargreaves meth-
od. Immunohistochemistry was utilized to study cutaneous
innervation. Adriamycin treatment resulted in profound re-
ductions in the cutaneous neurogenic sensory vasodilatation
and plasma extravasation evoked by the TRPV1 and TRPA1
agonists capsaicin and mustard oil, respectively. The in vitro
capsaicin-, but not high potassium-evoked neural release of
the major sensory neuropeptide, CGRP, was markedly atten-
uated after adriamycin treatment. Carrageenan-induced
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inflammatory hyperalgesia was largely abolished following
the administration of adriamycin. Immunohistochemistry re-
vealed a substantial loss of epidermal TRPV 1-expressing no-
ciceptive nerves and a marked thinning of the epidermis.
These findings indicate impairments in the functions of
TRPV1 and TRPAI receptors expressed on cutaneous
chemosensitive nociceptive nerves and the loss of epidermal
axons following the administration of cardiotoxic doses of
adriamycin. Monitoring of the cutaneous nociceptor function
in the course of adriamycin therapy may well be of predictive
value for early detection of the deterioration of cardiac nerves
which confer protection against the deleterious effects of the
drug.

Keywords Adriamycin - Cardioprotection -
Chemotherapy-induced neurotoxicity - Sensory
neuropeptides - Cutaneous innervation - Chemosensitive
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Introduction

Anthracycline derivatives are cytotoxic agents widely used for
the treatment of various malignancies, although they have
significant adverse effects. Their serious side-effects include
their cardiotoxicity, which may compromise the cardiac func-
tion and result in cardiomyopathy and even heart failure.
Congestive dilatative cardiomyopathy develops in a dose-
dependent manner both in man (Minow et al. 1975; Lefrak
etal. 1975; Praga etal. 1979; Suzuki et al. 1979) and in animal
models (Schwarz et al. 1998b; Katona et al. 2004). Another
adverse effect of anthracyclines is the neurotoxicity. Systemic
or local administration of adriamycin to peripheral nerves may
result in degenerative alterations or even the death of sensory
ganglion cells (Bigotte and Olsson 1982; Kondo et al. 1987).
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Interestingly, recent findings suggest that the neurotoxic effect
of anthracyclines may be of relevance with respect to their
adverse effects on the heart function. Indeed, experiments in
an established rat model of anthracycline cardiomyopathy in-
dicated that chemosensitive afferent nerves, which express the
transient receptor potential vanilloid type 1 receptor (TRPV1),
may confer cardioprotection against adriamycin-induced car-
diomyopathy. Several lines of evidence indicate that the
cardioprotection provided by sensory nerves is mediated
through the release of calcitonin gene-related peptide
(CGRP) from cardiac chemosensitive afferent nerves
(Ferdinandy et al. 1997; Csont et al. 2003; Li et al. 2009;
Liu et al. 2011). Hence, these findings suggest that, besides
its direct toxic effect on cardiac muscle, adriamycin may also
contribute to the development of cardiac pathologies by virtue
of its neurotoxic effect in eliminating the protective role of
sensory nerves.

Chemosensitive C-fiber primary afferent neurons are a
unique population of sensory ganglion cells (Jancso et al.
1977), which express the TRPV1 (Caterina et al. 1997) and/
or the transient receptor potential ankyrin type 1 (TRPA1)
receptors (Story et al. 2003; Jordt et al. 2004). In addition to
the transmission of nociceptive information toward the central
nervous system, these primary sensory neurons are involved,
through the release of peptides from their peripheral nerve
endings, in local regulatory functions of the innervated organs
and tissues (Jancs6 1960; Jancs6 et al. 1968; Jancso 1984;
Jancso et al. 1987; Maggi and Meli 1988; Szolcsanyi 1988;
Holzer 1998b; Santha et al. 1998; Santha et al. 2000; Nagy et
al. 2004; Jancso et al. 2009). Of the many facets of these local
regulatory functions, sensory neurogenic vasodilatation and
plasma extravasation, collectively designated neurogenic in-
flammation, are particularly important in the modulation of
local blood flow, vascular permeability, inflammatory pro-
cesses, and tissue defense mechanisms (Jancs6 1960; Jancsod
et al. 1968; Rozsa et al. 1986; Maggi et al. 1987; Brain 1997,
Holzer 1998a; Holzer and Holzer-Petsche 2001; Jancso et al.
2009; Jancsd 2009). A quantitative assessment of the vascular
reactions elicited through activation of TRPV1 and/or TRPA1
receptors localized on chemosensitive afferent nerves serves
as a reliable indicator of the functional condition of these
afferent nerves in both man and animals (Jancs6é and Janka
1981; Jancso et al. 1985; Baron et al. 1988; Lynn et al. 1996;
Dux et al. 2003; Bernardini et al. 2004; Namer et al. 2005).
Further, measurements of the capsaicin- or mustard oil-
induced release of the sensory neuropeptide CGRP in ex vivo
preparations provide valuable information on the functional
integrity of chemosensitive afferent nerves (Gamse et al.
1980; Saria et al. 1987; Lundberg et al. 1992; Dux et al.
2007; Fuchs et al. 2010).

Chemosensitive afferent nerves innervating different or-
gans and tissues share many common traits in terms of their
morphology, neurochemistry, and function. The cutaneous
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chemosensitive afferent nerves are the best-characterized class
of this particular population of sensory nerves (Roosterman et
al. 2006; Jancso et al. 2009). Through application of a treat-
ment paradigm previously shown to produce congestive car-
diomyopathy in the rat, the primary aim of the present work
was therefore an explanation of the neurotoxic effects of
adriamycin on chemosensitive afferent nerves through studies
of cutaneous neurogenic sensory vasodilatation, neurogenic
plasma extravasation, inflammatory hyperalgesia and innerva-
tion, and measurement of CGRP release from sensory nerves.

Materials and methods

The experiments were approved by the Ethical Committee for
Animal Care at the University of Szeged and were carried out
in accordance with the European Communities Council
Directive (86/609/EEC). All efforts were made to minimize
animal suffering. The number of experimental animals was
kept as low as possible.

Adriamycin treatment

Adult male Wistar rats weighing 250-280 g at the beginning
of the experiments were used in the study. Groups of animals
received cumulative doses of 7.5 or 15 mg/kg adriamycin
(doxorubicin hydrochloride, TEVA, Debrecen, Hungary)
through intraperitoneal injection of 2.5 mg/kg of the drug
three times a week for 1 or 2 weeks, respectively. The control
rats received equivalent amounts of the vehicle (saline). All
measurements were made 2—7 days after the cessation of the
adriamycin treatment.

Measurement of chemically induced neurogenic
cutaneous vasodilatation

Animals were anesthetized with chloral hydrate (400 mg/kg,
i.p., Reanal, Budapest, Hungary). Body temperature was
maintained at 37.2 + 0.5 °C with a heating pad. A small sili-
cone chamber (5 mm in diameter) was mounted on the middle
region of the dorsal skin of the hind paw to avoid the lateral
spreading of the applied solutions. Cutaneous blood flow
(CuBF) was monitored with a Laser Doppler Blood Flow
(LDF) Monitor (type MBF3, Moor Instruments Ltd.,
Axminster, Devon, UK) by positioning the probe over the
surface of the skin in the center of the chamber. After a stable
LDF signal was attained, 20 pl of mustard oil (0.2 %, allyl-
isothiocyanate, Merck, Darmstadt, Germany) was applied on-
to the skin through a polyethylene cannula built into the wall
of the chamber and the CuBF was recorded for 15-20 min.
This procedure was repeated 45 min later with a higher con-
centration of mustard oil (1 %). We also studied the
vasodilatatory effect of capsaicin (1 %, Fluka, Buchs,
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Switzerland) in a similar set of experiments. The effects of
pretreatments with the specific TRPA1 and TRPV1 antago-
nists, HC-030031 (Tocris, Bristol, UK) and capsazepine
(Sigma-Aldrich GmbH, Germany), respectively, were also
tested. Capsaicin was dissolved in ethanol. Stock solutions
of HC-030031 (100 mM) and capsazepine (10 mM) were
prepared with dimethyl sulfoxide and ethanol, respectively.
Mustard oil was diluted with ethanol. Relative increases in
CuBF were calculated by comparing the 3-min pre-drug mean
CuBF with the mean of consecutive 1-min LDF signal values
recorded after the application of test agents.

Measurement of chemically induced cutaneous plasma
protein extravasation

Neurogenic plasma extravasation was evoked and quantified
as described previously. Briefly, animals were anesthetized
with chloral hydrate and injected intravenously with Evans
blue dye (50 mg/kg, 1 % in saline). Ten minutes later, the
dorsal skin of the hind paws was painted with a solution of
5 % mustard oil, 1 % capsaicin or their solvent (liquid paraffin
and ethanol, respectively). The effects of pretreatments with
the specific TRPA1 and TRPV1 antagonists, HC-030031 and
capsazepine, respectively, were also tested. After 20 min, the
animals were perfused transcardially with saline, and samples
of the dorsal paw skin were removed, weighed, and placed
into formamide to extract the dye for quantitative photometric
determination (Jancsd et al. 1977). Tissue Evans blue contents
were expressed in pg dye/g tissue as mean + SD.

Measurement of CGRP release in vitro

The animals were anesthetised with chloral hydrate, sacrificed
by decapitation, and the sciatic nerves were removed. The
epineurium was carefully removed from the nerves under mi-
croscopic control, and the samples were washed with synthet-
ic interstitial fluid (SIF, containing in mM: 107.8 NaCl, 26.2
NaHCOs, 9.64 Na-gluconate, 7.6 sucrose, 5.55 glucose, 3.48
KCl, 1.67 NaH,PQy,, 1.53 CaCl,, and 0.69 MgS0O,) gassed
with 95 % O, and 5 % CO, to a pH of 7.4 at room temperature
for 30 min. Thereafter, the SIF was replaced with 400 pl of the
release buffer consisting of SIF supplemented with 0.1 % bo-
vine serum albumin and 16 uM thiorphan (Price et al. 2005).
After an incubation period of 10 min to measure the basal
CGRP release, the buffer was replaced either with a release
buffer containing 10 uM capsaicin or with a modified release
buffer containing 60 mM KCI. The tissue samples were then
further incubated for 10 min to determine the capsaicin- and
the depolarization-induced CGRP release. The effect of
capsazepine, a specific TRPV1 antagonist, on the capsaicin-
induced CGRP release was also studied. Samples were col-
lected at the end of each incubation period into silicone-coated
Eppendorf cups, frozen and stored at —70 °C until the

determination of their CGRP content. The wet weights of
the nerves were also measured. The CGRP concentrations of
the samples were determined with an enzyme-linked immu-
noassay kit (ELISA, Bertin Pharma, Montigny-le-
Bretonneux, France) according to the protocol provided by
the manufacturer. The absorbances of the samples were mea-
sured photometrically with a microplate reader (DY-NEX
MRX, Dynex Technologies, Chantilly, USA), and the CGRP
contents were calculated and corrected for the tissue weights.
The results (mean = S.D.) are expressed as percentages of the
basal CGRP release.

Carrageenan-induced thermal and mechanical
hyperalgesia

The nociceptive paw withdrawal response to radiant heat stim-
ulation was studied by the Hargreaves method (Hargreaves et
al. 1988). The animals were placed on a glass surface in a
transparent plastic cage and were allowed to adapt to their
environment for 15 min before testing. The heat stimulus
was directed onto the plantar surface of the hind paw. The
withdrawal latency was measured three times on both hind
paws of each rat, the means of the measured data serving as
baseline for the left and right hind paws. The apparatus was
calibrated to give a withdrawal latency of about 10 s in control
animals. To prevent tissue damage, a cutoff-time of 20 s was
chosen. For the assessment of carrageenan-induced thermal
hyperalgesia, rats received an intraplantar injection of carra-
geenan (3 mg in 0.1 ml saline, Sigma-Aldrich GmbH,
Steinheim, Germany) into the right hind paw. The paw with-
drawal latencies were measured 3 h after the carrageenan in-
jection, and the data were expressed as percentage changes
(mean £ SD) from the control values.

Paw withdrawal thresholds for mechanical stimulation
were measured in both hind paws with an automated appa-
ratus suitable for the application of reproducible mechani-
cal stimuli (Dynamic plantar aesthesiometer, Ugo Basile,
Gemonio, Varese, Italy). Rats were placed on a metal mesh
table and allowed to adapt to their new compartments. With
the help of an adjustable angled mirror, the mechanical
stimulus was directed to the plantar surface of the hind
paw from below the floor. When the unit was started, a
steel rod was pushed against the plantar surface of the hind
paw with increasing force of 0 to 50 g over a 20-s period.
As the animal withdrew its hind paw or an applied force of
50 g was reached, the stimulation was stopped and the
force at which the response occurred was recorded. This
procedure was repeated three times, and the withdrawal
responses were averaged. Mechanical hyperalgesia was
assessed after an intraplantar injection of carrageenan as
described above. The latency of withdrawal responses were
measured 3 h after carrageenan. The data were expressed as
percentage changes (mean + SD) from the control.
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Kinematic analysis of hindlimb locomotor function
Experimental setup

For the kinematic analysis of the locomotion of intact and
treated animals a transparent plexiglass runway (100 cm [L]
x 15 cm [W]) with a tilted mirror fixed under the floor plate
was used. Another mirror system was fixed behind the runway
in order to observe the movements of the contralateral limb,
too. A square grid pattern with 1 cm intervals was scratched
into the front panel for calibration purposes. The rats were
trained prior to the measurements to walk from one end of
the runway to the other reaching a shelter. The hair of the
animals was shaved off from the hindlimbs and the skin was
marked with permanent black ink above the major joints. The
locomotor pattern of the rats was recorded with high resolu-
tion and high speed digital cameras. The analysis of locomotor
function was performed on basis of the observations published
earlier by other laboratories (Fey et al. 2010; Ribotta et al.
2000) and of our own observations on animals that had suf-
fered from an ongoing motoneuron degeneration and/or loss
(Nogradi and Vrabova 2001; Nogradi et al. 2007; Pajer et al.
2014). A methodological manuscript detailing the description
of'the above set up and analysis is currently being prepared for
publication.

Locomotor data analysis

We recorded three runs of each animal in every session and
examined five steps complying two criteria: one similar step
was required before and after the measured step and the head
of the animal had to point to the direction of walk. The appro-
priate video sequences were divided into single frames using
the VirtualDub software and the selected frames where the
animals that were in a defined phase of movement were ana-
lyzed by using the ImageJ software (NIH, USA). The follow-
ing parameters were determined and used in the analysis of
locomotion in this study. Lateral view parameters were de-
fined as follows. Step length: the length of the step cycle
measured between the first moments of the consequent stance
phases expressed in cm; tarsus off angle: the angle enclosed
by the tarsus and the floor plate at the last moment of the
stance phase expressed in degrees; ankleflexion: the angle
enclosed by the tarsus and the tibia at the first moment of
the stance phase expressed in degrees; knee flexion: the angle
enclosed by the tibia and the femur at the first moment of the
stance phase expressed in degrees; lateral placing: the angle
enclosed by the tarsus and the longitudinal axis of the animal.
We measured this parameter at the first moment of the stance
phase expressed in degrees. Ankle lifting: the highest point
reached by the ankle joint during the swing phase compared to
its lowest position on the ground (in mm); knee lifting: the
highest point reached by the knee joint during the swing phase
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compared to its lowest position on the ground (in mm). Rear-
view parameters were defined as follows. Metatarsus-surface
angle: the angle enclosed by the metatarsus and the surface
(expressed in degrees) at the first moment of the swing phase
when the foot has just left the ground; spreading of toes: the
angle opening between the 2nd and the 4th toes is determined
in degrees at the first moment of the swing phase when the
foot has just left the ground.

Demonstration of cutaneous innervation
by immunohistochemistry and quantitative morphometry

For immunohistochemical studies, adriamycin- or vehicle-
treated rats were perfused via the left heart ventricle with
4 % buffered formaldehyde solution 2—7 days after the com-
pletion of treatment. The plantar skin of the hind paws was
removed and, after a post-fixation period of 3 h, was placed
into a buffer solution and stored at 4 °C until sectioning. Skin
samples were taken from the mid-plantar region of the paw
and transverse sections were cut at a thickness of 25 wm and
processed for immunohistochemical staining with the indirect
immunofluorescence technique by using antisera raised
against the TRPV1 receptor (rabbit polyclonal, 1:1000—
1:1500, Alomone Laboratories, Jerusalem, Israel) and (3-
tubulin (mouse monoclonal, 1:1000, Sigma-Aldrich GmbH,
Steinheim, Germany). Donkey anti-rabbit and anti-mouse
IgGs labeled with Cy3, DL-488 (1:500, Jackson
Immunoresearch Laboratories, West Grove, PA, USA) were
used as secondary antibodies. Control procedures for
immunolabeling were performed by replacing the primary
antisera by normal donkey serum. To test the specificity of
the TRPV1 antibody we have also performed a preadsorption
test by applying a blocking peptide (supplied by the manufac-
turer of the TRPV1 antibody) representing the immunogenic
fragment of TRPV1 against which the antibody was generat-
ed. No staining was observed in either case. Slides were cov-
ered with ProLong Gold Antifade Mountant with or without
DAPI (Invitrogen, ThermoFisher Scientific, Budapest,
Hungary).

The specimens were viewed under a Zeiss confocal fluores-
cence microscope. Z-stack image series were collected from
sections of plantar skin samples obtained from control and
adriamycin-treated rats. The density of epidermal axons was
estimated with the vertical projection method. This design-
based stereological approach allows an unbiased estimation of
the length density of linear structures in a given volume
(Gokhale 1990). Systemic random projection images of the
epidermis were obtained from 25-um-thick cryostat sections
of the plantar skin of the hind paw. By using the filter grid
cycloid arc plug-in of the Image-J image analysis software
(Image Processing and Analysis in Java, National Institutes of
Health, USA), a counting template containing cycloid curves
was defined and superimposed onto the images. The major axis
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of the cycloid curves was aligned perpendicular to the skin
surface. The total length of the cycloid curves and the number
of counting grid points were optimized by performing pilot
experiments on control skin sections. The factor /p (length of
test line per grid point) was set at 12.046 um. Intersections of
the epidermal nerve fibers with the cycloid arcs, and the num-
ber of grid points coinciding with the area representing the
cross-section of the epidermal layer were determined on each
image. The length density (Lv) of the intraepidermal nerve fi-
bers was determined via the equation Lv = 2 x li/d x Pi x (I/p),
where /i is the number of cycloid intersections, d is the thick-
ness of the section and Pi is the number of grid points hitting the
cross section area of the epidermis.

The epidermal thickness was also measured along a line
perpendicular to the skin surface with the aid of Image-J soft-
ware in sections prepared for immunohistochemistry and cov-
ered with a mounting medium containing DAPI to visualize
cell nuclei. Epidermal thickness was calculated as the average
of six measurements on each sample from control and
adriamycin-treated rats.

Statistics

For the statistical comparisons of the mustard oil-induced
vasodilatatory responses two-way ANOVA was performed
with pairwise comparisons based on Estimated Marginal
Means using the Bonferroni post-hoc analysis, whereas one-
way ANOVA was used for comparisons of the capsaicin-
induced blood flow changes. One-way ANOVA was used to
compare Evans blue contents of skin samples. The Student ¢
test (unpaired) was applied for the statistical analyses of the
data concerning the paw withdrawal responses, the in vitro
CGRP release and the immunohistochemical experiments. In
all groups, normality was proved by the Shapiro-Wilk test and
homogeneity of variances was confirmed by Levene’s test in
advance of performing two-way ANOVA. One-way ANOVA
was applied to analyze the results of the hindlimb locomotor
parameters. In all comparisons, a p value of <0.05 was accept-
ed as a significant difference.

Results

Effects of adriamycin on neurogenic sensory
vasodilatation

In control rats, applications of mustard oil at concentrations of
0.2 % and 1 %, and 1 % capsaicin produced significant in-
creases in the CuBF (Fig. la—d). Subcutaneous (s.c.) injection
of HC-030031 (100 uM, 50 ul) 20 min before the
epicutaneous application of mustard oil significantly inhibited
the vasodilatatory response. The increase in CuBF evoked by
mustard oil (1 %) amounted to 121.80 +24.19 %, whereas the

increase in CuBF after the prior administration of the TRPA 1
antagonist, HC030031 amounted to 14.47 + 10.44 %
(p <0.01, n = 6/group). The epicutaneous application of cap-
saicin (1 %) resulted in a marked elevation in CuBF, which
amounted to 167.23 + 53.36 %. Administration of the specific
TRPV1 antagonist, capsazepine (10 uM, 50 pl, s.c.) 20 min
before the epicutaneous application of capsaicin resulted in a
significant inhibition of the vasodilatatory effect which
amounted to 27.94 £+ 8.95 % (p < 0.01, n = 6/group). In the
adriamycin-treated animals, vasodilatatory responses were
measured 2 days after cessation of the treatment. After the
administration of a cumulative dose of 7.5 mg/kg adriamycin,
the CuBF increases elicited with 1 % mustard oil and 1 %
capsaicin were reduced by 51 % (p < 0.01, n = 10) and
64 % (p < 0.01, n = 6), respectively, whereas the
vasodilatatory effect of 0.2 % mustard oil was not affected
significantly (n.s., n = 10). However, in animals treated with
a cumulative dose of 15 mg/kg adriamycin, the increase in
CuBF was markedly and significantly reduced in response
to both 0.2 and 1 % mustard oil (Fig. 1c), and to 1 % capsaicin
(Fig. 1d), amounting to 43, 29, and 29 %, respectively, of the
control values (p < 0.01, n = 6-10/group, Table 1).

Effects of adriamycin on neurogenic plasma protein
extravasation

Neurogenic plasma protein extravasation was studied with the
quantitative Evans blue technique following the epicutaneous
application of mustard oil or capsaicin. In control rats, follow-
ing the epicutaneous application of mustard oil at a concen-
tration of 5 %, skin Evans blue dye content amounted to
180 + 68 ug/g, which was markedly and significantly reduced
to 32.67 + 17.98 ng/g by the prior s.c. administration of the
specific TRPA1 antagonist HC-030031 (p < 0.01, n = 6/
group). Similarly, the specific TRPV1 antagonist capsazepine
almost completely abolished the vascular permeability in-
creasing effect of 1 % capsaicin; the Evans blue dye content
of the skin amounted to 205.50 + 60.90 ng/g after the appli-
cation of 1 % capsaicin, which was reduced to
32.73 £19.75 ug/g by the prior administration of capsazepine
(p < 0.01, n = 6/group). Following the administration of a
cumulative dose of 7.5 mg/kg adriamycin, the mustard oil-
induced increase in tissue Evans blue content was markedly
reduced (72.85 + 20.84 pg/g, p < 0.01, n = 8), and after a
cumulative dose of 15 mg/kg, the low Evans blue dye content
of the skin (24.95 + 10.84 pg/g) indicated an almost complete
abolition of the neurogenic inflammatory response (p < 0.01,
n = 8; Fig. le). Similarly, after the administration of
adriamycin at cumulative doses of 7.5 and 15 mg/kg, tissue
Evans blue contents were markedly and sifgnificantly reduced
to 109.93 £ 38.16, and 51.08 + 17.43 ug/g after the applica-
tion of capsaicin (for both comparisons p < 0.01, n = 8; Fig.

19).
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Effects of adriamycin treatment on the in vitro neural
release of CGRP

Neurogenic sensory vasodilatation is mediated by CGRP re-
leased from chemosensitive afferent nerves in response to stim-
ulation of the TRPV1 and TRPAI receptors. Study of the
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capsaicin-induced release of CGRP is an established experimen-
tal approach through which to characterize the sensory efferent
function of peptidergic nociceptors expressing the TRPV1 ion
channel. Capsaicin and high potassium-induced release of
CGRP was therefore measured with ELISA in ex vivo prepara-
tions of sciatic nerves from control and adriamycin-treated rats.
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Fig. 1 Effects of adriamycin treatment on chemically-evoked cutaneous
sensory neurogenic vasodilatation (a, ¢, d), plasma extravasation (e, f),
and axonal CGRP release (b). a The graph demonstrates percentage
changes of blood flow of the dorsal paw skin after the application of
mustard oil (0.2 %, arrow) in control and adriamycin-treated animals as
assessed by laser Doppler flowmetry. Each marker indicates changes of
blood flow measured in consecutive 1-min periods expressed as mean +
SD of six animals. b The graph shows the effect of adriamycin treatment
(cumulative dose: 15 mg/kg) on capsaicin- and high KCl-induced release
of CGRP from rat sciatic nerves in vitro. (n = 6-8/group). ¢, d The graphs
show the effect of adriamycin treatments on mustard oil- and capsaicin-
induced cutaneous vasodilatation. (n = 6—10/group). e, f The graphs show
mustard oil- and capsaicin-evoked plasma extravasation in control and in
adriamycin-pretreated rats (n = 8 for each group). The effects of capsaicin
and mustard oil were inhibited significantly by the specific TRPV1 and
TRPA1 antagonists capsazepine and HC-03003 1, respectively. In graphs
b—f, each marker indicates an individual value and the horizontal lines
show the mean of the group. * Significantly different from the control,
p<0.05

In the control sciatic nerve preparations, both capsaicin (10 uM)
and high potassium (60 mM) elicited a marked release of CGRP
(325 £ 110 %, and 327 + 77 % of the basal release, respectively,
n = 6-8/group). The release of CGRP, elicited by capsaicin at
concentrations of 0.1, 1 and 10 uM, was significantly inhibited
by 69.54, 54.02, and 23.26 %, respectively, in the presence of the
specific TRPV1 antagonist, capsazepine (10 uM; p < 0.01,
n = 6/group). In preparations obtained from adriamycin-treated
rats, the high potassium-induced peptide release was similar to
that in the controls (303 = 55 % of the basal release, n = 8, n.s.).
In contrast, the capsaicin-induced release of CGRP was signifi-
cantly reduced in the adriamycin-treated animals (164 + 71 % of
the basal release, p < 0.01, n = 6; Fig. 1Db).

Effects of adriamycin on carrageenan-induced thermal
and mechanical hyperalgesia

The findings on the effects of adriamycin treatment on the neu-
rogenic sensory vascular responses were indicative of a marked
functional impairment of the chemosensitive afferent nerves
which express the TRPV1 and TRPA1 receptors. Since these
nociceptive ion channels play a crucial role in the mechanism
of inflammatory hyperalgesia (Caterina et al. 2000), the effects of
adriamycin treatment were studied in the carrageenan model of
paw inflammation. In the control rats that received carrageenan,
the paw withdrawal latencies to radiant heat stimulation de-
creased by 63.2 £ 2.0 % (p < 0.05, n = 5). In contrast, in the

adriamycin-treated rats that received carrageenan, the heat with-
drawal latencies were barely different from the control values
(16.5+11.6 %, n=>5, n.s.). Similarly, the mechanical withdrawal
thresholds were significantly reduced in the controls (by
61.6 £ 10.5 %, p < 0.05, n = 5), but not in the adriamycin-
treated animals (by 19.4 + 7.0 %, n.s., n = 5; Fig. 2).

Effects of adriamycin on hindlimb locomotor parameters

The treated animals walked in a similar manner as their intact
controls. No marked difference in the locomotor pattern of intact
and treated animals was observed before the detailed analysis. In
adriamycin treated rats, thorough examination of the high reso-
lution images failed to reveal any significant impairment in step
length, ankle and knee lifting, lateral placing (Fig. 3), ankle
flexion, and spreading of toes (n.s., n = 5 ). The knee flexion,
tarsus off angle, and metatarsus-surface angle parameters
showed moderate but significant differences for both treatment
groups as compared with the controls (p < 0.05, n =5).

Effects of adriamycin treatment on cutaneous sensory
nerves

The effects of adriamycin treatment on the cutaneous innerva-
tion were studied with immunohistochemistry, quantitative ste-
reological methods being used to determine the epidermal
nerve fiber density of the rat plantar paw skin. In control skin
samples, tubulin immunostaining revealed subepithelial bun-
dles of nerve fibers giving rise to individual epidermal axons
approaching the surface. In accord with our previous findings,
two morphological types of epidermal axons were seen: axons
with simple morphology, exhibiting little branching and a
straight course, and axons which take a tortous course and
develop claborate arborization. It was earlier established that
the axons with simple morphology are peptidergic, whereas
those with complex morphology are non-peptidergic (Dux et
al. 1999; Zylka et al. 2005). Double immunofluorescence stain-
ing revealed that almost all the tubulin-immunoreactive epider-
mal axons are TRPV 1-positive. The densities of tubulin- and
TRPVI1-immunoreactive epidermal axons were
1075 + 120 mm/mm® and 1065 + 116 mm/mm’, respectively.
The density of epidermal axons decreased by roughly half fol-
lowing adriamycin treatment; the densities of tubulin- and

Table 1 Effect of adriamycin
treatment on chemically-evoked

Mustard oil (0.2 %)

Mustard oil (1 %) Capsaicin (1 %)

cutaneous sensory neurogenic

vasodilatation Control

Adriamycin (7.5 mg/kg)
Adriamycin (15 mg/kg)

54.00 £+ 26.30
46.55 +30.73
23.55 £ 19.24*

121.80 +24.19
58.17 +£22.60*
35.67 £ 12.55*

167.23 +53.36
60.88 + 16.40*
48.33 +27.09*

Cutaneous blood flow was measured with a laser Doppler flow probe positioned over the dorsal skin of the
hindpaw. Test agents were applied as described in the text. Percentage changes in blood flow are expressed as
mean + SD. * Significantly different from the control (p < 0.05, n = 6-10/group)
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Fig. 2 Effect of adriamycin treatment (cumulative dose: 15 mg/kg) on
carrageenan-induced thermal and mechanical hyperalgesia. Percentage
decreases in withdrawal responses to heat and mechanical stimuli are
shown. Each symbol indicates the data of an individual animal; horizontal
lines show the mean values of the groups (n = 5 for each group). *
Significantly different from the control, p < 0.05

TRPV1-positive axons were 503 + 76 (p < 0.01, n = 5) and
417 + 80 mm/mm’ (p < 0.01, n = 5), respectively. Interestingly,
although the number of epidermal axons was greatly reduced,
bundles of nerve fibers were seen subepidermally. It appeared
that the epidermal axons were truncated at the epidermal-
subepidermal border (Fig. 4). Adriamycin treatment also result-
ed in a significant reduction in epidermal thickness (control:
70.41 + 7.52 pm; adriamycin-treated: 47.47 + 6.75 um;
p<0.01, n=5; Fig. 5).

Discussion

Pathologies affecting peripheral sensory nerves are commonly
observed both in patients and in animals treated with antineo-
plastic compounds, manifested as neuropathic changes of

variable severity, ranging from mild paresthesias to profound
cutaneous and visceral sensory deficits (Rosenthal and
Kaufman 1974; Scripture et al. 2006; Kanbayashi et al.
2010). Although the effects of antitumor agents on sensory
functions have been the subject of extensive investigations
(Grisold et al. 2012), studies on the effects of these com-
pounds on nociceptor functions are scarce. The present study
revealed profound changes in the afferent, nociceptive and
sensory-efferent, local vascular functions of cutaneous noci-
ceptive primary sensory neurons, which may be explained, at
least in part, by structural changes associated with adriamycin
treatment.

The cutaneous neurogenic sensory vasodilatation elicit-
ed by capsaicin, the archetypal activator of the TRPV1
receptor, or by mustard oil, a TRPA1 receptor agonist,
was significantly inhibited by the systemic administration
of adriamycin. Importantly, the adriamycin treatment
schedule was earlier applied to produce congestive cardio-
myopathy in the rat (Schwarz et al. 1998a; Katona et al.
2004). In this experimental model and other models of
heart failure, the protective role of chemosensitive afferent
nerves which express the TRPV1 receptor has been dem-
onstrated and suggested to be mediated through the release
of CGRP from cardiac sensory nerves (Ferdinandy et al.
1997; Katona et al. 2004; Wang and Wang 2005;
Ferdinandy and Jancsé 2009; Wang et al. 2012).
Although the mechanisms of the cardioprotective effect
of CGRP-containing sensory nerves are not fully under-
stood, the experimental evidence suggests that impairment
of these particular peptidergic sensory nerves aggravates
the development and course of cardiac pathologies, such
as drug-induced congestive cardiomyopathy and heart fail-
ure; conversely, the TRPV1 receptor-activated increased
release of CGRP (Zhong and Wang 2008) from cardiac
sensory nerves confers protection against heart failure.

Fig.3 Hindlimb locomotor Step length Lateral placing
parameters directly dependent on — —
the integrity of motoneuron 14 - - 20 T :
function. Box whisker plots 12 ’ ; ' ) e ’ :
showing the knee lifting, ankle E - o '
lifting, step length and lateral O 10 i g D
placing parameters measured in — : © 10 :
control and adriamycin-treated 8 5 - i —
rats. There is no indication of — e
motor impairment after Intact 7.5 mg/kg 15 mg/kg Intact 7.5 mg/kg 15 mg/kg
adriamycin treatment. (n = 5 for L .
each group) Knee lifting Ankle lifting
— 40
30 .
25 T 35 - B —
£ 20 | c ?
€ 15 == € 30 -
10 o 05 | :
50— i i i
Intact 7.5 mg/kg 15 mg/kg Intact 7.5 mg/kg 15 mg/kg
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By demonstrating markedly reduced vasodilatatory re-
sponses to TRPV1 and TRPA1 agonists, the present findings
reveal a similar impairment of the cutaneous chemosensitive
sensory nerves after adriamycin treatment, since cutaneous
sensory neurogenic vasodilatation is mediated by CGRP re-
leased from afferent nerves (Gamse et al. 1987; Brain et al.
1986; Jancso et al. 1987; Holzer 1998b). The results of CGRP
measurements in in vitro sciatic nerve preparations furnished
further support for this assumption. The data disclosed a sig-
nificant reduction of capsaicin-, but not high potassium-
induced release of CGRP in preparations from adriamycin-
treated rats. Since the high potassium-induced release was
not affected by adriamycin, it appears reasonable to assume
that the decreased release may be accounted for, at least in
part, by an impairment of the activation of the TRPV1 recep-
tor, as observed in diabetic neuropathy (Dux et al. 2007).

c 4 i '

Fig. 4 Effects of adriamycin treatment (cumulative dose: 15 mg/kg) on
the distribution of intraepidermal axons of the rat plantar skin. Z-stack
confocal microscopic images were taken from specimens double immu-
nostained for tubulin (b, e) and TRPV1 (a, d). Note the colocalization of
tubulin and TRPV1 (¢, f) and the massive loss of intraepidermal axons
after adriamycin treatment (d, e, f). Subepidermal nerves (arrowheads)
can still be seen after adriamycin treatment (d, e, f). The scale bar in f
holds for all microphotographs

g

Chemosensitive primary sensory neurons play an es-
sential role in the mechanisms of inflammatory
hyperalgesia. The present findings furnished evidence of
a profound inhibition of the development of carrageenan-
induced inflammatory hyperalgesia by chronic adriamycin
treatment. This suggests an impairment of the afferent,
nociceptive function of chemosensitive sensory nerves ex-
pressing the TRPV1/TRPA1 receptors, which have been
shown to be critically involved in the mechanism of in-
flammatory hyperalgesia (Davis et al. 2000; Pogatzki-
Zahn et al. 2005). The results of the quantitative locomo-
tor analysis failed to reveal major motor impairments in
adriamycin-treated rats. Except three parameters all mea-
surements yielded results similar to the controls.
Locomotor parameters directly dependent on the integrity
of spinal motoneuron function, such as step length, ankle
and knee lifting, and lateral placing remained unaffected
by the treatment (No6gradi et al. 2007; Pajer et al. 2014).
The significant differences observed in parameters tarsus
off angle, metatarsus-surface angle and knee flexion, sug-
gest disturbances in proprioception rather than a true im-
pairment of motor function. Hence, the increased latency
of the nociceptive withdrawal reflex following the admin-
istration of carrageenan in adriamycin treated animals

Fig.5 Z-stack confocal microscopic images of the plantar skin of control
(a) and adriamycin-treated (b, cumulative dose: 15 mg/kg) rats.
Epidermal nuclei are visualized with DAPI and intraepidermal axons with
TRPV1 immunohistochemistry. Note the marked thinning of the epider-
mis after adriamycin treatment. The scale bar in b holds for both
microphotographs
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may be attributed to a toxic damage of the antitumor
agent on nociceptive afferent nerves, rather than an im-
pairment of motor function/performance.

The mechanisms of the impairments in both the classical
afferent, nociceptive and sensory-efferent, local vascular func-
tions of chemosensitive afferent nerves expressing the TRPV1
and TRPA1 receptors cannot be fully explained on the basis of
the present findings. However, the results do indicate that
degenerative changes of cutaneous, and in particular epider-
mal sensory axons may be responsible, at least partially, for
these functional disturbances. Examination of cutaneous in-
nervation by means of immunohistochemistry and a quantita-
tive stereological approach revealed a marked loss of epider-
mal axons in adriamycin-treated animals. In contrast, the den-
sity and distribution of subepidermal nerve fibers appeared
normal, suggesting a selective loss of epidermal nerve end-
ings. This might explain both the marked reduction of the
sensory neurogenic vascular reactions and the inflammatory
hyperalgesia in adriamycin-treated rats, since activation of the
epidermal chemosensitive nerves is essential in the initiation
of these responses (Maggi and Meli 1988; Szolcsanyi 1988;
Holzer 1998b; Davis et al. 2000; Caterina et al. 2000; Jancso
2009). It is noteworthy that similar structural changes, i.c., a
selective loss of terminal, epidermal, but not preterminal nerve
fibers was also observed in the toxic neuropathies elicited by
paclitexel (Boyette-Davis et al. 2011) and vincristine (Siau et
al. 2006) and, interestingly, a human bacterial disease, leprosy
(Miko et al. 1993).

Epidermal thinning was pronounced after the administra-
tion of adriamycin. This may well be explained by a direct
antiproliferative action of the drug on the germinative cells of
the epidermis, but the contribution of neuronal mechanisms
cannot be excluded. Indeed, sensory denervation-induced
thinning of the plantar skin has been demonstrated in the rat
(Chiang et al. 1998). Hence, the marked loss of epidermal
axons observed in the present study may also play a role in
this phenomenon.

In conclusion, the present study has revealed signifi-
cant functional impairments of cutaneous afferent nerves
which express the TRPV1 and TRPA1 nociceptive ion
channels following the administration of cardiotoxic doses
of adriamycin. Cardiomyopathy is a severe adverse effect
of adriamycin and related anticancer agents, and the pri-
mary management strategy of anthracycline cardiac toxic-
ity is prevention and early detection (Remesh 2012). The
functional impairments of the nociceptive afferent neu-
rons observed in the present study precede the commence-
ment of cardiomyopathic changes (Katona et al. 2004).
Hence, the findings raise the possibility of using specific
sensory testing, such as the detection and quantification of
the axon reflex flare response, the human equivalent of
neurogenic sensory vasodilatation, to predict the risk of
adriamycin-induced cardiac injury in clinical practice.
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