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Introduction: New therapeutic alternatives for pain relief include the use of phosphodies-
terase-5 (PDES) inhibitors, which could prevent the transmission of painful stimuli by
neuron hyperpolarization via nitric oxide (NO)/cyclic 3',5'-guanosine monophosphate
(cGMP) pathway. The present work investigated the antinociceptive activity of a new
PDES inhibitor, lodenafil carbonate, in inflammatory and neuropathic pain models.
Methods and Results: Although no effect was detected on neurogenic phase of formalin
test in mice, oral administration of lodenafil carbonate dose-dependently reduced reactivity in
the inflammatory phase (200.6 + 39.1 to 81.9 + 18.8 s at 10 umol/kg, p= 0.0172) and this
effect was totally blocked by NO synthase inhibitor, L-No-nitroarginine methyl ester
(L-NAME). Lodenafil carbonate (10 pmol/kg p.o.) significantly reduced nociceptive
response as demonstrated by increased paw withdrawal latency to thermal stimulus (from
6.8 £ 0.7 to 10.6 = 1.3 s, p= 0.0006) and paw withdrawal threshold to compressive force
(from 188.0 + 14.0 to 252.5 + 5.3 g, p<0.0001) in carrageenan-induced paw inflammation
model. In a spinal nerve ligation-induced neuropathic pain, oral lodenafil carbonate (10
umol/kg) also reversed thermal hyperalgesia and mechanical allodynia by increasing paw
withdrawal latency from 17.9 + 1.5 to 22.8 £ 1.9 s (p= 0.0062) and paw withdrawal threshold
from 26.0 = 2.8 to 41.4 + 2.9 g (p= 0.0196). These effects were reinforced by the reduced
GFAP (3.4 + 0.5 to 1.4 + 0.3%, p= 0.0253) and TNF-alpha (1.1 £ 0.1 to 0.4 £ 0.1%, p=
0.0111) stained area densities as detected by immunofluorescence in ipsilateral dorsal horns.
Conclusion: Lodenafil carbonate demonstrates important analgesic activity by promoting
presynaptic hyperpolarization and preventing neuroplastic changes, which may perpetuate
chronic pain, thus representing a potential treatment for neuropathic pain.

Keywords: neuropathic pain, inflammatory pain, phosphodiesterase 5 inhibitor, lodenafil
carbonate, spinal cord, GFAP

Introduction

Phosphodiesterases (PDE) are hydrolytic enzymes mainly responsible for the
degradation of cyclic 3'5’-adenosine monophosphate (cAMP) and cyclic 3'5’-
guanosine monophosphate (cGMP), interfering with cellular events.' Both cAMP
and cGMP are mediators of various pathways involving the release of hormones,
neurotransmitters and cytokines.” Increased concentrations of these cyclic nucleo-
tides also result in phosphorylation of a variety of regulatory proteins, including
transcription factors and ion channels and regulation of numerous physiological

processes such as immune response, smooth muscle contraction, apoptosis and cell
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growth. Therefore, PDE inhibitors are clinically relevant
due to their vasodilatory, anti-inflammatory, antidepressant
and antithrombotic activities.®

The PDES isoform exhibits high selectivity towards
c¢GMP and its localization is mainly in smooth muscle,
heart and lungs.*> Enzyme inhibition results in cytosolic
cGMP accumulation which activates protein kinase
G (PKG), leading to reduced intracellular calcium levels
and smooth muscle relaxation." These effects led to an
initial interest in PDES as therapeutic target, directing the
clinical use of PDES5-selective inhibitors in erectile dys-
function and pulmonary hypertension.®’

The antinociceptive action of PDES inhibitors is
already known and inhibition of either guanylyl cyclase
(GC), PKG or K' channels abolishes this effect,* ' as

vardenafil and tadalafil.>'""'?

shown with sildenafil,
Lodenafil carbonate is a new dimeric PDES inhibitor
structurally related to sildenafil and bearing a carbonate
bridge. Although its actions on the cardiovascular system
were already studied,'*™'® the antinociceptive activity of
lodenafil carbonate has not yet been investigated, and its
study in models of inflammatory and neuropathic pain is
of great interest for the development of new therapeutic

strategies to alleviate chronic pain.

Experimental Section

Materials and Reagents

Lodenafil carbonate, ketamine and heparin were gently
donated by Cristalia Produtos Quimicos e Farmacéuticos
Ltda (Itapira, SP, Brazil). Vehicle for oral administration
consisted of a mixture of benzyl alcohol, polysorbate 80,
disodium EDTA, hydroxyethylcellulose and water in
a proprietary formula of Cristalia Produtos Quimicos
e Farmacéuticos Ltda (Itapira, SP, Brazil). Antibodies rab-
bit anti-glial fibrillary acid protein (GFAP, ab7260) and
mouse anti-tumor necrosis factor (TNF)-a (ab1793) were
purchased from Abcam (Cambridge, MA, USA) and sec-
ondary fluorescent antibodies goat anti-rabbit-Alexa 488
F(ab’), (A11070) and goat anti-mouse-Alexa 546 F(ab’),
(A11018) were purchased from Invitrogen (Carlsbad, CA,
USA). TO-PRO-3 iodide was purchased from Thermo
Scientific (Waltham, MA, USA). Vectashield was pur-
chased from Vector Laboratories (Burlingame, CA,
USA). Tissue-Tek optimal cutting temperature (OCT)
compound was purchased from Sakura Finetek (Torrance,
CA, USA). All other reagents used were obtained from
Sigma-Aldrich (St Louis, MO, USA).

Animals
The experimental protocols were approved by the Ethics
Committee of Animal Use and Experimentation of Federal
University of Rio de Janeiro (licenses 033/18 and 056/19).
Animals were obtained and kept in the animal facility of
Graduate Program in Pharmacology and Medicinal
Chemistry (Rio de Janeiro, RJ, Brazil) and maintained in
Guide

Maintenance and Utilization of Animals for Teaching or

accordance with Brazilian of  Production,
Scientific Research Activities (1st edition, 2016) approved
by the
Experimentation. Male Swiss mice (25-30 g) and Wistar
rats (220-280 g) were freely fed with standard chow and

water and housed under controlled conditions (22-24°C;

National Council for Control of Animal

12/12 h dark/light cycle) in cages containing 4 animals
each. Animals were accommodated in the experimental
room for at least 30 minutes before the initiation of beha-
vioral tests.

Formalin Test
Peripheral analgesia was assessed using the formalin

test,lf’*ls

which consisted in the subcutaneous injection
of 20 pL of 2.5% formalin in the right hind paw of male
Swiss mice. A biphasic behavioral nociceptive response
was recorded as reactivity (time spent biting or licking)
during a first neurogenic phase, until 5 min post-injection,
and a latter inflammatory phase, 15 to 30 min post-
injection. Vehicle or lodenafil carbonate (3, 10 and 30
pmol/kg p.o.) was administered by gavage 30 min before
formalin injection. The contribution of nitric oxide
synthase (NOS) to antinociceptive effects was evaluated
after pre-treatment with L-N®-nitroarginine methyl ester
(L-NAME) a nonselective NOS inhibitor (3 mg/kg, i.p.)

10 min before lodenafil carbonate administration.

Carrageenan-Induced Inflammatory Pain

Lodenafil carbonate antinociception on inflammatory pain
model was evaluated in carrageenan-induced paw
inflammation.'®'? Briefly, male Swiss mice (25-30 g)
received 20 pL of 1% carrageenan by intraplantar injection
in right hind paws. Behavioral responses to mechanical
and thermal stimuli were obtained before and after 2.5 h of
carrageenan injection and 30, 60, 90, 120 and 150 min
after treatment with a single oral dose of either vehicle,
acetylsalicylic acid (1665 pmol/kg) or lodenafil carbonate

(3, 10 or 30 pumol/kg) administered by gavage.
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Mechanical nociceptive threshold was determined using
a Randall-Selitto analgesymeter (model EFF440, Insight,
Ribeirdo Preto, SP, Brazil) by imposing a progressive
force (expressed in grams) on the injected paw until
withdrawal.? Maximal pressure set at 250 g. Thermal noci-
ceptive latency (in seconds) was observed by immersion of
injected paw in a 46°C water bath until withdrawal was
observed (Montes et al, 2016).'®

Spinal Nerve Ligation

The neuropathic pain model was induced in male Wistar
rats (220 to 260 g) by L5 spinal nerve ligation (SNL)
under ketamine (80 mg/kg i.p.) and xylazine (15 mg/kg i.
p.) anesthesia.”'** Briefly, after a dorsal midline incision,
paraspinal muscles were separated at spinal 14-S2 level
and the right L6 transverse process was removed. Then,
the right L5 spinal nerve was isolated and tightly ligated
with 60 silk suture. Sham-operated rats underwent the
same procedure except for nerve ligation.

Seven days after surgery, it was observed reduced thresh-
old for thermal hyperalgesia and mechanical allodynia in
ipsilateral hind paws which confirmed the neuropathic pain.
It was used a radiant heat source coupled to a plantar analge-
symeter (model 33, ITC, Woodland Hills, CA, USA) and
a filament (1 mm external diameter) connected to a digital
analgesymeter (model EFF301, Insight, Ribeirdo Preto, SP,
Brazil).'®*? Then, animals were randomly divided to receive
orally either vehicle or lodenafil carbonate (3 or 10 pmol/kg)
by gavage during 14 days. Threshold responses to mechan-
ical and thermal stimuli were analyzed 3, 7, 10 and 14 days
after starting treatment.

Immunofluorescence Analysis
After the last behavioral evaluation, animals were anesthetized
with ketamine (80 mg/kg i.p.) and xylazine (15 mg/kg i.p.),
injected with heparin (1000 U/kg i.p.) and briefly perfused with
phosphate-buffered saline (PBS) solution followed by 4%
paraformaldehyde solution until complete blood substitution.
After laminectomy, spinal cords were cryopreserved in 30%
sucrose solution, frozen in OCT compound and sectioned
transversely in craniocaudal direction in 10 pm sections in
a cryostat (CM1850, Leica, Wetzlar, Germany).

For immunofluorescence staining, spinal cord sections at
L5 level (two per animal) were blocked in 10% normal goat
serum in phosphate-buffered saline (PBS) and incubated
with primary antibodies to GFAP (1:1000) or TNF-a
(1:100) overnight at 4°C. Then, after incubating for 60 min-
utes with secondary antibodies (1:1000 in PBS with 0.1%

Triton X-100) and 0.1 pg/mL TO-PRO-3 (as nuclear stain),
sections were washed in PBS and mounted in Vectashield.
Two additional sections served as negative controls, by
omitting primary antibody in overnight incubation.”

Digital micrographs were acquired in a confocal micro-
scope (LSM 510, Zeiss, Germany) at 20x magnification on
ipsilateral dorsal horns. Images were analyzed using Fiji
distribution of ImageJ2,>* by selecting stained green or red
areas in ipsilateral dorsal horns from the experimental
animals. Stained arca densities were expressed as the
percentual stained area of each picture.*®

Statistical Analysis

Data were expressed as mean + standard error of the mean
(S.E.M.) and analyzed using Prism 6.0 (GraphPad, San
Diego, CA, USA). One-way, two-way ANOVA (followed
by the Dunnett post hoc test) or Student’s ¢-test were used
and the difference between groups was considered signifi-
cant when p<0.05.

Results

Lodenafil Carbonate Attenuates
Nociception of Inflammatory but Not
Neurogenic Origin in Mice

Oral administration of PDE-5 inhibitor lodenafil carbonate
displayed no antinociceptive effect in the first phase of for-
malin test, while behavioral responses to nociception were
reduced in the second phase (Figure 1). In vehicle-treated
mice, the observed reactivities in the neurogenic and inflam-
matory phases were 54.6 £ 7.4 s and 200.6 + 39.1, respec-
tively. In the first phase, lodenafil carbonate was unable to
change reactivity time at the doses of 3 pmol/kg (43.8 +
10.7 s, p= 0.7958), 10 umol/kg (43.8 £ 10.7 s, p= 0.6563)
or 30 umol/kg (52.0 £ 7.2 s, p= 0.9915), when compared to
the vehicle group. In contrast, lodenafil carbonate showed
a dose-dependent antinociceptive effect in the inflammatory
phase. When compared to vehicle-treated animals, reactivity
was not altered by lodenafil carbonate at 3 pumol/kg (156.8 +
29.9 s, p= 0.5729) but significantly reduced after oral admin-
istration either at 10 umol/kg (81.9 £ 18.8 s, p= 0.0172).
Moreover, a further increase in dose from 10 to 30 pmol/kg
did not improve the antinociceptive effect observed.
Pretreatment with L-NAME (3 mg/kg i.p.) completely abol-
ished the antinociceptive effect of 10 pmol/kg lodenafil car-
bonate (223.0 £40.5 s, p=0.0070) in the inflammatory phase
of formalin test.
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Figure | Oral lodenafil carbonate-induced antinociceptive effect on the biphasic pain
response of formalin test. Data represent reactivity time spent licking or biting the
formalin-injected paw. Data are expressed as mean * S.E.M. (n= 10). ¥p<0.05 compared
to vehicle-treated group (one-way ANOVA, Dunnett post hoc test), *p<0.05 com-
pared to treatment with 10 umol/kg lodenafil carbonate (Student’s t-test).

Lodenafil Carbonate Displays
Antinociceptive Effects in Mice with

Carrageenan-Induced Hyperalgesia
The antinociceptive efficacy of lodenafil carbonate was

further investigated in carrageenan-induced inflammatory
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pain model (Figure 2). Development of thermal hyperalgesia
occurred within 2.5 hours after carrageenan injection, as
indicated by reduction of paw withdrawal latency to immer-
sion in a heated water bath (14.2 £ 0.3 to 6.8 £ 0.7 s,
p<0.0001; Figure 2A). Treatment with lodenafil carbonate
resulted in decreased thermal hyperalgesia at all doses tested,
in a similar way to acetylsalicylic acid at a clinically relevant
dose (300 mg/kg). After 2.5 hours of oral administration,
vehicle-treated animals still presented a paw withdrawal
latency of 6.4 = 0.5 s, while mice in lodenafil carbonate
groups showed longer latencies of 10.7 + 1.1 (3 umol/kg;
p=0.0003), 10.6 + 1.3 (10 pmol/kg; p= 0.0006) and 9.0 +
1.0 s (30 umol/kg; p= 0.0559). Acetylsalicylic acid (1667
pumol/kg) also increased paw withdrawal latency to 9.7 = 0.7
s (p=0.009), when compared to the vehicle group.
Likewise, after 2.5 hours of carrageenan injection,
a decrease in paw withdrawal threshold to compressive
force (257.0 £ 1.7 to 188.0 £ 14.0 g, p<0.0001) indicated
the establishment of mechanical hyperalgesia (Figure 2B).
Oral administration of lodenafil carbonate also significantly
increased the paw withdrawal threshold at all doses tested,
indicating a complete reversal of carrageenan-induced
mechanical hyperalgesia (Figure 2B). At the end of the
test, mice which received vehicle by oral route still showed
a reduced withdrawal threshold of 162.0 + 7.7 g, while those
in acetylsalicylic acid group presented an increase to 226.0 +

- Lodenafil 3 umol/kg
-o- Lodenafil 10 umol/kg
& Lodenafil 30 umol/kg

Mechanical hyperalgesia
300;

250+

200+

150

T— treatment

oL

BL 25 3.0 3.5 4.0 45 5.0
Time (h)

Figure 2 Thermal latencies (A) and mechanical thresholds (B) in the ipsilateral hind paw of mice before and after oral treatment with vehicle, acetylsalicylic acid (1665 pmol/
kg) or lodenafil carbonate (3, 10, 30 umol/kg) in carrageenan-induced paw inflammation model. Data are expressed as mean * S.E.M. (n= 10). ¥p<0.05 compared to baseline
(one-way ANOVA, Dunnett post hoc test); “p<0.05 compared to vehicle-treated group (two-way ANOVA, Dunnett post hoc test).
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14.9 g (p=0.0002). Lodenafil carbonate at doses of 3, 10 and
30 umol/kg also elevated the paw withdrawal threshold of
carrageenan-injected rats to 255.0 = 4.0 (p<0.0001), 252.5 +
5.3 (p<0.0001) and 213.0 + 17.1 (p=0.0047).

Oral Administration of Lodenafil
Carbonate Produces Antinociception to
Mechanical and Thermal Stimuli in

a Neuropathic Pain Model in Rats

To evaluate the antinociceptive activity of lodenafil carbonate
in a neuropathic pain model, Wistar rats subjected to SNL
were treated with either vehicle or lodenafil carbonate at 3 or
10 umol/kg (Figure 3). Seven days after surgery, SNL animals
presented reduced paw withdrawal latency to radiant heat
stimulus (17.9 + 1.5 s; p<0.0001) when compared to Sham
(26.3 £ 0.5 s), indicating thermal hyperalgesia (Figure 3A).
During the 14 days of treatment, thermal hyperalgesia was
maintained in SNL animals after treatment with either vehicle
or oral lodenafil carbonate at 3 umol/kg. However, oral lode-
nafil carbonate at 10 umol/kg increased paw withdrawal
latency, with a complete reversal of thermal hyperalgesia by
7 days of treatment (23.6 £ 1.5 s; p= 0.5530 vs Sham;
p<0.0001 vs SNL+vehicle), which lasted until the end of
treatment (22.8 £ 1.9 s; p= 0.7114 vs Sham; p= 0.0062 vs
SNL+vehicle).
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- SNL+Vehicle

Thermal hyperalgesia

A

404

@

=

c 30

S 307

T g< ““Q//E:-"“E- #

T =3
% 20+

= T S—
2 101

= treatment .
m ) 1
o

o

BL 7 10 14 17 21
Time (days)

Additionally, SNL rats also presented mechanical allo-
dynia at 7 days after surgery, as suggested by the reduced
paw withdrawal threshold to pressure stimulus (26.0 + 2.8
g; p= 0.0004; Figure 3B), when compared to Sham ani-
mals (43.9 £ 1.3 g). At 3 umol/kg, lodenafil carbonate
demonstrated a significant reduction in withdrawal thresh-
old only after 14 days of treatment (43.3 £ 1.9 g; p=
0.7664 vs Sham; p= 0.0147 vs SNL+vehicle). In contrast,
oral administration of lodenafil carbonate at 10 pmol/kg
reverted mechanical allodynia after just 3 days of treat-
ment, elevating paw withdrawal threshold to 40.8 = 3.6
g (p=0.0007 vs SNL+vehicle). Moreover, this reduction in
withdrawal threshold remained until the last day of treat-
ment (41.4 £ 2.9 s; p= 0.0196 vs SNL+vehicle).

Treatment with Lodenafil Carbonate
Reduces Spinal Cord Glial Cell Activation
and Neuroinflammation in Neuropathic
Pain Model in Rats

In order to further explore the effects of lodenafil carbo-
nate on the cellular changes involved in neuropathic pain
chronification, expression of GFAP and TNF-a in ipsilat-
eral dorsal horns was investigated in ipsilateral dorsal
horns of SNL rats at L5 level of spinal cord using indirect

immunofluorescence (Figure 4A). When compared to the

-+ SNL+Lodenafil carbonate 3 pmol/kg
-8~ SNL+Lodenafil carbonate 10 uymol/kg

Mechanical allodynia

)
S

I
2

n
Q@

treatment

Paw withdrawal threshold (g

o

BL 7 10 14 17 21
Time (days)

Figure 3 Thermal latencies (A) and mechanical thresholds (B) in the ipsilateral hind paw before and after oral treatment of vehicle or lodenafil carbonate (3, 10 pmol/kg) in
SNL rats. Data are expressed as mean  S.EM. (n= 6). »<0.05 compared to Sham, *p<0.05 compared to SNL-vehicle group (two-way ANOVA, Dunnett post hoc test).
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Figure 4 Immunofluorescence analysis of spinal cords of Sham and SNL rats (A). Ipsilateral dorsal horns (insert, red dashed area, 5% magnification) were analyzed for
expression of GFAP (20x magnification) and TNF-a (20% magnification). Quantification of stained area densities (B and C) in ipsilateral dorsal horns of Sham and SNL rats
after either treatment with vehicle or lodenafil carbonate (10 pmol/kg). Scale bars represent 75 um. Data are expressed as mean * S.E.M. (n= 6). ¥p<0.05 compared to Sham,

#p<0.05 compared to SNL-vehicle group (Student’s t-test).

Sham group, SNL rats showed an increased staining den-
sity of GFAP staining (0.50 + 0.28 to 3.40 + 0.49%, p=
0.0027; Figure 4B), as well as TNF-a staining (0.03 + 0.02
to 1.13 £ 0.13%, p= 0.0004; Figure 4C). Oral treatment
with lodenafil carbonate at 10 pmol/kg for 14 days sig-
nificantly reduced the expression of both GPAF (1.38 +
0.31%, p= 0.0253) and TNF-a (0.37 + 0.11%, p= 0.0111)
compared to SNL+vehicle group.

Discussion
Intracellular cyclic nucleotide is are of great interest
in pain given its

because of possible interference

involvement in the modulation of peripheral and central
nervous systems.”> >’ Although mechanistically poorly
understood, the contribution of cGMP to pain and analgesia
since it promotes sensitization in central pathways,?>=2%%3!
while it mediates the antinociceptive effect of peripherally
administered drugs, such as morphine, dipyrone, gabapentin
and cannabinoids.*****

The intracellular concentration of cGMP is controlled by
the regulation of GC and PDE enzyme activities.”> Among
cGMP-selective PDE enzymes, PDES is expressed on the

34,35

nervous system and its influence on cGMP levels may be

explored for the development of new analgesic drugs.
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Indeed, local or intraperitoneal administration of PDES inhi-
bitors, as sildenafil and vardenafil, causes antinociceptive

9 . .
9111236 which are mediated

effects in animal models of pain,
by an increase in peripheral cGMP levels. In this study, the
potential analgesic effects of an orally active PDES inhibitor,
lodenafil carbonate, were evaluated in formalin and carra-
geenan mouse models of inflammatory pain and the SNL rat
model of neuropathic pain.

Lodenafil carbonate similarly to sildenafil did not affect
the nociceptive behavior on the neurogenic phase of formalin
test in mice. This finding indicates a lack of central analgesic
action when given by oral route."'*”? In contrast, lodenafil
carbonate reduced the reactivity in the second phase of for-
malin test, in a dose-dependent manner, as observed with
other PDES inhibitors, independently of the route of
administration.®'?** % This effect was totally blocked by
L-NAME, a nonselective NOS inhibitor,*' which demon-
strates the importance of NO to lodenafil carbonate-
mediated antinociception.®® After its synthesis, NO can
diffuse through biological membranes and stimulate auto-
crine or paracrine signaling pathways, such as the production
of ¢cGMP by NO-dependent soluble GC.** However, the
precise role of NO in nociceptive transmission modulation
in central and peripheral nervous systems is complex and
dependent on its location and concentration. Antinociception
is generally associated with low NO synthesis by constitutive
NOS isoforms, while NO overproduction by inducible NOS
often results in hyperalgesia and tissue inflammation.”®*’
Spinal sensitization may also be promoted by NO through
post-translational modification of N-methyl-D-aspartate
(NMDA) receptors and increased substance P release,”™’
while interaction with descending inhibitory pathways may
contribute to NO-mediated analgesia.**

As the peripheral antinociception caused by NO is
mediated by ¢cGMP/PKG/K"* channels,®*® inhibition of
PDES represents an alternative for stimulating this path-
way while overcoming the limitations in targeted modula-
tion of NO bioavailability. As a result, an increase in
c¢GMP half-life would increase K channel conductance
and lead to nociceptor hyperpolarization, thus potentially
decreasing action potential propagation through primary
afferents and neurotransmitter release at dorsal horn.>*

In order to investigate the intensity and duration of the
antinociceptive effect to different stimuli, thermal and
mechanical paw withdrawal thresholds were evaluated
after a single oral dose of lodenafil carbonate (3, 10 or
30 umol/kg) in carrageenan-induced hyperalgesia in mice.
Groups receiving lodenafil carbonate showed significantly

reduced thermal hyperalgesia and displayed total reversal
of mechanical hyperalgesia from 30 minutes after treat-
ment until the end of test, which paralleled the effect seen
with 300 mg/kg (1665 umol/kg) of acetylsalicylic acid.
Comparable results were previously described either for
sildenafil, vardenafil or tadalafil,”'" and their blockade by
L-NAME was also reported, reinforcing the importance of
the NO/cGMP pathway for the observed effects.

These findings prompted the study of treatment for 14
days with lodenafil carbonate on the mechanical allodynia
and thermal hyperalgesia in a neuropathic pain rat model.
Reversal of neuropathic pain behavior was observed after
treatment with lodenafil carbonate for 7 days, as indicated
by normalization of paw withdrawal latency to radiant heat
and paw withdrawal threshold to tactile stimuli. These
results are in agreement with the observed after treatment
with sildenafil in a neuropathic pain model in rats.**

Neuroplastic changes, which mediate central and periph-
eral sensitization and increase synaptic potentiation in pain
circuits are detected in neuropathic pain.*> Neuropathic pain
is accompanied by glial cell activation and proliferation,
characterized by the predominance of microglia and inflam-
matory cells in an early phase followed by activated
astrocytes.>***® Although the first phase is related to estab-
lishment of neuropathic pain, late inhibition of microglia
does not reduce preexisting hyperalgesia, indicating that
astrocyte activation may be directly involved in pain
chronification*>° Animals submitted to SNL and treated
with vehicle showed a 7-fold increase in density of stained
area corresponding to GFAP in ipsilateral dorsal horns and
oral administration of lodenafil carbonate (10 umol/kg) sig-
nificantly attenuated staining density of activated astrocytes.
As sustained stimulation of nociceptors leads to an increase
in GFAP-expressing astroglia in the spinal cord,”" this effect
may reflect the reduced frequency of action potential trans-
mission to spinal levels by afferent fibers due to lodenafil-
induced presynaptic hyperpolarization.

Among the cytokines implicated in neuroplasticity and
glial cell activation of dorsal horns, TNF-o seems to play
a major role by modulating neuron excitability and synaptic
strength in neuropathic pain. Additionally, changing expres-
sion of ionotropic glutamate receptors, growth factors and
NOS.> In the spinal cord of SNL rats, TNF-a is expressed in
neurons, glial and inflammatory cells*” and mediates astro-
cyte and microglial activation and synaptic potentiation in
primary sensory neurons.’’ TNF-a supports the spinal
changes involved in the perpetuation of pain condition.
Oral administration of lodenafil carbonate (10 pmol/kg)
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lowered approximately 67% of the 40-fold increase in TNF-a
expression in dorsal horns of SNL rats. This change directly
reduces astrocyte activation in dorsal horns, which secrete
TNF-a in the synaptic area, causing further glial activation
and strengthening synaptic transmission.

Conclusion

Oral administration of lodenafil carbonate demonstrated
antinociceptive effects in rodent models of inflammatory
pain (formalin and carrageenan) and neuropathic pain
(SNL), by activation of the NO/cGMP/PKG pathway and
K" channel opening, ultimately leading to nociceptor hyper-
polarization and decrease in activation of spinal synapses
and glial cells. Inhibition of PDES by lodenafil carbonate
may block neuroplastic changes in the spinal cord by acting
peripherally on primary nociceptors, thus interfering with
the process of pain. Therefore, lodenafil carbonate may
prove useful to treat neuropathic pain and represents
a new approach for management of chronic pain.
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