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ABSTRACT

Small peptides patterned after the N terminus of the synapto-
somal protein of 25 kDa, a member of the protein complex
implicated in Ca®*-dependent neuronal exocytosis, inhibit in
vitro the release of neuromodulators involved in pain signaling,
suggesting an in vivo analgesic activity. Here, we report that
compound DD04107 (palmitoyl-EEMQRR-NH,), a 6-mer palmi-
toylated peptide that blocks the inflammatory recruitment of ion
channels to the plasma membrane of nociceptors and the
release of calcitonin gene-related peptide from primary sensory
neurons, displays potent and long-lasting in vivo antihyperal-
gesia and antiallodynia in chronic models of inflammatory and
neuropathic pain, such as the complete Freund’s adjuvant,
osteosarcoma, chemotherapy, and diabetic neuropathic mod-

els. Subcutaneous administration of the peptide produced a
dose-dependent antihyperalgesic and antiallodynic activity that
lasted =24 h. The compound showed a systemic distribution,
characterized by a bicompartmental pharmacokinetic profile.
Safety pharmacology studies indicated that the peptide is
largely devoid of side effects and substantiated that the in vivo
activity is not caused by locomotor impairment. Therefore,
DD04107 is a potent and long-lasting antinociceptive com-
pound that displays a safe pharmacological profile. These find-
ings support the notion that neuronal exocytosis of receptors
and neuronal algogens pivotally contribute to chronic inflam-
matory and neuropathic pain and imply a central role of pepti-
dergic nociceptor sensitization to the pathogenesis of pain.

Introduction

Nociceptor sensitization is one of the central events under-
lying pain pathogenesis (Gold and Gebhart, 2010). Tissue
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damage-mediated modulation of the threshold and magni-
tude of nociceptive responses to noxious stimuli is pivotal for
the development of neural hyperexcitability (Gold and Geb-
hart, 2010). It is well documented that proinflammatory me-
diators are major players in nociceptor potentiation by acting
on neuronal receptors, which, in turn, activate signaling
pathways that affect the metabolic and functional state of
peripheral sensory neurons (Hucho and Levine, 2007), lead-
ing to altered patterns of neuronal activity. This shift is
caused by changes in the activity of ion channels that may
arise from variations in channel gating, channel distribution,
and/or channel density (Premkumar et al., 2004; Van Buren
et al., 2005; Zhang et al., 2005; Camprubi-Robles et al., 2009).

ABBREVIATIONS: CGRP, calcitonin gene-related peptide; DD04107, palmitoyl-EEMQRR-NH,; TRPV1, transient receptor potential vanilloid-1; SNAP-25,
synaptosomal protein of 25 kDa; SNARE, soluble N-ethylmaleimide-sensitive factor attachment protein receptor; CFA, complete Freund’s adjuvant; STZ,
streptozotocin; PBS, phosphate-buffered saline; AUC, area under the curve; ANOVA, analysis of variance; PK, pharmacokinetic; hERG, human ether-a-go-go

related gene.
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In addition, sensitized nociceptors, especially the peptidergic
subpopulation, display an efferent function characterized by
the release of the proinflammatory peptides substance P and
calcitonin gene-related peptide (CGRP) that further enhance
pain signals (Kilo et al., 1997; Meng et al., 2009). These
neuropeptides also contribute to chronic pain conditions that
apparently do not display an inflammatory process (Sprenger
and Goadsby, 2009).

Neuronal release of proinflammatory peptides is carried out
through a Ca®"-dependent exocytotic mechanism that is sensi-
tive to the proteolytic action of botulinum neurotoxins, as well
as to small molecules that target the soluble N-ethylmaleimide-
sensitive attachment protein receptor (SNARE) complex (Meng
et al., 2007; Camprubi-Robles et al., 2009). It is noteworthy that
a similar exocytotic mechanism is involved in the inflammatory
recruitment of transient receptor potential vanilloid 1 (TRPV1)
to the nociceptor surface (Van Buren et al., 2005; Zhang et al.,
2005; Camprubi-Robles et al., 2009). The unequivocal contribu-
tion of regulated neuronal exocytosis to nociceptor excitability
and, therefore, to pain pathogenesis is further supported by the
antinociceptive and analgesic activity reported for botulinum
neurotoxin A (Argoff, 2010; Qerama et al., 2010; Torgovnick et
al., 2010; Yoon et al., 2010). However, the therapeutic use of this
potent neurotoxin is often limited to local, well controlled appli-
cations because of its high toxicity and potential locomotor side
effects (Food and Drug Administration alerts, www.fda.org).
Therefore, there is a need to develop small molecules that down-
regulate the excessive Ca®"-dependent exocytosis occurring in
chronic pain states and display lower side effects.

We have demonstrated previously that small peptides pat-
terned after the N terminus of the synaptosomal protein of 25
kDa (SNAP-25), a SNARE complex protein, are inhibitors of
neuronal exocytosis by interfering with the formation of the
vesicular fusion protein complex between synaptobrevin,
syntaxin, and SNAP-25 (Blanes-Mira et al., 2004). The
palmitoylated-derivative DD04107 (palmitoyl-EEMQRR-
NH,) blocked the inflammatory sensitization of TRPV1 by
proinflammatory agents in intact primary sensory neurons
in culture by preventing the recruitment of a vesicular pop-
ulation of channels to the nociceptor surface (Camprubi-Rob-
les et al., 2009). Accordingly, these results suggest that com-
pound DD04107 may display antinociceptive function. In this
study, we have addressed this issue and tested the in vivo
anti-inflammatory and antinociceptive activity of DD04107
in models of chronic inflammatory and neuropathic pain. We
found that a single dose of DD04107 given subcutaneously or
intramuscularly significantly and long-lasting reduced the
thermal and mechanical hyperalgesia, as well as the me-
chanical allodynia in these pain models. Pharmacokinetic
analysis reveals a systemic distribution, and safety pharma-
cology parameters did not reveal any significant side effect.
Thus, DD04107 represents a novel class of a lead that may be
therapeutically relevant for the treatment of chronic pain.
Our findings also substantiate a pivotal role of neuronal
exocytosis in pain pathogenesis.

Materials and Methods

Drugs. DD04107 (DiverDrugs, Gava, Spain), vincristine sulfate
(Calbiochem, San Diego, CA), paclitaxel (Besse Medical, West Ches-
ter, OH), morphine hydrochloride (Salars, Como, Italy), and naltrex-
one hydrochloride (Sigma, St. Louis, MO) were dissolved in saline
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and weighed as salt. Streptozotocine (STZ; Sigma) was dissolved in
sodium citrate at pH 4.5. DD04107, naltrexone, morphine, and their
vehicles were administered subcutaneously at a volume of 5 ml/kg.
Vincristine, STZ, and their vehicles were administered intraperito-
neally at a volume of 2 ml/kg.

Use of Animals. All experiments were approved by the Institu-
tional Animal and Ethical Committee of the corresponding institu-
tions where experiments were conducted or in compliance with the
Italian regulatory system, and they were in accordance with the
guidelines of the Economic European Community, the National In-
stitutes of Health, and the Committee for Research and Ethical
Issues of the International Association for the Study of Pain. All
parts of the study concerning animal care were performed under the
control of veterinarians.

Housing of Animals. Male Sprague-Dawley and Wistar rats
(Harlan, Indianapolis, IN) were housed three to a cage. Male CD1
mice (Charles River Italica, Calco, Italy) and C3H/He mice (CRIFFA,
Barcelona, Spain) were housed four to a cage. Animals, allowed to
familiarize for at least 7 days before the start of experiments, were
maintained under a 12-h circadian cycle of artificial light (7:00 AM to
7:00 PM), 22 = 2°C, 55 * 10% relative humidity, and 15 to 20 filtered
air exchanges/h. Rats and mice had free access to food and tap water.
At the beginning of experiments body weights were approximately
150 to 350 g for rats and 20 to 40 g for mice.

Carrageenan Inflammatory Model. Wistar rats (=150 g) were
used for the study. Carrageenan (0.1 ml of a 2% solution in physio-
logical saline) was injected into the plantar surface of the right hind
paw of the rats. Compounds were administered intramuscularly in
the ipsilateral paw 30 min before carrageenan at the indicated doses.
The volume of the paw was measured at the indicated times with a
plethysmometer, and the antihyperalgesic activity was determined
after 5 h with a Randall-Selitto analgesimeter (Ugo Basile, Comerio,
Italy).

CFA Inflammatory Model. Wistar rats (=200g) were used for
the study. CFA emulsion (1:1 oil/saline, 0.5 mg/ml) was injected into
the plantar surface (50 pl) (Garcia-Martinez et al., 2006). DD04107
was administered at 1 mg/kg i.m. in the ipsilateral leg 24 h after CFA
injection. Thermal hyperalgesia was monitored 24 h after CFA in-
jection and up to 6 h after administering the peptide with an Ugo
Basile Dynamic Plantar Aesthesiometer as reported previously
(Garcia-Martinez et al., 2006). In brief, rats were habituated to an
apparatus consisting of individual Perspex boxes on an elevated
glass table. A mobile radiant heat source was located under the table
and focused on the hind paw. Paw withdrawal latencies were defined
as the time taken by the rat to remove its hind paw from the heat
source. A cutoff point of 25 s was set to prevent tissue damage. The
mechanical allodynia was followed up to 5 days after DD04107
administration by using the Von Frey fibers with the “up-and-down”
method (Garcia-Martinez et al., 2006). Rats were placed on a raised
wire mesh grid (6 X 6 mm? apertures) under plastic chambers. To
quantify the mechanical sensitivity of the paw, hairs with different
forces (in grams) were applied 10 times to the hind paw in ascending
order of force. The frequency of withdrawal responses was monitored
and represented as the response percentage. The hair was applied
for 1 to 2 s with an interstimulus interval of 5 to 10 s.

Vincristine Neuropathy Model. Sprague-Dawley rats (=300 g)
were used in this study. Vincristine administration produces a long-
lasting neuropathic state that mimics vincristine-induced pain in
human patients (Aley et al., 1996). Intraperitoneal injections of
vehicle or 0.15 mg/kg vincristine sulfate were administered to rats
three times a week for 2 weeks. After the baseline nociceptive thresh-
old measurement, DD04107 was administered subcutaneously. and
rats underwent the Randall-Selitto test at different times. The ex-
perimental groups consisted of nine rats each; DD04107 at 0, 0.1,
and 0.5 mg/kg was administered to vincristine-treated rats. The
nociceptive threshold, expressed in grams, was measured by apply-
ing increasing pressure to the hind paws, using a Randall-Selitto
analgesimeter. The parameter used to quantify the nociceptive
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threshold was defined as the pressure (in grams) at which the rat
withdrew its paw. The value reported is the mean between the grams
at which the rat withdrew the left and right paws.

Paclitaxel Neuropathy Model. Sprague-Dawley rats (=250 g)
were used in this study. Paclitaxel administration induces a long-
lasting neuropathic state that mimics taxane-induced pain in human
patients (Polomano et al., 2001). Paclitaxel was given to rats by
intraperitoneal injections (2 mg/kg dose, with a volume of 1 ml/kg) on
days 1, 3, 5, and 7 for a total cumulative dose of 8 mg/kg. Neuropathy
developed over time, and mechanical allodynia was monitored on day
27 after the first administration of the taxane. DD04107 was admin-
istered at 0.5 mg/kg s.c., and the mechanical allodynia was followed
every 3 days (up to 12 days) with the up-and-down method using a
10g Von Frey filament (Garcia-Martinez et al., 2006). The frequency
of withdrawal responses was monitored and represented as the re-
sponse percentage. The hair was applied for 1 to 2 s with an inter-
stimulus interval of 5 to 10 s. The maximum antiallodynic effect was
that exerted by 100 mg/kg i.p. gabapentin and the minimum the
mechanical allodynia displayed by animals at day 27 after adminis-
tration of paclitaxel and before instillation of the peptide.

Streptozotocin-Induced Diabetes Model. CD1 mice (30—40 g)
were used in this study. Vehicle or 200 mg/kg STZ were administered
to 16 and 47 overnight fasted mice, respectively. Blood glucose levels
were measured 14 days after STZ injection by measuring the glucose
concentration in a blood sample obtained by tail prick. Mice with
glucose levels above 250 mg/dl were considered diabetic. Blood glu-
cose levels were measured by using a Glucometer Elite (Bayer AG,
Wuppertal, Germany) device. Vehicle was administered to two
groups: vehicle- and STZ-treated mice. DD04107 at doses of 0.5 and
5 mg/kg was administered subcutaneously only to STZ-treated mice.
Mechanical allodynia was determined at different times. The range
of withdrawal response in diabetic mice was 1.1 to 2.1 g, compared
with the control mice range of 4.1 to 5 g. The incidence of allodynia
in diabetic CD1 mice was 100%.

Osteosarcoma Model. C3H/He mice (20-25 g) were used in this
study. NCTC 2472 osteosarcoma cells were cultured in NCTC 135
medium containing 10% horse serum and passaged weekly according
to American Type Culture Collection (Manassas, VA) guidelines.
Cells were detached by scraping and centrifuged at 400g. The ob-
tained pellet was suspended in phosphate-buffered saline (PBS; pH
7.2) and then used for intratibial injections (Menéndez et al., 2003).

For cell inoculation to mice, anesthesia was induced by spontane-
ous inhalation of 3% isoflurane in an induction chamber and main-
tained by administering 1.5% isoflurane in oxygen through a breath-
ing mask. A minimal skin incision was made in the right leg,
exposing the tibial plateau, and a 22-gauge needle coupled to a
Hamilton syringe (Hamilton Co., Reno, NV) with 10° NCTC 2472
cells suspended in 5 pl of PBS 1X, pH 7.2 was used to inject the cells
into the medullar cavity. Finally, acrylic glue was applied on the
incised area of the tibial plateau, and the surgical procedure was
completed by stitching the knee skin. Control groups were injected
with 5 ul of PBS containing 10° NCTC 2472 osteosarcoma cells killed
by quickly freezing and thawing three times without cryoprotection.

Mice were used at the particular times at which the measured
nociceptive symptoms were detected. Thus, thermal hyperalgesia
was studied 4 weeks after the inoculation of NCTC 2472 osteosar-
coma cells, whereas mechanical allodynia was assessed at week 2
(Curto-Reyes et al., 2010).

DD04107 was dissolved in saline (2 mg/ml) and administered
subcutaneously in a volume of 10 ml/kg 4 weeks after the inoculation
of NCTC 2472 osteosarcoma cells for the thermal hyperalgesia stud-
ies and 2 weeks after the inoculation of NCTC 2472 osteosarcoma
cells for the mechanical allodynia studies.

The thermal hyperalgesia was monitored by using the unilateral
hot plate test. Mice were gently restrained, and the plantar side of
the tested paw was placed on a hot plate surface as described pre-
viously (Menéndez et al., 2002). The latency of paw withdrawal from
the heated surface was manually recorded with a chronometer. The

mean of two measurements of the withdrawal latencies of each hind
paw separately and alternately performed at 2-min intervals was
calculated. A cutoff time of 30 s was established as a means to
prevent tissue damage. To obtain basal withdrawal latencies of ap-
proximately 14 s plate temperature was adjusted at 51.7 = 0.2°C.

Mechanical allodynia in mice was assessed by applying von Frey
filaments to the plantar side of the paws as reported previously
(Curto-Reyes et al., 2010). Mice were placed on a wire-mesh plat-
form, covered with transparent plastic containers. A 25-min period
was allowed for habituation. The von Frey filaments 2.44 (0.04 g),
2.83 (0.07 g), 3.22 (0.16 g), 3.61 (0.4 g), 4.08 (1.4 g), and 4.56 (4 g)
were used and, starting with the 3.61 filament, six measurements
were taken in each animal randomly starting in the left or right paw.
Based on the previously described manual up-and-down method
(Curto-Reyes et al., 2010), the observation of a positive response
(lifting, shaking, or licking of the paw) after a 3-s application of a
filament was followed by the application of the next thinner filament
or the next thicker one if the response was negative.

Effect of Morphine and DD04107 on the Mechanical Noci-
ceptive Threshold in Rats. DD04107 was administered subcuta-
neously to Sprague-Dawley rats (=300 g) at 0.5 and 5 mg/kg. Mor-
phine was administered subcutaneously at 3 mg/kg as reference
drug. Naltrexone was used as opioid antagonist (Julius, 1979) and
administered subcutaneously at 0.1 mg/kg 30 min before DD04107 or
morphine administration. The nociceptive threshold, expressed in
grams, was measured by applying increasing pressure to the left and
right hind paws, using a Randall-Selitto analgesimeter.

Pharmacokinetics Studies. Male Wistar rats (=300 g) were
used for pharmacokinetic studies. Twenty-four hours before drug
administration, the rats were subjected to jugular vein cannulation
with a 12-cm fragment of medical grade silicone tubing (Degania
Silicone Europe GmbH, Regensburg, Germany; i.d., 0.5 mm; o.d.,
0.94 mm). Anesthesia was induced before surgery by isoflurane
inhalation. Under anesthesia, 3.4 ¢cm of the cannula was introduced
into the jugular vein toward the heart, and the free end was subcu-
taneously conducted to the dorsal base of the neck, where it emerged;
the exteriorized end was closed with a polyethylene plug. The can-
nula was permanently filled with heparinized (20 IU/ml) saline so-
lution. After surgery and until drug administration, animals were
kept on nonfasting conditions overnight with water freely available.
To facilitate blood sampling of conscious rats, a 15-cm silicon tube
(bridge tubing) was connected to the free end of the cannula.

A total of 14 animals and 99 plasma samples were used in the
study. Extemporaneous solutions were prepared by dissolving the
corresponding amount of compound in saline solution. Two main
groups of rats were randomly assigned to intravenous (5 mg/kg) and
subcutaneous (10 mg/kg) administration. A second random assigna-
tion took place, A (administration and sampling period of time from
0 to 12 h) or B (administration and sampling period of time from 12
to 288 h).

Blood samples (0.4 ml) were drawn from the jugular vein cannula
with heparinized syringes at 0, 0.25, 0.5, 1, 1.5, 2, 4, 8, 12, 18, 24, 48,
72,96, 120, 192, 240, and 288 h after DD04107 administration. After
each sample was drawn, the blood volume was replaced with the
same volume of a saline solution. The number of samples processed
within a 24-h period to obtain the curve of the plasma level of
DD04107 was never higher than 11. After collection, each blood
sample was centrifuged at 3500 rpm for 10 min, and the plasma was
transferred to an unused polypropylene tube and stored at —20°C
until it was assayed for DD04107 content.

Analysis of data were performed by noncompartmental analysis
with the WinNonlin version 2.1 program (Pharsight, Mountain View,
CA). The area under the plasma concentration-time curve from im-
mediately predose (time 0) to the last quantifiable concentration
(AUC,_,), the peak concentration of DD04107 (C,,,..), and the appar-
ent terminal elimination phase rate constant (\,) was obtained for
each animal. The \, was derived from the log-linear disposition
phase of the concentration-time curve by least-squares regression
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analysis with visual inspection of the data to determine the appro-
priate number of data points for the calculation of \,. At least three
points in the terminal elimination phase were required for calcula-
tion of \,. The AUC,_, was calculated by using the log-linear trape-
zoidal rule.

CGRP Release from Primary Sensory Neurons in Culture.
Neurons from neonatal Wistar rat dorsal root ganglion were ob-
tained (Camprubi-Robles et al., 2009) and seeded at a density of
15,000 per well in a 96-well plate incubated at 37°C in humidified
atmosphere with 5% CO,. Experiments were carried out in Kreb’s-
HEPES buffer: 110 mM NaCl, 4.5 mM KCI, 2 mM CaCl,, 1.2 mM
MgSO,, 1.2 mM KH,PO,, 25 mM NaHCO;, 11.7 mM D-glucose, and
5 mM HEPES, pH 7.4. Previous to the quantification of CGRP
release, cells were treated with the lipopeptides (10 nM for 1 h)
contained in the culture medium. After an extensive wash with
Kreb’s-HEPES buffer, cells were exposed to 1 pM capsaicin in
Kreb’s-HEPES buffer at 37°C for 5 min. Aliquots of 100 pl per well
were collected for each treatment at 4°C, and the CGRP content was
determined immediately after the end of the experiment using the
commercially available CGRP enzyme immunoassay kit (Spi-Bio
Inc., Montigny-le-Bretonneux, France; Cayman Chemical, Ann Ar-
bor, MI) according to the manufacturer’s protocol. The CGRP in
eluates was preincubated with the antibody-coated plate overnight
at 4°C before being reacted with the tracer antibody (the acetylcho-
linesterase-conjugated antibody). One hundred microliters of stan-
dards and samples were added to individual wells in a 96-well
microtiter plate and incubated at 4°C overnight. Two hundred mi-
croliters of tracer antibody were then added and incubated overnight
at 4°C. Ellman’s reagent was then added to the wells and incubated
30 min to 1 h at room temperature with shaking. A standard curve
was generated for each assay, and the concentration of CGRP in each
sample was determined by using the standard curve. The values
were expressed as the mean of four determinations. Plates were read
at 450 nm with a microplate spectrophotometer, and results were
analyzed by using the Prism 4.0 program (GraphPad Software Inc.,
San Diego, CA). The CGRP detection level of the method is approx-
imately 2 pg/ml, and all of the measured CGRP values were at least
2-fold the detection limit.

Isolation of Rat Atria and Aorta Rings. Organ bath prepara-
tions were performed as described previously (Borges et al., 1989). In
brief, animals were killed by decapitation. The heart was rapidly
removed, and the right atria was placed in a 4-ml organ bath cup. A
basal tension of 1g was applied, and the contractions were monitored
by using an isometric transducer. Temperature was set at 34°C, and
the Krebs-bicarbonate solution (119 mM NaCl, 4.7 mM KCI, 1.2 mM
MgSO,, 1.2 mM KH,PO,, 2.5 mM CaCl,, 25 mM NaHCO,, and 11
mM glucose) continuously bubbled with 95% 0O,/5% CO, mixture to
maintain the pH at 7.4. Thoracic aortas were excised and cleaned of
surrounding fat and connective tissues. Slices of ~2 mm were cut
with care to avoid endothelial damage and mounted in the organ
bath as described above by using Krebs-bicarbonate solution and
applying a basal tension of 1g (Borges et al., 1989).

Locomotor Activity. Wistar rats were placed in the Rotarod (a
cylinder that can rotate at constant or accelerating speeds), and the
speed was increased from 4 to 40 rpm over 300 s. The time, in
seconds, at which each animal fell off the rungs was recorded with a
maximum cutoff of 600 s 1 and 8 days after the administration of the
different treatments (Boix et al., 2010).

The ability of rats to pass through a narrow beam to reach a dark
box was evaluated. To force the rats to pass through the beam, a
white light illuminated the beginning of the beam. The wooden
square beam (2 X 100 cm) was elevated to a height of 1 m above the
floor. The time to cross the beam and the number of forelimb and
hindlimb foot faults were recorded 1 and 8 days after the adminis-
tration of the different treatments. A fault was defined as any foot
slip off of the top surface of the beam or any limb use on the side of
the beam. Four trials were performed before recording the results to
habituate the rats to the beam and let them know the existence of the
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dark box at the end of the beam. The interval between trials was 5
min.

For the open-field measurements, the animals were placed in an
open-field activity chamber (43 X 43 X 30.5 cm) and allowed to
explore for 60 min. Activity was detected by arrays of infrared motion
detectors with two arrays 1 cm above the floor of the chamber and
another array 6 cm above the floor. Motor activity was recorded for
1 h on 1 and 8 days after the administration of the different treat-
ments. The apparatus recorded different parameters of motor activ-
ity: ambulatory, vertical, and stereotypic activities, ambulatory epi-
sodes, average velocity of ambulatory activity, and the total distance
traveled. One ambulatory count was recorded when the rats inter-
rupted three consecutive infrared beams. One vertical count was
recorded when the rats activated the above detectors (Ahabrach et
al., 2010). For all of these locomotor tests, DD04107 was adminis-
tered at 10 mg/kg s.c.

Learning and Memory. Wistar rats were used. The object rec-
ognition test was performed as described previously (Garcia-Ayllon
et al., 2008). This test exploits the tendency of rats to preferentially
explore novel elements of their environment. Thus, when a rat was
presented with both a novel and a recently presented familiar object,
it spent a significantly longer time exploring the novel object. The
familiar object was presented in a previous training session 4 h
before the test. The percentage of time exploring the nonfamiliar
object in the training session over total exploration time (exploration
time of the familiar plus the nonfamiliar objects) is represented. This
test was performed 2, 3, or 4 days after the administration of the test
item.

The spatial learning and spatial memory tests were carried out by
using a circular pool (160-cm diameter, 40-cm height) arbitrarily
divided into four quadrants. Water opacity was obtained by adding
powdered milk. A transparent Plexiglas platform, 10 cm in diameter,
was immersed 2 cm under the water surface at the center of one
quadrant during training sessions. The learning test was carried out
as follows. The first day was the day of administration of the differ-
ent treatments. Twenty four hours later rats were put in the water
three times for 20 s only to adapt to water (pretraining day). Then
the rats were trained to learn the fixed location of the invisible
platform for 4 consecutive days (2, 3, 4, and 5 days after adminis-
tration of the treatments). Each training trial involved placing the
rat into the pool facing the wall at one of the three quadrants lacking
the platform. A different starting point was randomly used on each
trial. Training consisted of six swims per day with an intertrial
interval of 10 min. Each animal was allowed a maximum of 120 s to
find the platform and was left for 20 s on the platform. The purpose
of this was to measure the time rats took learn where the invisible
platform was placed and how long it took them to find it. The time
needed to find the hidden platform was recorded manually and used
as a measure of the learning of the task. If a rat failed to locate the
platform within 120 s it was then manually guided to the platform by
the researcher. Twenty hours after the last training trial (the sixth
day after administration of the treatments), the platform was re-
moved from the pool and rats were allowed to swim for 90 s in the
pool. The time spent by rats swimming in the quadrant where the
platform was located during the training period was recorded. For
these learning and memory tests, DD04107 was administered at 10
mg/kg s.c.

Receptor Binding. Receptor competitive binding assays and hu-
man ether-a-go-go related gene (hERG) channel activity were carried
out at Cerep (Poitiers, France). For binding assays a panel of 55 neu-
ronal receptors was used. DD04107 was tested at 10 puM. For hERG
channel activity recordings, DD04107 was tested at 0.5 and 5 pn.M.

Data Evaluation. All behavioral experiments were carried out
blindly with randomization of the animals. Data are expressed as
mean * S.E.M. Dose-response and time course were analyzed by using
two-way repeated-measures ANOVA, followed by post hoc test unless
otherwise indicated. Data were also calculated as AUC, and one-way
ANOVA followed by the Dunnett post hoc test was used as statistical
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analysis. Statistical significance was set at p < 0.05. The GraphPad
Prism 5.0 software package was used for statistical analysis.

Results

DD04107 Attenuated the Inflammation and Mechan-
ical Hyperalgesia Induced by Carrageenan. Because
DD04107 is an inhibitor of neuronal exocytosis that blocks
the inflammatory recruitment of TRPV1 channels (Cam-
prubi-Robles et al., 2009), we first determined the in vivo
anti-inflammatory and antihyperalgesic activity in the car-
rageenan inflammatory model. For inflammatory pain mod-
els we used Wistar rats because Sprague-Dawley rats show
lower inflammatory responses probably caused by lower tu-
mor necrosis factor « expression and B-cell responses (Zhu et
al., 1998). Injection of carrageenan in the rat paw induces an
inflammatory process that resulted in a notable increase of
the paw volume (Fig. 1, A and B) along with mechanical
hypersensitivity (Fig. 1C). The nonsteroidal anti-inflamma-
tory agent diclofenac at 10 mg/kg significantly reduced the

-~ Vehicle D
45- = 10 mg/kg Diclofenac 20+

-+ 5 mglkg DD04107

-® SALINE

-4 DD04107

increment in paw volume. It is noteworthy that the peptide
DD04107 displayed identical anti-inflammatory activity as
evidenced by the attenuating effect of 5 mg/kg (Fig. 1, A and
B). In addition, DD04107 completely reversed the mechanical
hypersensitivity induced by carrageenan without affecting
the threshold of the contralateral paw (Fig. 1C). These re-
sults indicate an in vivo anti-inflammatory and antinocicep-
tive activity of DD04107.

DD04107 Mitigated the Thermal Hyperalgesia and
Mechanical Allodynia Provoked CFA. To further inves-
tigate the in vivo antinociceptive activity of DD04107, we
used CFA-induced inflammation as a model of chronic in-
flammatory pain (Garcia-Martinez et al., 2006). Intraplantar
injection of CFA produces a peripheral inflammatory process
that results in thermal hyperalgesia and mechanical allo-
dynia with an onset of 24 h after CFA inoculation and may
last up to 25 days depending on the adjuvant dose (Garcia-
Martinez et al., 2006). The underlying mechanism involves
the release of proinflammatory peptides along with the po-

Fig. 1. DD04107 attenuated inflammation and
hyperalgesia provoked by carrageenan and CFA.
A, effect of DD04107 on the ipsilateral paw 4 h
upon intraplantar administration of carra-
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geenan. DD04107 was administered (intramus-
cularly) at 5 mg/kg and diclofenac at 10 mg/kg in
the ipsilateral paw. B, area under the curve of
data displayed in A. C, effect of DD04107 on the
threshold of mechanical sensitivity of the ipsi-
lateral paw, evaluated 5 h after intraplantar
administration of carrageenan. DD04107 was
administered at 5 mg/kg i.m. in the ipsilateral
paw, and the mechanical hypersensitivity was
followed by the Randall Selitto test. Data are
given as mean = S.E.M. (n = 10). *, p < 0.05
using a one-way analysis of variance followed by
a Student-Newman-Keuls test. D, effect of
DD04107 on the thermal hyperalgesia of the
ipsilateral paw of inflamed rats taken by using a
plantar test. Measurements were taken 24 h
after administration of the CFA. DD04107 was
administered at 1 mg/kg i.m. in the ipsilateral
paw. E, effect of DD04107 on the threshold of
mechanical sensitivity of the ipsilateral paw,
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evaluated 1 and 5 days after CFA administra-
tion. DD04107 was administered at 1 mg/kg i.m.
in the ipsilateral paw. F, mechanical sensitivity
determined as percentage of response of animals
evaluated by using the Von Frey filaments man-
ual up-and-down method. Measures were taken
5 days upon CFA administration and 4 days
after DD04107 injection. DD04107 was admin-
istered at 1 mg/kg i.m. in the ipsilateral paw.
Data for CFA model are given as mean = S.E.M.
(n = 8). *, p < 0.05 using the ANOVA test,
followed by the Dunnett post hoc test.

Force (9)
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tentiation of TRPV1 activity in nociceptors (Ji et al., 2002).
As illustrated in Fig. 1D, intraplantar injection of CFA re-
sulted in a pronounced thermal hyperalgesia in the ipsilat-
eral paw as revealed by ~50% the decrease latency to a heat
source. Intramuscular administration of 5 mg/kg DD04107 in
the ipsilateral leg resulted in a relatively slow (=4 h), but
virtually complete, abrogation of the thermal hypersensitiv-
ity. Furthermore, the CFA-induced mechanical allodynia was
significantly attenuated by the peptide, as evidenced by the
increase of the mechanical threshold 24 h after CFA admin-
istration (Fig. 1E). It is noteworthy that the antiallodynic
activity of a single dose of DD04107 remained at least up to
5 days after its administration, as revealed by both the in-
crease in the mechanical threshold (Fig. 1E) and the decrease
of the animal response to stronger mechanical stimuli (Fig.
1F). When the nonpalmitoylated peptide was used, we ob-
served a 50% lower attenuation of the heat hyperalgesia
(latency of 11.2 = 0.5 s, n = 8, versus vehicle, 7.6 = 0.7 s,n =
8) than that of DD04107 (15.1 = 0.9 s, n = 8), but that
appeared at shorter times (1 h upon administration). This
finding is consistent with the faster delivery and lower per-
meability of the nonpalmitoylated peptide and further im-
plies that the antinociceptive activity is caused by the pep-
tide and not an alteration of the cellular membrane as a
result of lipid-mediated peptide anchoring. Together, these
results indicate that DD04107 displays antihyperalgesic and
antiallodynic activity against inflammatory pain, and that
this activity seems to be long-lasting.

DD04107 Reduced the Thermal Hyperalgesia and
Mechanical Allodynia Induced by an Osteosarcoma. To
expand the in vivo antinociceptive activity of DD04107, we
next evaluated its effect in an osteosarcoma pain model.
Intratibial injection of tumor cells in mice provokes a tumor
that is accompanied by both thermal hyperalgesia and me-
chanical allodynia (Fig. 2). The underlying mechanism of
bone cancer seems to involve an inflammatory process in-
duced by tumor cells (Ghilardi et al., 2005). DD04107, ad-
ministered subcutaneously, was able to significantly attenu-
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ate the thermal hyperalgesia in animals bearing the
osteosarcoma in a dose-dependent manner (Fig. 2, A and B).
Note that at a dose of 0.3 mg/kg the peptide completely
reverted the thermal hypersensitivity (Fig. 2B), whereas at
0.1 mg/kg it displayed significant antinociception at 2 to 4
days after administration (Fig. 1A). A similar result was
observed for the mechanical allodynia that was fully reversed
by 1 mg/kg DD04107 (Fig. 2, C and D). Akin to the CFA
model, the analgesic activity displayed of a single peptide
dose started 24 h postadministration and lasted up to 7 to 8
days. These observations corroborate that DD04107 has po-
tent and long-lasting in vivo antihyperalgesic and antiallo-
dynic activity against chronic inflammatory pain.

DD04107 Decreased the Mechanical Hyperalgesia
Induced by Chemotherapeutic Agents. Drugs used to
treat cancer, such as vincristine and paclitaxel, produce a
dose-limiting peripheral neuropathy characterized by me-
chanical hypersensitivity (Siau et al., 2006; Swain and Ar-
ezzo, 2008). This neuropathy frequently causes the interrup-
tion of the chemotherapeutic treatment. Because DD04107
displays important in vivo antihyperalgesic activity, we ques-
tioned whether it was also actively attenuating the mechan-
ical hyperalgesia induced by chemotherapeutics. To address
this issue, we used two models (vincristine- and paclitaxel-
induced peripheral neuropathies) and tested the effect of
DD04107 on the mechanical hypersensitivity. As depicted in
Fig. 3A, the peptide attenuated the mechanical hyperalgesia
in a dose-dependent manner in animals with a vincristine-
induced neuropathy. Considerable attenuation of the me-
chanical hyperalgesia could be observed at a dose as low as
0.1 mg/kg (Fig. 3, A and B). It is noteworthy that as for the
CFA and osteosarcoma models the activity of a single dose
was long-lasting, with significant antinociception up to 10
days after administration (Fig. 3A). Similar antinociceptive
activity was observed on the mechanical hypersensitivity
developed by animals displaying paclitaxel-induced neurop-
athy (Fig. 3, C and D). Taken together, these data suggest
that DD04107 reduces the effects of the peripheral neuropa-

Fig. 2. DD04107 reduced the thermal and me-
chanical hypersensitivity produced by an osteo-
sarcoma. A, time course of the antihyperalgesic
effect of DD04107 on the thermal hypersensitiv-
ity produced by a tibial osteosarcoma deter-
mined by using the unilateral hot plate test.
Data are given as mean = SEM. (n = 5). x,p <
0.05 using the ANOVA test, followed by the Dun-
nett post hoc test. B, areas under the curve dis-
played in A at different peptide doses. C, time
course of the mechanical antiallodynic effect of
DD04107 on animals bearing an osteosarcoma.
Peptide was administered at 1 mg/kg s.c. (single
dose). D, area under the curve of data displayed
in C. Mechanical allodynia was determined with
Von Frey filaments. Data are given as mean *
S.EM. (n = 6). *, p < 0.05 using the two-way
ANOVA test, followed by the Bonferroni’s post
hoc test.

IR

Time (days)

10 Cont'ralateral Ipsilateral
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thy induced by anticancer agents and suggest a therapeutic
use for this type of neuropathic pain.

DD04107 Ameliorated the Mechanical Sensitivity of
a Diabetic Neuropathy. We also investigated the effect of
the peptide on the mechanical allodynia associated to a dia-
betes-induced neuropathy (Pabbidi et al., 2008; Suri and
Szallasi, 2008). Administration of STZ into mice increases
the plasma glucose levels above 250 mg/dl, producing over-
time a peripheral neuropathy exhibiting conspicuous me-
chanical hypersensitivity (Fig. 4A). Subcutaneous adminis-
tration of DD04107 significantly reduced the mechanical
allodynia in a dose-dependent manner (Fig. 4), with a maxi-
mum effect at 4 h after instillation of 0.5 and 5 mg/kg com-
pound. At variance with the other pain models, the activity of
the peptide at the highest dose (5 mg/kg) lasted up to 24 h
postadministration (Fig. 4A). A residual analgesic activity
could be seen with 5 mg/kg after 5 days that did not reach
significance, although the AUC at this dose exhibited a sta-
tistical difference (Fig. 4B). A similar result was obtained
when STZ-induced diabetic Sprague-Dawley rats were used
(data not shown). These findings show that DD04107 was
also active reducing the mechanical hypersensitivity pro-
duced by a diabetic neuropathy.

DD04107 Does Not Act on Opioid Receptors. DD04107
was shown to block the inflammatory potentiation of TRPV1
in primary sensory neurons in culture (Camprubi-Robles et
al., 2009). Because the peptide inhibits Ca®*-dependent neu-
ronal exocytosis by interfering with the formation of the
SNARE complex (Blanes-Mira et al., 2004), it effectively in-
hibited capsaicin-induced CGRP release from primary cul-
tures of nociceptors in a dose-dependent manner (Fig. 5A). To
further substantiate this mechanism of action, we evaluated
whether DD04107 interacted with a battery of neuronal re-
ceptors. The binding screen on a panel of 60 neuronal recep-
tors was carried out at Cerep. This assay, based on a com-
petitive receptor binding approach, revealed that the peptide
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Fig. 4. DD04107 attenuates the mechanical allodynia induced by diabetic
neuropathy. A, time course of the antiallodynic effect of peptide DD04107
evaluated by the Von Frey filament test. B, area under the curve of data
displayed in A. Peptide was administered subcutaneously upon detection
of the peripheral neuropathy as described under Materials and Methods.
Data are given as mean = S.E.M. (n =9). #, p < 0.05; **, p < 0.01 using
the ANOVA test, followed by the Dunnett post hoc test.

interacted with the adenosine type 3 receptor (A3), CxCR2,
noreprinephine and dopamine transporters, and the 82, k,
and p opioid receptors with an IC,, larger than 10 pM.
Because DD04107 seems to interact with opioid receptors,
it may suggest a contribution of this signaling pathway for
the compound in vivo activity. To evaluate this issue, we
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Fig. 5. DD04107 is a peripherally acting analgesic compound. A,
DDO04107 blocks capsaicin-induced release of CGRP from primary sen-
sory neurons in culture. Neuropeptide release was evaluated by enzyme-
linked immunosorbent assay using a specific antibody. B, antinociceptive
activity of DD04107 is not affected by naltrexone. Naltrexone (0.1 mg/kg)
was administered subcutaneously 30 min before the subcutaneous injec-
tion of DD04107 (5 mg/kg) and morphine (3 mg/kg). Data are given as
mean * S.E.M. (n =12). *, p < 0.05; #*, p < 0.01 using the Kruskal-Wallis
one way analysis of variance test followed by Dunn’s method.

investigated the effect of naltrexone on the antinociceptive
activity of 5 mg/kg of the peptide (Fig. 5B). At this dose,
DD04107 produced an increase in the mechanical threshold
during the first 24 h. This effect was virtually identical to
that displayed by 3 mg/kg of morphine. Pretreatment of the
animals with 1 mg/kg of naltrexone, a potent opioid receptor
antagonist (Julius 1979), completely abolished the effect of
morphine, but did not alter the mechanical antinociception
provoked by the peptide. Taken together, these results sug-
gest that DD04107 does not act through a central opioid
signaling pathway and a peripheral mechanism of action
may underlie the in vivo activity.

DD04107 Pharmacokinetics. To further understand the
pharmacodynamic properties of the peptide, we next investi-
gated its pharmacokinetics after intravenous and subcutane-
ous administration. As seen in Fig. 6A, intravenous injection
of DD04107 resulted in rapid decay of the plasma concentra-
tion that was detectable up to 40 h. The data were well fitted
to a two-compartment model, with fast initial « decay, fol-
lowed by a slower B phase. The pharmacokinetic parameters
are reported in Table 1. Subcutaneous administration of the
compound also displayed a bicompartmental profile (Fig. 6B;
Table 1). For this instillation route, the maximum concentra-
tion for a 10 mg/kg dose was 16 pM, and ¢, was 10.5 h after
administration (Table 1). Inspection of the curve shows that
the compound was detectable in plasma samples up to 200 h
after administration, consistent with a long-lasting presence
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Fig. 6. Pharmacokinetic (PK) profile of DD04107. A, PK profile of intra-
venous injection of 5 mg/kg of DD04107 in rats. B, PK profile of subcu-
taneous administration of 10 mg/kg of DD04107 in rats. Data represent
the mean of two rats. PK parameters are given in Table 1.

in the plasma in accordance with the relatively modest rate
of clearance (Table 1). In addition, a second plasma peak
appears at 120 h postadministration, presumably caused by
a release of the peptide from subcutaneous fat store. To-
gether, these observations suggest that DD04107 adminis-
tered subcutaneously has a significant and prolonged sys-
temic exposure.

DDO04107 Safety Pharmacology Profile. We next eval-
uated the safety pharmacology profile of the compound. First,
an Irwin test to evaluate any behavioral effect of the peptide
was performed. This test was performed at three doses of
DD04107, from 0.5 to 50 mg/kg and at 30 and 240 min
postadministration. None of these doses produced any signif-
icant alteration on the parameters evaluated (Table 2). Par-
ticular attention was paid to body temperature and thermal
nociception. As displayed in Fig. 7, neither of these parame-
ters was affected by DD04107 up to 50 mg/kg.

To assess the cardiovascular safety of the peptide, the
effect of therapeutic concentrations on the hERG tail cur-
rents was evaluated. DD04107 did not affect these currents
at therapeutic concentrations (0.5 and 5 pM) (Fig. 8A). Like-
wise, we investigated the atrial contractility in control con-
ditions and in the presence of 300 nM adrenaline. Figure 8B
shows that DD04107 did not affect the beats/min at concen-
trations as high as 30 uM (Fig. 8B).

To conclude this evaluation, we also investigated whether
the compound affected the locomotor coordination of the an-
imals, as well as whether it altered their learning and mem-
ory abilities. Table 3 summarizes all of the parameters mon-
itored and indicates that none of them was changed by the
subcutaneous administration of 10 mg/kg of DD04107. A
similar result was obtained from the learning and memory
tests, namely object recognition, spatial learning, and spatial
memory (Table 4). Collectively, all of these observations in-
dicate that DD04107 is an analgesic molecule with an accept-
able safety pharmacology profile.
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TABLE 1
Pharmacokinetic parameters of DD04107
Values were obtained as described under Materials and Methods.

Route Dose t

max max

AUC, A V.. MRT, ,

mg/kg h

Intravenous 0.5 0 46.6
Intravenous 5 0 461
Subcutaneous 10 10.5 19.7

mgll

(mgll) - h hL liter h
78.3 0.142 0.013 3.87

184 0.224 0.020 2.71
283 0.085 0.112 12.7

MRT, mean residence time.

TABLE 2
Functional observation of DD04107 effects in rats
Four animals were tested for each condition.

Vehicle

0.5 mg/kg

5.0 mg/kg 50 mg/kg

4h 05h 4h 0.5h 4h

General parameters
Salivation - -
Lacrimation - -
Diarrhea - -
Ptosis - -
Tremors - -
Convulsions - -
Piloerection - -
Straub tail - -
Aggressiveness - -
Stereotypes

Specific observations
Loss of olfactory orientation - -
Loss of hearing reflex - -
Loss of visual perception
Abdominal tone
Grip strength
Loss of rigid reflex
Catalepsy
Motor activity, 2 min 900 = 200
Traction test*® 0 0 0
Death, 24 h 0 0 0

220

N
N

22

1050 = 70

1057 + 102

22

N
N

22
L 22

N
N

505 * 223 1131 = 80 471 £ 192 1164 = 55 433 £ 158
0 0 0

0 0
0 0 0 0 0

N, normal.
* Number of animals failing test after 15 s.

Discussion

A pivotal aim in the pharmacological management of pain
pathogenesis is to control the molecular events that cause
and are associated with nociceptor sensitization (Gold and
Gebhart, 2010). Sensitized nociceptive neurons are charac-
terized by a remarkable high excitability caused by both a
decrease in their activation threshold and an increase in
their firing frequency (Gold and Gebhart, 2010). These
changes are produced by alterations in the distribution, den-
sity, and gating of ion channels responsible for action poten-
tial generation and propagation. Cumulative evidence indi-
cates that Ca®*-regulated exocytosis of ionotropic receptors
to the neuronal surface is a central mechanism contributing
to neuronal excitability. In primary sensory neurons, inflam-
matory sensitization involves the exocytotic recruitment of
ion channels to the plasma membrane, which augments
channel density and enhances the neuronal response pattern
(Zhang et al., 2005; Van Buren et al., 2005; Camprubi-Robles
et al., 2009. In addition, sensitized peptidergic nociceptors
exocytotically release proinflammatory peptides, which, in
turn, stimulate the secretion of proinflammatory mediators
from immune cells that further potentiate nociceptor excit-
ability (Kilo et al., 1997). Collectively, these observations
signal to regulate neuronal exocytosis as a valuable thera-
peutic target to attenuate nociceptor sensitization. In sup-
port of this notion, botulinum neurotoxins have been shown

to exhibit analgesic activity (Argoff, 2010; Qerama et al.,
2010; Yoon et al., 2010).

The most salient contribution of our study is that a small
peptide patterned after the N-end of SNAP-25, a SNARE
complex protein involved in vesicular fusion, displays impor-
tant in vivo antinociceptive activity in animal models of in-
flammatory and neuropathic pain. This peptide was shown to
interfere with the formation of the SNARE complex, thus
inhibiting Ca®"-mediated neuronal vesicle fusion (Blanes-
Mira et al., 2004). To study its cellular activity in intact
neurons, the peptide was palmitoylated to favor its tethering
to the plasma membrane (Camprubi-Robles et al., 2009). The
palmitoylated peptide notably inhibited the inflammatory
potentiation of TRPV1 channels in cultured nociceptors by
blocking the exocytotic recruitment of channels to the neuro-
nal surface (Camprubi-Robles et al., 2009). Here, we found
that a single dose (0.1-5 mg/kg) of the palmitoylated peptide
significantly decreased the thermal hyperalgesia and me-
chanical allodynia in animals that were locally inflamed with
CFA or developed a tibial osteosarcoma. It is noteworthy that
the antihyperalgesic and antiallodynic effects of the peptide
were seen at doses as low as 0.1 mg/kg, and it was dose-
dependent and long-lasting (a single dose exhibited analgesic
activity for up to 7 days). Likewise, substantial mechanical
antihyperalgesia was observed when the compound was
tested in models of neuropathic pain such as those produced
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Fig. 7. DD04107 does not affect body temperature or thermal nociception.
A, effect of increasing doses of DD04107 in body temperature 30 and 240
min upon single subcutaneous administration. B, effect of the DD04107
in the thermal nociception at 50°C in a hot plate, determined 30 and 240
min after peptide subcutaneous instillation. Data are given as mean *
SEM. (n = 4).
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Fig. 8. DD04107 does not affect cardiac activity at therapeutic doses. A,
percentage of blockade of hERG tail currents upon exposure to increasing
concentrations of DD04107. hERG was expressed in human embryonic
kidney 293 cells, and the activity was evaluated as described under
Materials and Methods. B, effect of increasing concentrations of DD04107
in the contractility of bathed atria in the absence (control) or presence of

300 nM adrenaline. BPM denotes beats per minute. Data are given as
mean = SEM. (n = 3).

by chemotherapeutic agents and diabetes. Both vincristine-
and paclitaxel-induced mechanical hyperalgesia were signif-
icantly reduced by a single subcutaneous dose of the com-
pound for up to 12 days. The in vivo activity of DD04107 was
also observed in the model of diabetic neuropathy, although
it displayed a shorter duration (<5 days at 5 mg/kg) com-
pared with the other chronic pain models. The shorter dura-
tion of the analgesic activity of the peptide in this neuro-
pathic model is not clear, although it could be influenced by
the mice strain used. It should be mentioned that different
strains of rats and mice were used in this study to discard a
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strain-related activity of the compound. Taken together,
these findings indicate that DD04107 is a potent antinocice-
ptive molecule suitable for the treatment of chronic inflam-
matory and neuropathic pain.

A concern with compounds that block neuronal exocytosis
is the potential deficits on locomotor activity and coordina-
tion caused by relaxation of muscles (Favre-Guilmard et al.,
2009). In addition, motor impairment could be the major
mechanism underlying antinociception, instead of a nocicep-
tive reflex. However, we found that the subcutaneous admin-
istration of the peptide did not affect motor performance at
the doses tested. Overall, DD04107 displayed a favorable
therapeutic index, because we could not detect any behav-
ioral alteration at doses 100-fold larger than the therapeutic
dose or significant potential cardiac effects or central altera-
tions. Furthermore, body temperature and heat nociception
were not altered, consistent with the notion that DD04107
does not affect TRPV1 channel activity, although it effi-
ciently blocks the inflammatory recruitment of TRPV1 and
other thermo-TRPs and ions channels to the neuronal sur-
face (Camprubi-Robles et al., 2009). Accordingly, DD04107
seems to be a safe and potent compound that attenuates
hyperalgesia and allodynia by blocking a nociceptive reflex.

A remarkable and unexpected property of DD04107 is its
long-lasting in vivo activity. This prolonged duration may be
caused by a favorable pharmacokinetic profile of the com-
pound or its stabilization in the cell membrane or a contri-
bution of both. We could detect the palmitoylated peptide in
plasma samples up to 200 h after subcutaneous administra-
tion, suggesting that the compound probably is stored in a fat
reservoir from which it could be slowly released. However, it
should be mentioned that the plasma concentration at these
long postadministration times seems significantly below the
in vitro therapeutic concentration. Thus, although the phar-
macokinetic profile is consistent with a long-lasting pharma-
codynamic effect, we cannot rule out that stabilization of the
peptide in the plasma membrane of sensory neurons also
contributes to the long duration of its in vivo activity. This
tenet is backed up by the reported stabilizing effect that
palmitoylation endows to peptides (Covic et al., 2002; Huster
et al., 2003). Ongoing experiments in our laboratories are
addressing this exciting hypothesis.

Our findings in the four pain models used, along with the
results reported for the antinociceptive activity of botulinum
neurotoxins (Favre-Guilmard et al., 2009; Yuan et al. 2009;
Argoff, 2010; Carmichael et al., 2010; Qerama et al., 2010;
Torgovnick et al., 2010; Yoon et al., 2010; Mika et al., 2011),
support the tenet that neuronal exocytosis of receptors and
channels and/or proinflammatory neuronal peptides plays a
pivotal role in the development and maintenance of chronic
inflammatory and neuropathic pain and implies a central
contribution of peptidergic nociceptor sensitization in the
pathogenesis of pain. However, we could not discard an effect
of these compounds on nonpeptidergic nociceptors, where
they can also down-regulate the function of their peripheral
terminals. For instance, it is known that botulinum neuro-
toxins may produce axonal retraction, which may promote a
peripheral denervation that may contribute to its analgesic
activity. DD04107 may have a similar influence on nonpep-
tidergic nociceptors, although we have seen in vitro an effect
on neuronal morphology similar to a denervation only at high
peptide concentrations (100 wM; data not shown). Alterna-
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TABLE 3
Evaluation of DD04107 on locomotor activity
Data are given as mean + S EM. (n = 6).

Vehicle 10 mg/kg DD04107
1 day 8 days 1 day 8 days
Motor coordination
Time on rotarod 113 = 16 167 = 36 110 = 8 142 + 29
Number of foot faults 1.1+0.1 1.8 +0.3 0.7+0.3 2.1+0.7
Time to cross the beam 7.3+0.1 6.8 +0.3 8.7+ 0.3 7.2 +0.7
Locomotor activity
Ambulatory count 528 = 156 634 = 177 692 = 170 722 * 80
Ambulatory episodes 42 £ 12 58 + 8 61 =17 63 =5
Distance traveled 1188 = 284 1012 *= 269 1399 = 358 1451 = 116
Average velocity 354 33+3 35+t4 332
Vertical activity
Vertical count 199 *= 15 205 * 49 278 = 49 204 + 16
Stereotypic count 4375 = 415 3640 + 426 4178 = 474 3983 * 147
TABLE 4
Evaluation of DD04107 on learning and memory
Data are given as mean + S.E.M. (n = 6).
Vehicle 10 mg/kg DD04107
2 days 4 days 2 days 4 days
Object recognition
Exploration time, % 62 =3 62+ 8
Spatial learning, Morris water maze
Time to find platform, s 58 =7 27*+5 77+ 8 26 =5
Spatial memory*
Time spent in right quadrant, s 33+3 28+ 6

*Spatial memory was evaluated on day 5, i.e. 24 h after the learning training concluded.

tively, the possibility that DD04107-evoked antinociception
might be caused by a central effect on the opioid signaling
system was discarded because DD04107 mechanical antino-
ciception was insensitive to naltrexone, a potent antagonist
of opioid receptors. This result suggests a peripheral action of
the peptide, although a central effect, for instance, at the
spinal cord, cannot be ruled out. Nonetheless, additional
cellular and molecular data are needed to further unveil the
underlying mechanism of the potent antinociceptive activity
exerted by inhibitors of neuronal exocytosis.

In conclusion, we have shown that a small peptide that
blocks neuronal exocytosis with moderate efficacy potently
attenuates the hyperalgesia and allodynia phenomena asso-
ciated to chronic pain. At variance with botulinum neurotox-
ins that have to be administered locally to avoid side effects,
DD04107 exhibits a good and prolonged systemic action,
devoid of major side effects. This property, along with its
wide therapeutic applications and pharmacological profile,
implies that DD04107 is an excellent lead for further anal-
gesic drug development for the treatment of chronic inflam-
matory and neuropathic pain.
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