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Abstract
The CTK 01512-2 toxin is a recombinant peptide of the Phα1β version derived from the venom of the
Phoneutria nigriventer spider. It is an N-type voltage-gated calcium channel (VGCC) blocker showing a
prolonged effect on the prevention and reduction of nociception. Herein, CTK 01512-2 toxin was tested in
two models of persistent pain, the chronic post-ischemia pain (CPIP) and the peripheral neuropathy
induced by paclitaxel, to evaluate its intrathecal, systemic, and intracerebroventricular effects on
mechanical hypersensitivity and thermal allodynia. The astroglial cell viability using the MTT test was
also investigated. The results showed that CTK 01512-2 intrathecal and systemic treatments reduced
mechanical hypersensitivity induced by CPIP, mainly between 1 – 4 h after CTK 01512-2 administration.
When the CTK 01512-2 intrathecal treatment was applied, it also reduced the thermal allodynia induced
by CPIP. CTK 01512-2 intracerebroventricular treatment also showed mechanical antihyperalgesic and
thermal antiallodynic effects in the peripheral neuropathy induced by paclitaxel, reinforcing CTK 01512-2
therapeutically potential to treat persistent pain conditions. CTK 01512-2 further altered the astroglial cell
viability in the MTT reduction assay, which may indicate its effects on the mitochondrial activity of these
cells, possibly as a compensatory mechanism on calcium signaling. The current study shows CTK
01512-2 antihyperalgesic effects in persistent pain models, helping to pave new perspectives of pain
relief treatments to patients affected by peripheral neuropathy and chronic pain conditions.

1. Introduction
Persistent pain is a common symptom present in several in�ammatory conditions. One of these
conditions is the complex regional pain syndrome type I (CRPS-I), characterized by chronic neuropathic
pain accompanied by hyperalgesia, allodynia, motor dysfunction, and spontaneous pain that negatively
impact the quality of life and social functioning of the patients [1]. The initial phase of CRPS-I is marked
by the posttraumatic in�ammatory response followed by innate and adaptive immune system activation.
In contrast, the chronic phase of CRPS-I neuropathic symptoms is observed, followed by pain perception
and severe hypersensitivity [2,3]. Current treatments have depicted poor overall e�cacy and adverse
effects, motivating the development of new animal models that underlie distinct mechanisms associated
with CRPS-induced pain. Chronic post-ischemia pain (CPIP) is one of the animal models of CRPS-I that
induces neuropathic-like pain syndrome following prolonged hind paw ischemia and reperfusion [4-6].
The lesion caused in the CPIP induces allodynia and increases in�ammation and oxidative stress
responses [4]. As the CRPS-I, peripheral neuropathy induced by paclitaxel is another condition that
presents persistent pain as an unresolved and unpleasant symptom [7]. Paclitaxel is an anticancer drug
commonly used to treat breast and ovarian cancer and non-small cell lung carcinoma [8]. Since those
anticancer treatments such as paclitaxel induce peripheral neuropathy, and it usually is the main reason
for either changing or stopping chemotherapy, the development of rodent models of paclitaxel-induced
neuropathy have also been used to elucidate related pain mechanisms [9-11]. 

Animal poisons are constituted by peptide toxins that act on different central nervous system targets
exerting antinociceptive activities in different pain models [12-14]. The CTK 01512-2 toxin is a
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recombinant peptide of the Phα1β version derived from the venom of the Phoneutria nigriventer spider. It
has 55 amino acids and six disul�de bonds [15] and induces a prolonged effect of prevention and
inhibition of nociception without causing adverse effects in rodents [16]. The action mechanism of CTK
01512-2 toxin is related to the inhibition of the N-type voltage-gated calcium channel (VGCC), found in the
Cav 2.2 gene family [13]. N-type VGCCs are formed by alpha1-beta-subunit, representing a pore through
which the calcium enters and exerts most of its properties [17]. To block the VGCCs, the channel-
activating current must be disrupted, whereby the blockers and the toxins normally act by modulating the
G-protein-coupled receptors [18,19,17]. CTK 01512-2 toxin has proved to have a therapeutically potential
in preclinical studies of pain models, such as in�ammatory [20-24], neuropathic [13,25,24], energy
metabolism and cell death [26], cancer [27-29], multiple sclerosis [12], and �bromyalgia [30,31]. Based on
previous �ndings, herein, we have investigated whether CTK 01512-2 central and systemic treatments can
produce analgesic and anti-in�ammatory effects in both CPIP and neuropathy induced by paclitaxel
models in order to provide further evidence on its related pain mechanisms.  

2. Materials And Methods
2.1 Drugs and reagents

The recombinant Phα1β toxin (CTK 01512-2) was synthesized by Giotto Biotech
(www.giottobiotech.com). The recombinant toxin has a sequence of 55 amino acids
(ACIPRGEICTDDCECCGCDNQCYCPPGSSLGIFKCSCAHANKYFCNRKKEKCKKA). The recombinant CTK
01512-2 reproduces the analgesic effect of the native Phα1β [14]. ω-Conotoxin MVIIA (Ziconotide) was
purchased from Latoxan (Valence, France). The stock solutions of the toxins were prepared in phosphate-
buffered saline (PBS, pH 7.4) and stored in siliconized plastic tubes (Eppendorf®). Paclitaxel (100
mg/16.7 ml; Tarvexol®) was obtained from Sandoz – Novartis Division (São Paulo, SP, Brazil). All other
chemicals were of analytical grade and purity and obtained from standard suppliers. All solutions were
stored at −20 °C until further use.

2.2. Animals

Experiments were performed in male Swiss mice (35-45 g, 8–12-week-old) and male C57BL/6 mice (25–
35 g, 8–10-week-old) from the Laboratory of Autoimmunity and Immunopharmacology (LAIF),
Universidade Federal de Santa Catarina. Animals were housed in collective cages (maximum of six mice
group-housed in clear-transparent plastic cages with dust-free sawdust bedding) at 22 ± 2°C, the humidity
of 55–75%, under a 12-h light/dark cycle, with free access to food and water. Animals were randomly
distributed before treatment or behavior in order to obtain groups with similar baseline withdrawal
thresholds. The animals were used only once throughout the experiments, and the total number of mice
utilized in this study was 185. Animals were acclimatized to the laboratory settings for at least 1 h before
testing. The treatment and evaluations were always performed at the same time and respecting the
light/dark cycle. Data were collected manually by personnel blinded to treatments. Experiments were
carried out following the ARRIVE, "Principles of laboratory animal care" guidelines (NIH publication N. 85–
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23) [32-34], and were approved by the UFSC Ethics Committee (CEUA/UFSC – approval number
3914220319) – based on the principles of the 3Rs (re�ne, reduce, and replace). The number of animals
and the intensity of noxious stimuli used were the minima necessary to demonstrate consistent effects. 

2.3. Chronic post-ischemia pain induction

Chronic post-ischemia pain (CPIP) was induced by ischemia and reperfusion (IR) injury of the left hind
paw, according to previously described [4,5,35,6]. Brie�y, animals were anesthetized over 3 hours with a
bolus (7%, 0.6 ml/kg, i.p.) of chloral hydrate (VETEC, São Paulo, Brazil) and 20% of the initial volume at
the end of the �rst and second hour [36]. After induction of anesthesia, a nitrile 70 durometer O-ring (O-
rings West, Seattle, WA) with a 7/32 internal diameter was placed around the mice’s left hind limb just
proximal to the ankle joint to act as a tourniquet for 3 h. The termination of anesthesia was timed so that
mice recovered fully within 30–60 min following reperfusion, which occurred immediately after removing
the O-ring. After 3 h, the O-ring was cut, allowing reperfusion of the hind limb. Control (sham) mice were
anesthetized, but the O-ring was partially cut so that it only loosely surrounded the ankle and did not
occlude blood �ow to the left hind paw. 

2.4. Peripheral neuropathy induced by paclitaxel

The neuropathy induced by paclitaxel was induced according to the methodology described
previously [7,37,9]. Concisely, mice were injected with paclitaxel (2 mg/kg per injection, i.p.) for 5
consecutive days (days 1–5), using an injection volume of 10 ml/kg. The cumulative paclitaxel dose was
10 mg/kg. Control (sham) mice received only the vehicle (PBS). Tests for altered pain sensitivity began
on day 7 and continued until day 14 or 21. Paclitaxel (100 mg/16.7 ml; diluted in Cremophor® EL and
ethanol) was stored at 4°C for a maximum of 28 days after opening. Of note, no weight loss or mortality
was observed in paclitaxel-treated mice throughout the experiments, according to previously
described [37,38].

2.5. C6 astroglial cell cultures and treatments

The C6 astrocyte-like cell line was obtained from the American Type Culture Collection (Rockville, MA,
USA). C6 astroglial cells were cultured in low glucose DMEM (pH 7.4), supplemented with 5% fetal bovine
serum (FBS), 2.5 mg/ml fungizone (Gibco/Invitrogen) and 100 U/l gentamicin, at 37°C and 5% CO2 [39].
During the exponential growth phase, cells were detached from the culture �asks using 0.05%
trypsin/ethylene-diamine tetraacetic acid (EDTA) and seeded at a density of 5 × 103 cells/cm2 in 96-well
plates. When cells reached con�uence (approximately after 3 days), they were incubated with
lipopolysaccharide (LPS; 1, 10, and 50 ng/ml), CTK 01512-2 (1 and 3 pmol/µl) or ω-conotoxin MVIIA (1
and 3 pmol/µl) in serum-free DMEM for 24 h at 37°C and 5% CO2. 

2.6. MTT reduction assay
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The MTT (methyl-thiazolyl diphenyl-tetrazolium bromide; Sigma-Aldrich) was incubated at a �nal
concentration of 50 µg/ml for 30 min at 37oC in an atmosphere of 5% CO2. The medium was then
removed for dissolving MTT crystals in DMSO, and absorbance was measured at 560 and 650 nm [40].
The results were expressed as percentages relative to the control values.

2.7. Experimental design

To investigate toxins effect on the neuropathic stage of CPIP, the mechanical hypersensitivity and thermal
allodynia were evaluated at 7, 14, and 21 days after nerve injury. CTK 01512-2 was administered in a
single treatment (25, 50, or 100 pmol/site, sole administration during evaluated days), 1x/day by
intrathecal (i.t.) route. ω-conotoxin MVIIA (100 pmol/site, i.t.; Ziconotide) was used as positive control
drug. The control-untreated mice or sham group received the same volume of vehicle (PBS, i.t.). For i.t.
drug administration, mice were anesthetized with iso�urane, and spinal cord puncture was performed
between the L5 and L6 level to deliver drug (5 µl) using a 30G needle according to the technique
described by Hylden and Wilcox [41]. For the systemic treatment, mice were lightly anesthetized with
iso�urane, and CTK 01512-2 (0.2 mg/kg) was injected by lateral tail vein route in a single treatment at 7
days after CPIP induction. To assess the central therapeutic effect of toxins on the established
mechanical and thermal hyperalgesia induced by paclitaxel, animals were treated with CTK 01512-2 (30,
50 and 100 pmol/site) and ω-conotoxin MVIIA (50 pmol/site) by intracerebroventricular (i.c.v.) route, 7-,
12-, 14-, or 21 days (mechanical and thermal) or 8-, 15-, or 22 days (cold) after the �rst paclitaxel
treatment. Mechanical or thermal hyperalgesia was evaluated, as described below, between 1 and 5 h
after drug treatment. For i.c.v. injections, the animals were lightly anesthetized with iso�urane, and 5 µl of
sterile PBS containing the drugs was injected directly into the lateral ventricle (coordinates from bregma:
1 mm lateral; 1 mm rostral; 3 mm vertical), as described previously [42]. The control animals received the
same volume of PBS (i.c.v.). A scheme containing experimental procedures is detailed in Fig. 1. The
protocols of treatment for all the tested drugs (doses, route of administration, and time of injection) were
chosen following previous publications [43,44,12,38,22,37]

2.8. Behavioral tests

2.8.1. Mechanical hypersensitivity

To assess the mechanical hyperalgesia response induced by CPIP, animals were placed individually in
clear Plexiglass boxes (9×7×11 cm) on elevated wire mesh platforms allowing access to the left hind paw
ventral surface. The withdrawal response frequency was measured following ten applications (with a
duration of ~3 s each, and an interval of ~15 s among each) of the von Frey �lament – 0.4 g (VFH;
Stoelting, Chicago, IL, USA), according to the methodology described previously [45-47]. In another set of
experiments, we used a series of von Frey �laments ranging from 0.02 to 8.4 g on the right hind paw
using the “up-down method” to evaluate paw withdrawal threshold (PWT) after paclitaxel
administration [48,49]. Initiating with a 0.4 g force, each von Frey hair �lament was employed for 6 s
interval as a cut-off time or till a positive response happened. Positive responses were counted as
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withdrawal of the hind paw from the stimulus or �inching, licking, biting, or lifting behavior immediately
following removal of the stimulus. Thus, if the mice showed a positive response, the next-less-stiff
�lament was used for the subsequent trial or the next stiffer one in cases where there was no withdrawal
or licking. Mice that did not show allodynia (PWT less than 0.4 g) were excluded from the study. The 8.4-g
force was reserved as a cut-off force. Six sequential stimuli were applied to each animal, and the results
were analyzed according to the method described by Chaplan and colleagues [48]. Data were presented
as 50% PWT for each group ± SEM. During all experiments, animals were acclimatized for at least 1 h
before behavioral testing, and to determine the basal tactile thresholds, all groups were evaluated before
CPIP or paclitaxel induction.

2.8.2. Cold allodynia

Cold allodynia was evaluated by acetone test. Mice were placed under a transparent plastic dome on a
metal mesh �oor, and 20 µl acetone was applied to the plantar surface of the paw. Responses were
monitored for 20 s after acetone application and graded on a 4-point scale (0, no response; 1, quick
withdrawal, �ick, or stamp of the paw; 2, prolonged withdrawal or repeated �icking; and 3, repeated
�icking of the paw with the licking of the paw), as described previously [50]. Even the cumulative scores
were obtained by calculating each mouse's three scores and dividing the number of assays [51].

2.8.3. Thermal sensitivity

The tail-�ick test was used to measure the thermal response latencies according to the method described
previously [52,53], with some modi�cations. The test consists of a brief immersion of the tail in hot water
(48 ± 1ºC) to measure the thermal threshold's latency. Signi�cant decreases of tail withdrawal latency
were used as indicative of heat hyperalgesia. The stimulus was suspended for the animal that did not
show nociceptive behavior after 15 s to avoid tissue damage. Nocifensive responsiveness to heat at each
time point was calculated as the mean of two consecutive evaluations carried out at 5 min intervals. All
the animals were evaluated manually before disease induction to determine the basal thermal threshold.

2.9. Statistical analysis

Results are presented as the mean ± standard error of the mean (SEM) of 4–6 animals/group. Moreover,
the area under the curve (AUC) and column graph are presented using a box-and-whisker plot, with the
"box” depicting the median and the 25th and 75th quartiles and the “whisker” showing the 5th and 95th
percentile. The normality and homoscedasticity of the data were carried out by employing the
Kolmogorov–Smirnov test and Levene's tests, respectively. Repeated measurements were considered as
within-subject random factors in order to obtain groups with similar baseline withdrawal thresholds. Data
were calculated using a mixed-model one- or two-way ANOVA followed by Bonferroni’s post hoc test. The
percentage of inhibition was calculated from the AUC. No data points were excluded, and no test for the
outliers was conducted. P values < 0.05, < 0.01, and < 0.001 were considered signi�cant. Statistical
analyses were performed using GraphPad Prism 8.2.1 software (GraphPad Software Inc., La Jolla, CA,
USA).
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3. Results
3.1. CTK 01512-2 intrathecal treatment reduced mechanical hypersensitivity and thermal allodynia
induced by CPIP

CTK 01512-2 intrathecal treatment has shown its therapeutically potential in several preclinical studies
related to pain and in�ammatory models [26,22,54,55,12,28,29,23,14,56,25,57,24]. Herein, the CTK 01512-
2 treatment (25, 50, and 100 pmol/site; i.t.) reduced mechanical hypersensitivity on day 7 (Fig. 2A; two-
way ANOVA showed interaction [F (20, 118) = 6.00; P < 0.0001****], row [F (5, 118) = 70.92; P < 0.001****],
and column [F (4, 118) = 71.36; P < 0.0001****] effects), and on day 21 (Fig. 2C; two-way ANOVA showed
interaction [F (20, 118) = 7.27; P < 0.0001****], row [F (5, 118) = 130.3; P < 0.0001****], and column [F (4,
118) = 140.0; P < 0.0001****] effects) when the subjects were submitted to CPIP model. On days 7 and
21, Bonferroni's multiple comparisons post hoc test showed that CPIP-untreated group increased the
mechanical hypersensitivity in comparison to sham control group at 0, 1, 2, 3, and 4 h. On day 7, post hoc
test demonstrated that the doses of 25 and 50 pmol/site reduced the mechanical hypersensitivity in
comparison to CPIP-untreated group at 1 and 2 h, and the dose of 50 and 100 pmol/site reduced the
mechanical hypersensitivity in comparison to CPIP-untreated group at 3 h. On day 21, post hoc test
showed that only the dose of 50 pmol/site reduced the mechanical hypersensitivity in comparison to
CPIP-untreated group at 1, 2, and 3 h. Moreover, the CTK 01512-2 treatment also reduced the AUC (Σ1 – 3
h) on day 7 (Fig. 2B; one-way ANOVA showed treatment effect [F (4, 10) = 11.70; P = 0.0009***]), and on
day 21 (Fig. 2D; one-way ANOVA showed treatment effect [F (4, 10) = 34.74; P < 0.0001****]). On day 7,
post hoc test showed that CPIP-untreated group depicted higher AUC (Σ1 – 3 h) in comparison to sham
control group, and that both groups (CTK 01512-2 – 50 and 100 pmol/site, i.t.) demonstrated lower AUC
(Σ1 – 3 h) in comparison to CPIP-untreated group. On day 21, post hoc test showed that CPIP-untreated
group depicted higher AUC (Σ1 – 3 h) in comparison to sham control group, and only the CTK 01512-2 –
50 pmol/site group demonstrated lower AUC (Σ1 – 3 h) in comparison to CPIP-untreated group.

Concerning the thermal allodynia, the obtained results showed that the CTK 01512-2 treatment (50
pmol/site; i.t.) reduced thermal allodynia on day 7 (Fig. 3A; two-way ANOVA showed interaction [F (15, 72)
= 1.27; P=0.2428], row [F (5, 72) = 8.72; P < 0.001****], and column [F (3, 72) = 19.74; P < 0.0001****]
effects, and Fig 3B; one-way ANOVA demonstrated treatment [F (3, 8) = 19.41; P=0.0005***] effect), on
day 14 (Fig. 3C; two-way ANOVA showed interaction [F (15, 72) = 1.55; P=0.1108], row [F (5, 72) = 6.29; P
< 0.001****], and column [F (3, 72) = 13.08; P < 0.0001****] effects, and Fig 3D; one-way ANOVA
demonstrated treatment [F (3, 8) = 18.63; P=0.0006***] effect), and on day 21 (Fig. 3E; two-way ANOVA
showed interaction [F (15, 72) = 2.20; P=0.0141*], row [F (5, 72) = 15.53; P < 0.0001****], and column [F (3,
72) = 26.54; P < 0.0001****] effects, and Fig 3F; one-way ANOVA demonstrated treatment [F (3, 8) = 83.59;
P < 0.0001****] effect). On days 7 and 14, Bonferroni's multiple comparisons post hoc test showed that
the CPIP-untreated group increased the thermal allodynia compared to the sham control group at 3 and 4
h. On day 21, a post hoc test showed that the CPIP-untreated group increased the thermal allodynia
compared to the sham control group at 2, 3, and 4 h. On day 7, the post hoc test showed that only the
positive control (+ω-conotoxin MVIIA; 100 pmol/site, i.t.) signi�cantly reduced the thermal allodynia
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compared to the CPIP-untreated group at 1, 2, 3, and 4 h. On day 14, a post hoc test revealed that besides
the thermal allodynia caused by the positive control group at 4 h, the CTK 01512-2 treatment (50
pmol/site, i.t.) also reduced the thermal allodynia compared to the CPIP-untreated group at 4 h. On day
21, the post hoc test showed a signi�cant treatment effect neither in the positive control group nor in the
CTK 01512-2 group compared to the CPIP-untreated group. Regarding the AUC (Σ2 – 4 h) on day 7 (Fig.
3B), day 14 (Fig. 3D), and day 21 (Fig. 3F), the post hoc test showed that in all observed days, the CPIP-
untreated group increased the thermal allodynia in comparison to the sham control group. On day 7, the
post hoc test showed that only the positive control group reduced the thermal allodynia; however, on days
14 and 21, besides the positive control group, CTK 01512-2 group also reduced the thermal allodynia.
Altogether, this set of results showed that the intrathecal treatment with CTK 01512-2 (mainly at 50
pmol/site) reduced both mechanical hypersensitivity and thermal allodynia induced by CPIP. 

3.2. CTK 01512-2 systemic treatment reduced mechanical hypersensitivity induced by CPIP

Previous data showed that CTK 01512-2 systemic treatment reduced reserpine-induced mechanical
hypersensitivity and thermal hyperalgesia in a mouse model of �bromyalgia [31]. To test whether the CTK
01512-2 systemic treatment was also capable of interfering with mechanical hypersensitivity induced by
CPIP, CTK 01512-2 treatment was administered intravenously. It was observed that the CTK 01512-2
treatment (0.2 mg/kg, i.v.) reduced mechanical hypersensitivity on day 7 (Fig. 4A; two-way ANOVA
showed interaction [F (10, 84) = 4.55; P < 0.0001****], row [F (5, 84) = 12.55; P < 0.001****], and column [F
(2, 84) = 41.99; P < 0.0001****] effects). The Bonferroni's multiple comparisons post hoc test
demonstrated that the CPIP-untreated group increased the frequency response (%) in comparison to the
sham control group at 1, 2, 3, and 4 h. Moreover, the post hoc test showed that the systemic treatment
with CTK 01512-2 reduced the frequency response compared to the CPIP-untreated group at 2, 3, and 4 h.
When the AUC (Σ2 – 4 h) was analyzed (Fig. 4B), one-way ANOVA showed treatment effect [F (2, 6) =
140.2; P < 0.0001****]. Post hoc test revealed that the CPIP-untreated group demonstrated a higher AUC
(Σ2 – 4 h) compared to the sham control group and that CTK 01512-2 (0.2 mg/kg, i.v.) treatment showed
a lower AUC (Σ2 – 4 h) compared to CPIP-untreated group. Together, this set of results revealed that CTK
01512-2 systemic reduced the mechanical hypersensitivity induced by CPIP.

3.3. CTK 01512-2 intracerebroventricular treatment mitigated paclitaxel-induced mechanical
hypersensitivity and thermal allodynia

Our data demonstrate CTK 01512-2 intracerebroventricular treatment effects in a neuropathic pain model.
Our results showed that CTK 01512-2 treatment (30, 50, and 100 pmol/site; i.c.v.) mitigated paclitaxel
(2mg/kg, i.p. + vehicle, i.c.v.)-induced mechanical hypersensitivity on day 7 (Fig. 5A; two-way ANOVA
showed interaction [F (25, 132) = 1.60; P=0.0475*], row [F (5, 132) = 2.53; P=0.0318*], and column [F (5,
132) = 2.48; P=0.0348*] effects), on day 12 (Fig. 5C; two-way ANOVA showed interaction [F (25, 131) =
2.11; P=0.0037**], row [F (5, 131) = 3.84; P=0.0028**], and column [F (5, 131) = 6.10; P < 0.0001****]
effects), on day 14 (Fig. 5E; two-way ANOVA showed interaction [F (25, 132) = 1.52; P=0.0692], row [F (5,
132) = 3.64; P=0.0040**], and column [F (5, 132) = 6.33; P < 0.0001****] effects), and on day 21 (Fig. 5G;
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two-way ANOVA showed interaction [F (25, 132) = 1.98; P=0.0072**], row [F (5, 132) = 4.72; P=0.0005***],
and column [F (5, 132) = 3.06; P=0.0121*] effects). On day 7, Bonferroni's multiple comparisons post hoc
test showed that only the positive control (+ω-conotoxin MVIIA; 50 pmol/site, i.c.v.) signi�cantly
increased the paw withdrawal threshold compared to PTX-untreated group at 3 h. On day 12, post hoc
test demonstrated that besides the increased paw withdrawal threshold of the positive control group
compared to PTX-untreated group at 4 and 5 h, the CTK 01512-2 (30 pmol/site; i.c.v.) also increased the
paw withdrawal threshold compared to PTX-untreated group at 4 h. On day 14, post hoc test showed that
both positive control group and CTK 01512-2 (50 pmol/site; i.c.v.) increased the paw withdrawal
threshold compared to PTX-untreated group at 5 h, although on day 21, no statistical difference was
observed. Furthermore, when the paw withdrawal threshold was analyzed at the 3rd hour of the day 7
(Fig. 5B), at the 4th hour of day 12 (Fig. 5D), and at the 5th hour of days 14 (Fig. 5F) and 21 (Fig. 5H), one-
way ANOVA showed treatment effect [day 7: F (5, 22) = 6.24, P=0.0010*; day 12: F (5, 22) = 5.90,
P=0.0013**; day 14: F (5, 22) = 6.88, P=0.0005***; and day 21: F (5, 22) = 2.10, P=0.1041]. Post hoc test
demonstrated that at the 3rd hour of the day 7, both positive control and CTK 01512-2 (50 pmol/site;
i.c.v.) groups showed a higher paw withdrawal threshold compared to the PTX-untreated group. At the 4th

hour of day 12 and at the 5th hour of day 14, positive control and CTK 01512-2 (30 and 50 pmol/site;
i.c.v.) groups showed a higher paw withdrawal threshold compared to the PTX-untreated group, although
at the 5th hour of day 21, no statistical difference was observed.

Additionally, CTK 01512-2 treatment (30, 50, and 100 pmol/site; i.c.v.) also inhibited paclitaxel (2 mg/kg,
i.p. + vehicle, i.c.v.)-induced thermal allodynia on day 7 (Table 1; two-way ANOVA showed time [F (4, 88) =
7.10; P < 0.0001****], and subject [F (22, 88) = 1.67; P=0.0497*] effects), on day 8 (Fig. 6A; two-way
ANOVA showed interaction [F (20, 110) = 1.94; P=0.0157*], row [F (4, 110) = 5.44; P=0.0005***], and
column [F (5, 110) = 19.95; P<0.0001****] effects, and Fig 6B; one-way ANOVA demonstrated treatment [F
(5, 12) = 8.634; P=0.0011**] effect), on day 12 (Table 1; two-way ANOVA showed time [F (4, 88) = 7.58; P <
0.0001****], and subject [F (22, 88) = 4.07; P < 0.0001****] effects), on day 14 (Table 1; two-way ANOVA
showed time [F (4, 88) = 7.75; P < 0.0001****], and subject [F (22, 88) = 6.67; P < 0.0001****] effects), on
day 15 (Fig. 6C; two-way ANOVA showed interaction [F (20, 110) = 2.93; P=0.0002***], row [F (4, 110) =
8.37; P<0.0001****], and column [F (5, 110) = 17.68; P<0.0001****] effects, and Fig 6D; one-way ANOVA
demonstrated treatment [F (5, 6) = 3.92; P=0.0633] effect), on day 21 (Table 1; two-way ANOVA showed
subject [F (22, 88) = 3.50; P < 0.0001****] effect), and on day 22 (Fig. 6E; two-way ANOVA showed
interaction [F (20, 110) = 1.38; P=0.1476], row [F (4, 110) = 4.18; P=0.0035**], and column [F (5, 110) =
16.20; P<0.0001****] effects, and Fig 6F; one-way ANOVA demonstrated treatment [F (5, 12) = 12.14;
P=0.0002***] effect). On day 7, Bonferroni's multiple comparisons post hoc test showed that only the
CTK 01512-2 (50 pmol/site; i.c.v.) group signi�cantly increased the thermal allodynia compared to PTX-
untreated group at 2 h. On day 8, post hoc test showed that at 1, 2, and 3 h the PTX-untreated group
increased the thermal allodynia (time; s) compared to sham control group. Moreover, at 1 h, CTK 01512-2
treatment (100 pmol/site; i.c.v.) group and the positive control (+ω-conotoxin MVIIA; 50 pmol/site, i.c.v.)
decreased thermal allodynia compared to PTX-untreated group. At 2 h, CTK 01512-2 treatment (50 and
100 pmol/site; i.c.v.) group and positive control group decreased thermal allodynia compared to PTX-
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untreated group. At the 3 h, CTK 01512-2 treatment (30, 50 and 100 pmol/site; i.c.v.) group and positive
control group decreased thermal allodynia compared to PTX-untreated group. On day 14, post hoc test
showed only the positive control (+ω-conotoxin MVIIA; 50 pmol/site, i.c.v.) group signi�cantly increased
the thermal allodynia compared to PTX-untreated group at 2 h. On day 15, post hoc test revealed that at 3
h the PTX-untreated group increased the thermal allodynia compared to sham control group. In addition,
at 2 h, only the positive control group decreased thermal allodynia compared to PTX-untreated group. At 3
h, CTK 01512-2 treatment (30, 50 and 100 pmol/site; i.c.v.) group and the positive control group
decreased thermal allodynia compared to PTX-untreated group. At the 3 h, CTK 01512-2 treatment (30, 50
and 100 pmol/site; i.c.v.) group and positive control group decreased thermal allodynia compared to PTX-
untreated group. On day 22, post hoc test showed that at 2 h the PTX-untreated group increased the
thermal allodynia compared to sham control group. Moreover, at 1 h, the CTK 01512-2 treatment (100
pmol/site; i.c.v.) group and the positive control group decreased thermal allodynia compared to PTX-
untreated group. At 2 h, CTK 01512-2 treatment (50 and 100 pmol/site; i.c.v.) group and the positive
control group decreased thermal allodynia in relation to PTX-untreated group. At 3 and 4 h, only the
positive control group decreased thermal allodynia compared to PTX-untreated group. In regard to the
AUC on day 8 (Fig. 6B), on day 15 (Fig. 6D), and on day 22 (Fig. 6F), post hoc test showed that PTX-
untreated group increased the thermal allodynia compared to sham control group on days 8 and 22. On
day 8 and 22, post hoc test showed that CTK 01512-2 treatment (50 and 100 pmol/site; i.c.v.) group and
the positive control group reduced the thermal allodynia. On day 15, only the positive control group
reduced the thermal allodynia. Altogether, this set of results showed that the intracerebroventricular
treatment with CTK 01512-2 signi�cantly reduced paclitaxel-induced mechanical hypersensitivity and
thermal allodynia. 

3.4. CTK 01512-2 altered the astroglial cell viability 

It is well established that astroglial cells become activated under pathological conditions to maintain
homeostasis of the brain microenvironment [58]. Moreover, previous �ndings demonstrated that the
inhibition of astrocytic activation could be a useful therapeutic strategy for treating neuropathic pain [59].
Herein, we have used the MTT reduction assay to test the effect of toxins on cellular viability of C6
astroglial cells after 24 h considering that the number of viable cells with metabolically active
mitochondria were determined based on the mitochondrial reduction of a tetrazolium bromide salt (MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay). One-way ANOVA showed treatment
(Fig. 7; F (7, 28) = 5.46; P=0.0005***] effect. Post hoc test showed that LPS did not change the viability of
C6 astroglial cells at the concentrations tested (1, 10, and 50 ng/ml; P > 0.05), while CTK 01512-2 (1 and
3 pmol/µl) increased MTT reduction. Although conotoxin also apparently increased MTT reduction, the
effect was not statistically signi�cant.

4. Discussion
Chronic neuropathic pain models showed that antihyperalgesic mechanical and antiallodynic thermal
effects of CTK 01512–2 are related to Cav2.2 blocked [13,25]. Herein, CTK 01512–2 intrathecal,
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intracerebroventricular, and systemically treatments induced mechanical antihyperalgesic and thermal
antiallodynic effects in both tested models, CPIP and neuropathy induced by paclitaxel. More
precisely, the CTK 01512-2 treatment at the dose of 50 pmol/site (i.t. and i.c.v.) and the dose of 0.2 mg/kg
(i.v.) mitigated the mechanical hypersensitivity induced by CPIP (days 7 and 21) and by paclitaxel (days
7, 12 and 14). Thermal allodynia induced by CPIP on day 7 and by paclitaxel on days 15 and 22 were
also reduced by the dose of 50 pmol/site (i.t. and i.c.v., respectively). It is known that the drug e�cacy is
related to its pharmacological proprieties and its administration route. Considering that the intrathecal
administration limits the use of anesthetic drugs in patients, it was recently showed that intravenous
administration of recombinant Phα1β induced analgesia in a rat neuropathic pain model, without causing
any severe side effects [60]. Moreover, it was carefully demonstrated using acetaminophen to induce
analgesia [61]. While the supraspinal (i.c.v.) acetaminophen administration did not exhibit antinociceptive
effects, intrathecal acetaminophen was antinociceptive. However, the combined administration (i.c.v. and
i.t.) of acetaminophen produced synergistic antinociception that suggests a "self-synergistic" interaction
between spinal and supraspinal sites [61]. In this sense, pain management and pharmacological
palliative care, using treatment protocols that apply site-site interaction, enlarge the possibilities of drug
regimens and expand the chances of adherence to the treatment program. The current study
demonstrated the CTK 01512-2 mechanical antihyperalgesic and thermal antiallodynic effects in a
persistent pain model, such as neuropathy induced by paclitaxel.

The peptide Phα1β, from the Phoneutria nigriventer spider venom, acted as a TRPA1 channel antagonist
with antinociceptive effects in mice [62]. CTK 01512-2 toxin, a recombinant peptide of the Phα1β version
and an N-type VGCC blocker, has demonstrated its anti-in�ammatory effects and therapeutically potential
in some preclinical studies. In cyclophosphamide (CPA)-induced hemorrhagic cystitis (HC),
Phα1β pointed out as a promising alternative for treating bladder dysfunctions [20] and for reverting glial
plasticity upon peripheral in�ammation [23]. It was shown recently that calcium channels blockers' toxins
attenuated abdominal hyperalgesia and in�ammatory response associated with the cerulein-induced
acute pancreatitis in rats [22]. The recombinant peptide also showed analgesic effects in orofacial pain
models [21] and neuroprotective effects against neurotoxicity induced by 3-nitropropionic acid in
rats [26]. In a model of multiple sclerosis, CTK 01512-2 signi�cantly improved the neuroin�ammatory
with a higher e�cacy when compared to ziconotide [12]. Using the CPIP model, CTK 01512–2
intravenous injection reduced mechanical and cold allodynia on acute and chronic phases of the CRPS-I
model in mice [43]. Speci�cally, concerning the neuropathy induced by paclitaxel, it is well known
that neuroin�ammation leads to neuropathological changes in the spinal cord underlying the
development of paclitaxel-induced chronic neuropathic pain [63-65]. In terms of safety, both Phα1β and
CTK 01512-2 presented a �rst-rate safety pro�le with transient toxicity clinical signals in doses higher
than used to obtain the analgesic effect [55]. Our obtained data con�rmed CTK 01512-2 antihyperalgesic
and antiallodynic actions. It reduced the neuropathic-like pain produced when animals were submitted
to prolong hind paw ischemia and reperfusion and when the subjects were exposed to peripheral
neuropathy induced by paclitaxel.



Page 12/31

Previous works demonstrated that the release of pronociceptive mediators, such as interleukin1β (IL-1β),
IL-6, and tumor necrosis factor (TNF), leads to further sensitization of nociceptive neurons and
neurogenic in�ammation, contributing to the development of paclitaxel-induced neuropathic pain. It was
already shown that spinal astrocytes contribute to the pathogenesis of paclitaxel-induced painful
neuropathy [65], trigging the release of pronociceptive mediators. Astroglial cells present a crucial role in
brain metabolism to maintain central nervous system homeostasis [66] and play an essential role in
developing and maintaining chronic pain. In this sense, it was demonstrated that kinin receptors,
especially the B1 subtype, exert a critical role in establishing persistent hypersensitivity observed in the
experimental autoimmune encephalomyelitis (EAE) model, an action that was possibly acting on
astrocytes since it involved central in�ammatory processing [67]. Other chronic and persistent pain
models also depicted astrocytes' role and involvement, especially neuropathic pain resulting from nerve
injuries. In this sense, a correlation between astrocyte hypertrophy in the spinal dorsal horn and pain
hypersensitivity was reported [68]. Later, prominent astrogliosis was induced in rodents by nerve trauma
and spinal cord injury [69,70], intraplantar or intra-articular injection of complete Freund adjuvant
(CFA) [71,72], skin cancer [73], and HIV-induced neuropathy [65,74]. In this sense, MTT reduction is one of
the most widely used probes to study cell viability and can also re�ect the mitochondrial metabolic rate
of the cells [75]. Our results showed an increase in MTT reduction after CTK 01512-2 exposure, which
may indicate that it affects the mitochondrial activity of astroglial cells as a possible compensatory
mechanism and its action on calcium signaling [62]. However, further investigations are needed to
determine the mechanisms underlying such effects. 

It is known that pain is a response developed by our body to protect us from harm. Nonetheless, several
pathological conditions, such as diabetes, viral infections, nerve damage, and in�ammation produce
persistent pain [76]. In this scenario, the transient receptor potential (TRP) channel family is an important
ion channel family that detects and transmits noxious stimuli, which contains proteins that are conserved
nonselective calcium-permeable channels [77]. TRPM2, a melastatin-related transient receptor potential
ion channel subfamily member, contributed to in�ammatory and neuropathic pain by the aggravation of
pronociceptive in�ammatory responses in mice [78]. Using paw intradermal application of CIM0216, a
potent synthetic activator of the TRPM3 ion channel, mice showed TRPM3-dependent nocifensive
behavior and the release of neuropeptides like calcitonin gene-related peptide (CGRP) [79]. TRPM8 has
been suggested to play a role in cold allodynia, an intractable pain seen clinically [80], and cold
hypersensitivity [81,82]. The role of the TRPV1, a member of the TRP vanilloid subfamily, in diabetic
neuropathy has been shown in knockout mice that did not present thermal hyperalgesia after induction of
diabetes [83]. Moreover, the TRPA1 channel has also been associated with an inherited episodic pain
syndrome caused by a point mutation in the TRPA1 channel [84]. Previous �ndings identi�ed CTK 01512-
2 as a selective and potent TRPA1 channel antagonist with antihyperalgesic effects in relevant models of
neuropathic pain [62] and can also act as an adjuvant drug in opioid therapy for postoperative pain [85].
It is known that TRPA1 contributes to capsaicin-induced facial cold hyperalgesia suggesting that
capsaicin sensitizes TRPA1 via TRPV1 in a Ca2+ dependent manner in cultured trigeminal
neurons [86,87]. Phα1β toxin potentiates in 15 fold the antinociceptive action of the selective TRPV1
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antagonist, SB366791, when these agents were given in combination [88]. It may be explained
considering that TRPV1 and TRPA1 may sensitize each other, unveiling its functional interaction, since
that both channels are co-expressed in a speci�c subset of primary sensory neurons that present its cell
bodies located in trigeminal, vagal, and dorsal root ganglia (DRG) [89-92]. In contrast, Phα1β toxin
prevented capsaicin-induced nociceptive behavior and mechanical hypersensitivity without acting on
TRPV1 channels [93], suggesting that this effect is not entirely related to the inhibition of TRPV1. 

5. Conclusion
In summary, the current study demonstrated mechanical antihyperalgesic and thermal antiallodynic
effects of the calcium channel blocker CTK 01512-2 toxin by intrathecal, intracerebroventricular, and
systemic administration in CPIP and neuropathy induced by paclitaxel models. Furthermore, the CTK
01512-2 treatment modulated the astroglial cell viability, indicating a potential role in these cells. Our
results show CTK 01512-2 antihyperalgesic effects in persistent pain models, helping to pave new
perspectives of pain relief treatments to patients affected by peripheral neuropathy and chronic pain
conditions. Our results show CTK 01512-2 antihyperalgesic effects in persistent pain models, helping to
pave new perspectives of pain relief treatments to patients affected by peripheral neuropathy and chronic
pain conditions. 
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Tables
Table 1. Thermal allodynia was analyzed on days 7, 12, 14, and 21 in the sham group, PTX-untreated
group (2 mg/kg, i.p. + vehicle, i.c.v.), and in animals therapeutically treated with CTK 01512-2 (30, 50 and
100 pmol/site; i.c.v.) or ω-conotoxin MVIIA (50 pmol/site; i.c.v.), assessed by the tail �ick test.
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  Sham PTX + CTK 01512-
2 (30
pmol/site)

+ CTK 01512-
2 (50
pmol/site)

+ CTK 01512-2
(100
pmol/site)

+ ω-
conotoxin (50
pmol/site)

Day 7  

0
h

2.40±0.67 3.00±0.91 3.00±0.83 2.00±1.00 5.00±1.81 3.40±0.81

1
h

10.38±0.86 12.90±4.51 13.42±3.79 10.81±4.83 9.44±3.37 4.77±1.80

2
h

6.58±3.32 2.33±0.23 8.46±2.45 13.72±3.79* 6.82±1.45 1.83±0.36

3
h

10.82±3.30 8.26±5.29 6.30±2.67 7.04±2.03 6.56±1.87 5.55±2.21

4
h

8.02±2.32 6.25±2.56 4.69±0.97 10.73±2.24 8.11±2.54 13.02±3.82

             

Day 12  

0
h

3.58±0.55 3.05±0.58 3.75±1.08 3.19±0.71 4.27±1.35 4.02±0.57

1
h

4.95±1.33 2.98±0.65 6.12±1.95 7.07±1.54 6.47±2.16 3.83±1.38

2
h

4.62±1.11 4.34±1.54 3.17±0.58 6.24±2.97 5.53±2.02 4.91±3.23

3
h

5.66±1.30 3.22±0.32 5.66±1.56 8.38±3.43 6.00±1.92 5.63±2.41

4
h

5.57±1.64 6.88±2.07 7.94±3.10 10.72±3.94 5.90±1.70 13.55±3.65

             

Day 14  

0
h

3.29±0.62 3.43±0.47 4.59±0.90 7.79±2.60 3.04±0.69 5.23±0.93

1
h

6.52±1.92 5.33±0.58 4.99±1.38 9.76±3.67 5.77±1.43 5.92±1.72

2
h

5.64±1.63 6.92±2.27 6.37±0.97 9.28±1.52 6.38±1.20 13.74±3.30*

3
h

6.64±1.11 7.06±1.21 5.69±1.21 9.82±2.19 7.13±1.78 8.59±2.25

4
h

5.65±1.66 6.48±1.89 5.82±1.76 9.04±1.18 4.22±0.61 8.11±1.69



Page 24/31

             

Day 21  

0
h

3.69±0.68 4.24±1.07 4.28±0.55 4.87±0.66 4.54±0.56 4.76±1.23

1
h

4.49±0.77 4.01±0.36 3.20±0.83 5.62±0.42 4.23±0.97 6.64±1.94

2
h

4.66±1.01 2.86±0.36 3.72±0.83 4.96±0.44 4.86±1.05 6.23±1.06

3
h

3.35±0.42 4.60±1.01 4.35±0.64 4.75±0.85 2.72±0.32 6.49±2.97

4
h

2.90±0.45 3.81±0.27 3.84±0.63 3.82±0.41 3.92±0.43 4.61±0.79

*P < 0.05 vs. PTX group (two-way ANOVA followed by Bonferroni's multiple comparisons test). Data are
expressed as mean ± SEM of 4-6 C57BL/6 mice/group. PTX: paclitaxel. 

Figures



Page 25/31

Figure 1

Experimental design. The diagram was organized by the result from Figures (2 to 6). The horizontal black
arrow represents the time (days), and the vertical red arrows indicate the time of each treatment.
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Figure 2

Effects of CTK 01512-2 on mechanical hypersensitivity induced by CPIP. CPIP was induced through a 3 h
hind paw I/R injury. Time-course for the effects of CTK 01512-2 (25, 50, or 100 pmol/site) by intrathecal
(i.t.) route was evaluated before (baseline) and on days 7 (A, B), and 21 (C, D) after CPIP induction
assessed by the von Frey hair test. Red arrows indicate the time of treatment. Each line/column
represents the mean ± SEM (A, C) and median ± interquartile range (B, D) of �ve mice/group, respectively.
###P < 0.001 versus sham control group; *P < 0.05, **P < 0.01, ***P < 0.001 versus CPIP-untreated group
(ANOVA followed by Bonferroni’s test). B: baseline; AUC: area under the curve; CPIP: chronic post-
ischemia pain.
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Figure 3

CTK 01512-2 reduces thermal allodynia induced by CPIP. CPIP was induced via a 3 h hind paw I/R injury.
Effects of CTK 01512-2 (50 pmol/site) and ω-conotoxin MVIIA (100 pmol/site) by intrathecal (i.t.) route
was evaluated before (baseline) and on days 7 (A, B), 14 (C, D), and 21 (E, F) after CPIP induction
assessed by the acetone test. Red arrows indicate the time of treatment. Each line/column represents the
mean ± SEM (A, C, E) and median ± interquartile range (B, D, F) of �ve mice/group, respectively. #P < 0.05,
##P < 0.01, ###P < 0.001 vs. sham control group; *P < 0.05, **P < 0.01, ***P < 0.001 vs. CPIP-untreated
group (ANOVA followed by Bonferroni’s test). B: baseline; AUC: area under the curve; CPIP: chronic post-
ischemia pain.
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Figure 4

Systemic treatment with CTK 01512-2 reduces mechanical hypersensitivity induced by the CPIP model in
mice. CPIP was induced via a 3 h hind paw I/R injury. Effects of treatment with CTK 01512-2 (0.2 mg/kg)
by intravenous (i.v.) route were evaluated before (baseline) and on days 7 after CPIP induction assessed
by the von Frey hair test. The red arrow indicates the time of treatment. Each line/column represents the
mean ± SEM (A) and median ± interquartile range (B) of six mice/group, respectively. ###P < 0.001
versus sham control group; *P < 0.05, **P < 0.01, ***P < 0.001 versus CPIP-untreated group (ANOVA
followed by Bonferroni’s test). B: baseline; AUC: area under the curve; CPIP: chronic post-ischemia pain.



Page 29/31

Figure 5

CTK 01512-2 mitigates paclitaxel-induced mechanical hypersensitivity. Animals were injected with
paclitaxel (2 mg/kg per injection, i.p.) for 5 consecutive days (days 1–5). The cumulative paclitaxel dose
was 10 mg/kg. Red arrows indicate the time of treatment. Effects of CTK 01512-2 (30, 50 and 100
pmol/site) and ω-conotoxin MVIIA (50 pmol/site) by intracerebroventricular (i.c.v.) route was evaluated
on days 7 (A, B), 12 (C, D), 14 (E, F), and 21 (G, H) after PTX induction (2 mg/kg, i.p.) assessed by the von
Frey hair test using the “up-down method”. Each line/column represents the mean ± SEM (A, C, E, G) and
median ± interquartile range (B, D, F, H) of 4 – 6 mice/group, respectively. #P < 0.05 vs. sham control
group; *P < 0.05, **P < 0.01, ***P < 0.001 vs. PTX-untreated group (ANOVA followed by Bonferroni’s test).
PTX: paclitaxel.
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Figure 6

Treatment with CTK 01512-2 reduces the established thermal allodynia in paclitaxel-treated mice.
Animals were injected with paclitaxel (2 mg/kg per injection, i.p.) for 5 consecutive days (days 1–5). The
cumulative paclitaxel dose was 10 mg/kg. Red arrows indicate the time of treatment. Effects of CTK
01512-2 (30, 50 and 100 pmol/site) and ω-conotoxin MVIIA (50 pmol/site) by intracerebroventricular
(i.c.v.) route on cold allodynia induced by paclitaxel (2 mg/kg, i.p.). Thermal allodynia was evaluated on
days 8 (A, B), 15 (C, D), and 22 (E, F) after PTX induction assessed by the acetone test. Each line/column
represents the mean ± SEM (A, C, E) and median ± interquartile range (B, D, F) of 4 – 6 mice/group,
respectively. ##P < 0.01, ###P < 0.001 vs. sham control group; *P < 0.05, **P < 0.01, ***P < 0.001 vs. PTX-
untreated group (ANOVA followed by Bonferroni’s test). AUC: area under the curve; PTX: paclitaxel.
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Figure 7

Effects of LPS, CTK 01512-2, and ω-conotoxin MVIIA on cellular viability/mitochondrial activity of
astroglial cells. Cells were incubated with LPS (1, 10, and 50 ng/ml), CTK 01512-2 (1 and 3 pmol/µl) or ω-
conotoxin MVIIA (1 and 3 pmol/µl) for 24 h, and then MTT reduction assay was performed (n = 4-5)
performed in triplicate. The data represented the median ± interquartile range and were statistically
analyzed by one-way ANOVA followed by Bonferroni's test. *P < 0.05, **P < 0.01 vs. control group. CTK:
CTK 01512-2; ω-conotoxin: ω-conotoxin MVIIA.


