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Abstract: Natural products, sources of new pharmacological substances, have large chemical
diversity and architectural complexity. In this context, some toxins obtained from invertebrate
venoms have anticonvulsant effects. Epilepsy is a neurological disorder that affects about 65 million
people worldwide, and approximately 30% of cases are resistant to pharmacological treatment.
Previous studies from our group show that the denatured venom of the ant Dinoponera quadriceps
(Kempt) protects mice against bicuculline (BIC)-induced seizures and death. The aim of this study
was to investigate the anticonvulsant activity of compounds isolated from D. quadriceps venom
against seizures induced by BIC in mice. Crude venom was fractionated by high-performance
liquid chromatography (HPLC) resulting in six fractions referred to as DqTx1–DqTx6. A liquid
chromatography-mass spectrometry (LC/MS) analysis revealed a major 431 Da compound in fractions
DqTx1 and DqTx2. Fractions DqTx3 and DqTx4 showed a compound of 2451 Da and DqTx5 revealed
a 2436 Da compound. Furthermore, the DqTx6 fraction exhibited a major component with a molecular
weight of 13,196 Da. Each fraction (1 mg/mL) was microinjected into the lateral ventricle of mice,
and the animals were observed in an open field. We did not observe behavioral alterations when
the fractions were given alone. Conversely, when the fractions were microinjected 20 min prior
to the administration of BIC (21.6 nM), DqTx1, DqTx4, and DqTx6 fractions increased the latency
for onset of tonic-clonic seizures. Moreover, all fractions, except DqTx5, increased latency to death.
The more relevant result was obtained with the DqTx6 fraction, which protected 62.5% of the animals
against tonic-clonic seizures. Furthermore, this fraction protected 100% of the animals from seizure
episodes followed by death. Taken together, these findings indicate that compounds from ant venom
might be a potential source of new anticonvulsants molecules.
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1. Introduction

Natural products have a wide chemical diversity and architectural complexity that cannot be
matched by synthetic molecules [1,2]. Animal venoms stand out because of the high specificity and
potency of their toxins in molecular targets of mammalian biological systems [1]. These venoms can
exert noxious effects on several organic systems, such as cardiovascular, nervous, respiratory, and
renal systems, as well as skin and muscles. As a consequence, poisoning victims can experience pain,
swelling, tissue necrosis, vomiting, paralysis, fever, diarrhea, headaches, blurred sight, dizziness,
hypotension, hemorrhage, and even death [3,4]. From another standpoint, some venoms have
beneficial effects [5,6] or can be used as pharmacological tools for probing biochemical pathways and
mechanisms [7,8]. Despite the remarkable potential of venoms, their evaluation and characterization
remains underexplored.

Invertebrates have incorporated a vast range of neurotoxins in their venoms throughout evolution,
and some compounds show high affinity to receptors, ionic channels, and transporters in the central
nervous system (CNS) [7–10]. Previous studies have demonstrated the anticonvulsant effects of toxins
isolated from invertebrate venoms. The peptide fraction (350 µg/animal) isolated from the venom of
the wasp Polybia paulista protected 60% of the rats against generalized tonic-clonic seizures induced
by pentylenotetrazol (PTZ) [11]. Furthermore, parawixin 2 (isolated from the venom of the spider
Parawixia bistriata) protected animals against seizures induced by PTZ, picrotoxin, pilocarpine, and
kainic acid [12], as well as inhibited PTZ-induced kindling of rats [13].

Seizures are the main symptoms of epilepsy, a neurological disorder characterized by an enduring
predisposition to transient abnormal excessive or synchronous neuronal activity. Patients also
present neurobiological, cognitive, psychological, and social consequences of the condition [14,15].
This disorder affects about 65 million people worldwide [16] and approximately 30% of patients are
resistant to pharmacotherapy [17,18]. Furthermore, antiepileptic drugs frequently cause relevant side
effects that range from gastric discomfort to hepatic failure or aplastic anemia [9]. In this context,
invertebrate venoms are a possible source for new anticonvulsant probes [19].

Recently, studies have shown anticonvulsant effects of the crude venom from the giant ant
Dinoponera quadriceps. Lopes et al. [20] demonstrated that intraperitoneal administration of the crude
venom increased the latency for onset of PTZ-induced seizures in mice. Additionally, our group
observed procursive behavior and tonic-clonic seizures after injecting the crude venom into the lateral
ventricle of mice. In contrast, prior administration of the denatured venom protected the animals
against tonic-clonic seizures (66.7%) and death (100%) induced by the gamma aminobutyric acid
GABAA antagonist bicuculline (BIC) [21]. Taken together, these findings demonstrate that D. quadriceps
venom is a potential source of new pro- and anticonvulsants molecules. The aim of the present study
was to investigate the anticonvulsant activity of isolated fractions of D. quadriceps venom on seizures
induced by BIC in mice. We will also verify the effects of the fractions on spontaneous behavior.

2. Results

2.1. HPLC Fractionation and Mass Spectra

The chromatographic profile of the crude venom is shown in Figure 1A. This profile revealed
the presence of the six fractions that were denoted as DqTx1 to DqTx6. The fractions were lyophilized
and used in the biological assays. Each fraction was analyzed by liquid chromatography/eletrospray
ionization-mass spectrometry (LC/ESI-MS). The fractions were monitored at 210 and 280 nm.
The chromatogram revealed initial elution time of 3 and 7 min to fractions DqTx1 and DqTx2,
respectively. ESI-MS spectra of both fractions displayed a major compound with molecular weight
of 431 Da. DqTx3 and DqTx4 fractions had elution times of 34 to 35 min with a major compound
of 2421 Da. Retention time of fraction DqTx5 ranged from 36–38 min with a major compound of 2436 Da
(Figure 1). Furthermore, DqTx6 presented an elution time range from 46–48 min, and the deconvolution
mass spectrum revealed a major compound with molecular weight of 13,196 Da (Figure 2).



Toxins 2017, 9, 5 3 of 13
Toxins 2016, 8, 331  3 of 13 

 

 

Figure 1. Dinoponera quadriceps crude venom chromatography. (A) Chromatographic profile (reverse‐

phase high performance liquid chromatography—Hitachi system, Phenomenex C18 column (2.6 × 25 

cm, 12 μm, 300 Å) of crude Dinoponera quadriceps venom, showing six major fractions monitored at 

210  (gray)  and  280  (black)  nm  and  eluted  using  a  linear  gradient  from  acetonitrile  containing 

trifluoroacetic acid at 0.1% (TFA) (100% ACN/H2O v/v) for 100 min; (B) ESI mass spectrum (LC/ESI‐

MS—Waters  system, mass  range  between  200  and  2000 m/z,  nitrogen  gas  flow  rate  of  4.1  L∙h−1, 

capillary voltage of 2.3 kV, cone voltage of 32 V, extractor voltage of 8 V, source heater set at 100 °C, 

solvent heater set at 400 °C, ion voltage of 1.0 V, and a multiplier voltage of 800 V) of the fractions of 

DqTx1 to DqTx6. 

Figure 1. Dinoponera quadriceps crude venom chromatography. (A) Chromatographic profile
(reverse-phase high performance liquid chromatography—Hitachi system, Phenomenex C18 column
2.6 × 25 cm, 12 µm, 300 Å) of crude Dinoponera quadriceps venom, showing six major fractions
monitored at 210 (gray) and 280 (black) nm and eluted using a linear gradient from acetonitrile
containing trifluoroacetic acid at 0.1% (TFA) (100% ACN/H2O v/v) for 100 min; (B) ESI mass spectrum
(LC/ESI-MS—Waters system, mass range between 200 and 2000 m/z, nitrogen gas flow rate of 4.1 L·h−1,
capillary voltage of 2.3 kV, cone voltage of 32 V, extractor voltage of 8 V, source heater set at 100 ◦C,
solvent heater set at 400 ◦C, ion voltage of 1.0 V, and a multiplier voltage of 800 V) of the fractions of
DqTx1 to DqTx6.
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Figure 2. Deconvolution electrospray mass spectrum of fraction DqTx6.

2.2. Primary Behavioral Screening

One-way ANOVA did not reveal effect of i.c.v. treatment with fractions of DqTx1 to DqTx6 for
exploratory activity (p = 0.49), grooming (p = 0.07), or immobility (p = 0.679) (Table 1). These fractions
did not induce motor or behavioral alterations in the animals.

Table 1. Effects of injection into the lateral ventricle of fractions of Dinoponera quadriceps venom on
the total time spent in exploratory activities, grooming, and immobility in mice.

Treatment
Behavioral Cluster (s)

Exploration Grooming Immobility

Control (n = 9) 1395.48 ± 56.38 293.14 ± 55.36 111.36 ± 36.47
DqTx1 (n = 7) 1281.37 ± 110.25 352.47 ± 104.24 166.15 ± 93.05
DqTx2 (n = 7) 1250.36 ± 128.08 267.05 ± 58.79 282.58 ± 119.69
DqTx3 (n = 8) 1367.91 ± 58.9 294.31 ± 37.89 137.77 ± 53.78
DqTx4 (n = 8) 1193.58 ± 49.32 493.80 ± 50.81 112.61 ± 44.11
DqTx5 (n = 8) 1250.40 ± 87.55 406.00 ± 38.47 143.59 ± 62.27
DqTx6 (n = 8) 1378.41 ± 84.41 280.44 ± 43.68 141.14 ± 64.03

Data expressed as the mean ± SEM. p > 0.05 (One-way ANOVA).

2.3. Anticonvulsant Assay

As expected, all animals that received vehicle prior to bicuculline administration showed
tonic-clonic seizures (level 5) followed by death (Table 2).

One-way ANOVA revealed effects in latency to onset of seizures (p = 0.029) and latency to death
(p = 0.004) (Table 2). Dunnett’s post hoc analysis detected that groups pretreated with DqTx1 (p =
0.008), DqTx4 (p = 0.044), and DqTx6 (p = 0.002) showed an increase in the mean latency for the onset of
seizures, and for the effect of DqTx3 was marginally significant (p = 0.057) (Table 2). While the control
group presented mean latency of 16.5 ± 6.8 s, DqTx1, DqTx3, DqTx4, and DqTx6 had mean latencies of
1191.14 ± 306.27, 879.28 ± 310.05, 922.86 ± 318.62 and 1225.28 ± 273.44 s, respectively. Similar results
occurred regarding the latency for death; groups that received pretreatment with DqTx1 (p = 0.005),
DqTx2 (p = 0.009), DqTx3 (p = 0.01), DqTx4 (p = 0.025), and DqTx6 (p < 0.001) showed increased latency
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for death (Table 2). While the control group had a mean latency of 509.25 ± 253.24, DqTx1, DqTx2,
DqTx3, DqTx4, and DqTx6 had mean latencies of 1528.71 ± 180.29, 1471.86 ± 169.40, 1453.71 ± 198.99,
1342.71 ± 257.40, and 1800, respectively.

Table 2. Effects of injection into the lateral ventricle of Dinoponera quadriceps venom fractions against
seizures elicited by the bicuculline model in mice.

Parameters
Treatment

Control DqTx1 DqTx2 DqTx3 DqTx4 DqTx5 DqTx6

Median
seizure score 5 5 5 5 5 5 4

Incidence of
seizures

Stage 1 0/8 6/7 4/7 3/7 5/7 3/7 5/8

Stage 2 0/8 4/7 4/7 3/7 5/7 3/7 5/8

Stage 3 0/8 2/7 5/7 2/7 3/7 2/7 4/8

Stage 4 0/8 1/7 2/7 2/7 0/7 1/7 1/8

Stage 5 8/8 4/7 7/7 5/7 4/7 4/7 3/8

Percentage of
protection 0 42.8 0 28.6 42.8 42.8 62.5 #

Percentage of
survival 0 71.4 42.8 71.4 57.1 57.1 100 #

Latency for
the onset of
seizures (s)

16 ± 6 1191 ± 306 * 710 ± 216 879 ± 310 + 923 ± 318 * 812 ± 350 1225 ±273 *

Latency for
death (s) 509 ± 253 1528 ± 180 * 1471 ± 169 * 1453 ± 199 * 1342 ± 257 * 1087 ± 337 1800 *

Incidence of
death 8/8 2/7 4/7 2/7 3/7 3/7 0/8

Bicuculline was injected into the lateral ventricle at a dose of 10 mg/mL following pre-treatment with vehicle or
fractions. # p < 0.05 compared to control (chi-square, followed by residual analysis); * p < 0.05; and + p = 0.057
compared to control (one-way ANOVA followed by Dunnett’s post hoc test).

The analysis of seizures score showed that pretreatment with DqTx1, DqTx4, and DqTx5 fractions
prevented the development of tonic-clonic seizures (level 5) in 42.6% of animals. DqTx3 and DqTx6
fractions protected 28.6% and 62.5% of animals, respectively. Regarding survival, the pretreatment
with DqTx2 prevented the death of 42.8% of animals, DqTx4 and DqTx5 prevented the death of 57.1%
of animals. DqTx1 and DqTx3 protected 71.4% and DqTx6 protected 100% of the animals (Table 2).

3. Discussion

RP-HPLC was a suitable technique to fractionate the Dinoponera quadriceps crude venom
(Figure 1A). The separated fractions are most likely composed of peptides and a small protein.
The ESI-MS spectra revealed that the DqTx1/DqTx2 fractions contained hydrophilic compounds
of low molecular weight. The DqTx 3 and DqTx4 fractions presented the same composition as the
hydrophobic 2451 Da molecular weight compound. Interestingly, the DqTx5 fractions revealed a
hydrophobic compound with a slightly higher molecular weight of 2436 Da. Furthermore, the DqTx6
fraction contained a major hydrophobic compound with a molecular weight of 13,196 Da. This fraction
showed more potent anticonvulsant activity when compared with the other fractions (Table 2), and
will be fractionated further in the future.

Peptides are the most common compounds found in animal venoms, and represent a main source
of bioactive toxins with high affinity and selectivity for a range of targets [9,22]. Venoms from the
ant subfamilies Ponerinae and Myrmeciinae are particularly rich in peptides with antimicrobial
properties, such as ponericins [23], pilosulins [24], and some dinoponeratoxins [25]. Moreover,
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there are other peptides from ant venoms of these subfamilies, such as poneratoxins and poneritoxins,
respectively. Poneratoxins are V-shaped peptides with two α-helices connected by a β-turn, which
modulate voltage-gated sodium channels and block synaptic transmission in the insect CNS [22,26–29].
Poneritoxins are monomeric peptides with one or two disulfide bonds, which inhibit human L-type
voltage-gated calcium channels and have insecticidal activity [30].

Several peptides that were isolated from invertebrate venoms have anticonvulsant properties.
BmK IT2 and BmK AS are β-type toxins isolated from the scorpion Buthus martensis venom, which
increase the latency for onset of seizures and reduce mortality induced by the administration of PTZ
when injected into the rat hippocampus [31,32]. Similarly, CGX-1007 isolated from the cone snail
Conus geographus venom blocks maximal electroshock, audiogenic, threshold tonic extension, PTZ,
picrotoxin, and BIC-induced seizures when injected into the lateral ventricle of mice [33], and reduces
the amygdala-kindled seizure score in rats [34]. Moreover, theω-agatoxin IVA is a voltage-sensitive
calcium channel blocker isolated from the spider Agelenopsis aperta venom that blocks audiogenic
seizures when injected into the lateral ventricle of mice [35]. A peptide fraction isolated from the
Polybia paulista wasp venom increases latency for the onset of seizures and protects 60% of the animals
from tonic-clonic seizures induced by PTZ in rats [11].

Bicuculline (BIC) is a competitive GABAA receptor antagonist that is well established as a model
for the study of seizures in rodents and scanning potential anticonvulsant drugs [36–39]. Despite of
the extreme effectiveness of the BIC (all animals show severe tonic-clonic seizures followed by death),
it is suitable for screening of potentially anticonvulsant substances from natural products [37–41].

In the present study, all fractions protected animals from BIC-induced seizures, death, or both.
For example, DqTx1, DqTx3, and DqTx6 fractions protected animals from seizures (42.8%, 28.6%,
and 62.5%) and death (71.4%, 71.4%, and 100%), respectively. Notwithstanding, it should be pointed
out that all the fractions demonstrated some degree of anticonvulsive effects. In this respect,
an unidentified factor related to the generation of HPLC fractions could be responsible for the
anticonvulsive effects. However, the fractionation technique applied here has been extensively
used, and no study reported an association between the fractionation process and the anticonvulsive
action [39,42–44] or other pharmacological effects [45–51]. Furthermore, the fact that all of the fractions
have anticonvulsant potential is surprising, but not unlikely. Indeed, venoms can have more than one
effective compound regarding a certain pharmacological action [31,32,52–58]. Additionally, as reported
in the results session, the effects were not homogeneous among the fractions, as it would be expected
if the fractionation processes were responsible for the pharmacological activity.

Antiepileptic drugs act by reducing the neuronal excitability through three main mechanisms:
modulating voltage-dependent ion channels, decreasing the excitatory transmission, or increasing
inhibitory neurotransmission mediated by GABA or glycine [59]. Voltage-dependent ion channels
(Na+, Ca2+ or K+) play a crucial role in the action potential and consequently in neurotransmission.
Hence, some venom toxins with anticonvulsant potential target voltage-dependent channels.
For example, the ω-conotoxins MVIIA and GVIA are N-type calcium channels antagonists [60],
whereas the α-type neurotoxins BmK AS and BmK IT2 are sodium channel modulators [31,32].

L-glutamate receptors and transporters are logical targets for anticonvulsant drugs, as they
mediate the majority of excitatory synapses in the human brain. Parawixin 10, a toxin extracted
from P. bistriata, exerts its anticonvulsant activity by increasing glutamate uptake [44]. However,
this mechanism is not common for antiepileptic drugs due to the wide range of side effects [9,59,61].

Several antiepileptic drugs act on the GABAA receptor as direct agonists or increase GABA
availability in the synaptic cleft by blocking uptake [62–64]. The toxins SrTx1 and FrPbA2, isolated
from the venom of the spiders Scaptocosa raptoria and P. bistritata, respectively, act via GABAergic
mechanisms [65].

In the last few years, some studies have demonstrated the pharmacological properties of
D. quadriceps venom. Sousa et al. [66] injected different concentrations of crude venom endovenously
(e.v). 30 min before nociceptive tests (formalin, writhing and hot plate tests). The venom showed
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antinociceptive effects by inhibiting the second phase of the nociceptive response caused by formalin
injection, reducing writhing induced by acetic acid and increasing latency of the response to thermal
stimuli. Cologna et al. [25] evaluated the antimicrobial activity of four peptides from the venom, and
two of them showed activity against Gram-positive and -negative bacteria. Corroborating those data,
Lima et al. [67] reported the antimicrobial activity of the crude venom against methicillin-sensitive and
resistant Staphylococcus aureus strains. The same researchers also reported the antiparasitic effects of
the venom against Leishmania amazonensis and Trypanosoma cruzi [68].

Recently, other studies [69,70] tested the inflammatory activity of the venom using the paw edema
and peritonitis models, showing a dose-dependent inflammatory response in the paw edema model
and an increase in the number of leucocytes and interleukin-1β in the peritoneal fluid. In addition,
the venom also showed anticoagulant and antiplatelet effects in vivo [69].

Regarding the anticonvulsant property, Lopes et al. [20] tested the crude venom through
intraperitoneal (i.p.) and endovenous e.v. routes against three different chemoconvulsants (PTZ,
pilocarpine, and strychnine). As a result, mice that received the venom e.v. before PTZ administration
presented a reduced latency to the first seizure. Conversely, mice that received the venom i.p.
previously to PTZ had an increase in this latency. No effects of the venom were observed in animals that
received pilocarpine or strychnine. These results indicated that D. quadriceps venom has compounds
with convulsant and anticonvulsant properties, which was corroborated in a previous study from our
group [21]. The fractions used herein showed a higher increase in latency to the onset of seizures, and
also promoted increases in the latency to death, in survival, and protection against tonic-clonic seizures
compared to those of Lopes et al. [20]. This difference is probably due to the administration route.
We injected directly into the brain, whereas the venom was systemically administered (e.v. or i.p.)
in the other study. Furthermore, as reported by Cologna et al. [25], there were different peptide
compositions of D. quadriceps venom samples collected from four different regions in Bahia state, with
more similarity observed between samples from the closest areas. Thus, our results may be different
from these of Lopes et al. due to changes in the composition of venom influenced by the environment.

In summary, in the present work the DqTx fractions protected animals from seizures and
death elicited by a GABAA antagonist, and Lopes et al. [20] showed protection against another
GABAA antagonist, but not against drugs acting through other pathways. Thus, we suggest
that the anticonvulsant activity of the DqTx fractions involves GABAergic transmission. Indeed,
recent transcriptome [71] and peptidomic [25] analyses of the D. quadriceps venom revealed the
presence of peptides with similar structures to toxins that interact with ion channels. In addition,
mass spectrometry results showed that the fractions contained low molecular weight substances,
i.e., < 2550 Da (DqTx1-DqTx5) and 13,169 Da (DqTx6). However, the mechanism underlying
the anticonvulsant effects of the DqTx fractions requires further investigation.

In conclusion, D. quadriceps venom is an important source of novel compounds. Our results
indicate that the low molecular weight fractions from ant venom are promising anticonvulsants for
experimental pharmacology. Taken together, these findings will help determine the biological effects of
ant venom components on the mammalian CNS. Further studies are needed to determine the molecular
structures and improve understanding of their effects and therapeutic potential.

4. Material and Methods

4.1. Ant Collection

D. quadriceps specimens were collected in Nísia Floresta (6◦5′ S, 35◦12′ W), Rio Grande do Norte
state, Brazil. Specimens were frozen at −20 ◦C and venom reservoirs were dissected.

4.2. Fractionation and Mass Spectrometry Analysis

Crude content of two hundred venom reservoirs were lyophilized and diluted in 1 mL of
trifluoroacetic acid at 0.1% (TFA/H2O). This solution was submitted to high performance liquid
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chromatography (HPLC; Hitachi, Tokyo, Japan) fractionation using a Phenomenex C18 reverse phase
column (2.6 × 25 cm, 12 µm, 300 Å; Sigma, St. Louis, MO, USA). Elution was carried out with 0.1%
TFA/H2O at a 100% gradient for the first 10 min, followed by a linear gradient from 0% to 100%
acetonitrile (ACN) containing 0.1% TFA for 100 min. Eluates were monitored at 210 and 280 nm and
the main fractions collected were lyophilized and resuspended in 1 mL of distilled water. Six major
fractions were obtained and named DqTx1–DqTx6.

HPLC fractions were analyzed by liquid chromatography electrospray ionization mass
spectrometry (LC/ESI-MS). LC/ESI-MS data were obtained from a Waters instrument (model
3100, Milford, MA, USA) coupled to a Waters Alliance system (model 2695) using a C18 column
(2.0× 150 mm, 3.0 µm particle size, 110 Å pore size, Phenomenex Gemini, Torrance, CA, USA). Solvent
A was 0.1% TFA in water, and solvent B was 60% ACN in solvent A. The gradient was 5%–95% in
solvent B for 30 min, and the peptides were detected at 220 nm. Mass measurements were performed
in a negative mode with the following conditions: mass range between 200–2000 m/z, nitrogen gas
flow rate of 4.1 L·h−1, capillary voltage of 2.3 kV, cone voltage of 32 V, extractor voltage of 8 V, source
heater set at 100 ◦C, solvent heater set at 400 ◦C, ion voltage of 1.0 V, and a multiplier voltage of 800 V.

4.3. Animals

Three-month-old male Swiss mice (30–50 g) were housed with free access to food and water,
with 5–6 animals in plastic cages (20 × 30 × 13 cm), under conditions of controlled temperature
(25 ± 1 ◦C) and a 12 h light/12 h dark cycle (lights on 6:30 a.m.). Animals were handled in accordance
with Brazilian law for the use of animals in research (Law Number 11.794), and all procedures
were approved by the local ethics committee (Federal University of Rio Grande do Norte; protocol
nr. 035/2010, approved 15 September 2010). All efforts were made to minimize animal potential pain,
suffering, or discomfort.

4.4. Surgery

Prior to surgery, mice were anesthetized with intraperitoneal ketamine (100 mg/kg) plus xylazine
(10 mg/kg). Afterwards, the animals were positioned in a stereotaxic frame (Insight, Ribeirão Preto,
Brazil) and skulls were exposed. SA stainless steel guide cannula (25 gauge, 8 mm length) was
implanted in the lateral ventricle, and the stereotaxic coordinates were anterior-posterior = −0.6 mm,
medial-lateral = 1.1 mm, and dorsal-ventral = 1.0 mm from the bregma [72]. The guide cannula was
anchored to the skull with dental acrylic. At the end of the surgery, the cannula was temporarily
sealed with a stainless-steel wire to avoid obstruction. Animals were given one week of post-operative
recovery prior to the start of the experimental proceedings.

4.5. General Procedures

Drug (BIC), vehicle, and chromatography fractions (1 mg/mL) were injected
intracerebroventricular (i.c.v.) at a rate of 0.5 µL/min to a final volume of 1 µL via a microsyringe
pump (Insight, Brazil) with a 10 µL syringe (Hamilton Co., Reno, NV, USA) connected to an injection
needle. After infusion, the needle was left in the guide cannula for an additional 60 s to allow diffusion
from the needle tip. Afterwards, mice were placed in a circular open field (30 cm in diameter with wall
height of 60 cm) located in an experimental room illuminated by a 40 W fluorescent lamp for 30 min.
The behavioral session was recorded by a digital camera placed above the apparatus and behavioral
parameters were registered. The apparatus was cleaned with a 5% alcohol solution after each session.

4.6. Behavioral Analysis

General screening: Animals were randomly assigned to one of the following groups: a control group
that received 1 µL of distilled water (CTR, n = 9); and six experimental groups that received 1 mg/mL
of each fraction (DqTx1, n = 7; DqTx2, n = 7; DqTx3, n = 8; DqTx4, n = 8; DqTx5, n = 8; DqTx6, n = 8).
We quantified the time spent in the following behavioral clusters: exploration (exploration activities
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such as exploratory sniffing, walking, scanning, and erect posture); grooming (grooming of head, snout,
claws, and back); and immobility (complete absence of movements, except for respiratory movements).

Anticonvulsant Assay: The GABAA receptor antagonist bicuculline methbromide (BIC, 10 mg/mL
i.e., 21.6 nM, Sigma, USA) was standardized to provoke tonic-clonic seizures in 100% of the animals in
less than 30 min. Animals were randomly assigned to one of the following groups: a control group
(CTR, n = 8) that was microinjected with vehicle 20 min prior to bicuculline administration; and six
experimental groups that received the fractions DqTx1 to DqTx6 twenty min prior to bicuculline
administration (DqTx1, n = 7; DqTx2, n = 7; DqTx3, n = 7; DqTx4, n = 7; DqTx5, n = 7; DqTx 6, n = 8).
Immediately after the administration of BIC animals were placed in the open field and behavior was
registered for 30 min.

The severity of seizures was evaluated using an adapted Racine’s scale [73], as follows:
(1) myoclonic jerks of contralateral paw; (2) mild paw clonus lasting at least 5 s; (3) severe paw
clonus lasting at least 15 s; (4) rearing in addition to severe paw clonus; and (5) rearing and falling in
addition to severe paw clonus. Moreover, latency to the onset of tonic-clonic seizures (score 5) and
death, survival, and percentage of protection against tonic-clonic seizures were evaluated.

4.7. Verification of the Injection Site

Upon completion of the behavioral procedures, mice were euthanized with intraperitoneal
injection of sodium thiopental (70 mg/kg) and microinjected into the left lateral ventricle with 1.0 µL
of methylene blue stain to mark the site of injection. Brains were removed and manually cut to check
the position of the cannula. Only animals with correct injection sites were included in the analysis.
The same procedure was held if the death occurred before the end of the experiments.

4.8. Statistical Analysis

Data normality and homogeneity of variances were tested by Shapiro-Wilk and Levene tests,
respectively. Comparisons of the behavioral clusters among groups treated with the different fractions
of the venom were held by one-way analysis of variance (ANOVA) followed by Dunnett’s post
hoc (one-tailed). The same tests were used to compare latencies for the onset of seizure and death.
The number of protected animals in the anticonvulsant assays was analyzed using χ2 test, followed
by residual analysis. Differences between medians of score in these assays were analyzed using
the Mann-Whitney test with Bonferroni correction. We considered p < 0.05 as significant values.
All statistical analyses were conducted with PASW Statistics 22 software (IBM, Armonk, NY, USA).

Acknowledgments: This research was supported by fellowships from Conselho Nacional de Desenvolvimento
Científico e Tecnológico (CNPQ); Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES);
Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP); Pró-reitoria de Pesquisa da Universidade
Federal do Rio Grande do Norte (PROPESQ/UFRN) and Fundação de Apoio à Pesquisa do Estado do Rio Grande
do Norte (FAPERN).

Author Contributions: D.A.M.F.N., R.H.d.S. and A.M.R. conceived and designed the experiments; D.A.M.F.N.,
L.E.M.B. and F.C.C. performed the experiments and data analysis; D.L.O.d.A. and A.A. contributed
venom/reagents; D.S. performed the fractionation by HPLC; A.M. was responsible for mass spectrometry assays
and analysis; W.F.d.S., A.M.R. and R.H.d.S. contributed to writing and theoretical discussions; D.A.M.F.N. wrote
the paper; A.M.R. coordinated the study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. King, G.F. Venoms as a platform for human drugs: Translating toxins into therapeutics. Expert Opin. Biol. Ther.
2011, 11, 1469–1484. [CrossRef] [PubMed]

2. Clardy, J.; Walsh, C. Lessons from natural molecules. Nature 2004, 432, 829–837. [CrossRef] [PubMed]
3. Sitprija, V.; Suteparak, S. Animal toxins: An overview. Asian Biomed. 2008, 2, 451–457.
4. Wong, E.S.W.; Belov, K. Venom evolution through gene duplications. Gene 2012, 496, 1–7. [CrossRef]

[PubMed]

http://dx.doi.org/10.1517/14712598.2011.621940
http://www.ncbi.nlm.nih.gov/pubmed/21939428
http://dx.doi.org/10.1038/nature03194
http://www.ncbi.nlm.nih.gov/pubmed/15602548
http://dx.doi.org/10.1016/j.gene.2012.01.009
http://www.ncbi.nlm.nih.gov/pubmed/22285376


Toxins 2017, 9, 5 10 of 13

5. Wang, T.; Wang, S.-W.; Zhang, Y.; Wu, X.-F.; Peng, Y.; Cao, Z.; Ge, B.Y.; Wang, X.; Wu, Q.; Lin, J.T.; et al.
Scorpion Venom Heat-Resistant Peptide (SVHRP) Enhances Neurogenesis and Neurite Outgrowth of
Immature Neurons in Adult Mice by Up-Regulating Brain-Derived Neurotrophic Factor (BDNF). PLoS ONE
2014, 9, e109977. [CrossRef] [PubMed]

6. Yin, S.-M.; Zhao, D.; Yu, D.-Q.; Li, S.-L.; An, D.; Peng, Y.; Xu, H.; Sun, Y.P.; Wang, D.M.; Zhao, J.; et al.
Neuroprotection by scorpion venom heat resistant peptide in 6-hydroxydopamine rat model of early-stage
Parkinson’s disease. Sheng Li Xue Bao 2014, 66, 658–666. [PubMed]

7. Wang, C.-Z.; Chi, C.-W. Conus peptides—A rich pharmaceutical treasure. Acta Biochim. Biophys. Sin. 2004,
36, 713–723. [CrossRef] [PubMed]

8. Mellor, I.R.; Usherwood, P.N.R. Targeting ionotropic receptors with polyamine-containing toxins. Toxicon
2004, 43, 493–508. [CrossRef] [PubMed]

9. Mortari, M.R.; Cunha, A.O.S.; Ferreira, L.B.; dos Santos, W.F. Neurotoxins from invertebrates as
anticonvulsants: From basic research to therapeutic application. Pharmacol. Ther. 2007, 114, 171–183.
[CrossRef] [PubMed]

10. Beleboni, R.O.; Pizzo, A.B.; Fontana, A.C.K.; Carolino, R.O.G.; Coutinho-Netto, J.; dos Santos, W.F. Spider and
wasp neurotoxins: Pharmacological and biochemical aspects. Eur. J. Pharmacol. 2004, 493, 1–17. [CrossRef]
[PubMed]

11. Do Couto, L.L.; dos Anjos, L.C.; Araujo, M.A.F.; Mourão, C.A.; Schwartz, C.A.; Ferreira, L.B.; Mortari, M.R.
Anticonvulsant and anxiolytic activity of the peptide fraction isolated from the venom of the social wasp
Polybia paulista. Pharmacogn. Mag. 2012, 8, 292–299. [PubMed]

12. Gelfuso, E.A.; Cunha, A.O.S.; Mortari, M.R.; Liberato, J.L.; Paraventi, K.H.; Beleboni, R.O.; Coutinho-Netto, J.;
Lopes, N.P.; dos Santos, W.F. Neuropharmacological profile of FrPbAII, purified from the venom of the social
spider Parawixia bistriata (Araneae, Araneidae), in Wistar rats. Life Sci. 2007, 80, 566–572. [CrossRef]
[PubMed]

13. Gelfuso, E.A.; Liberato, J.L.; Cunha, A.O.S.; Mortari, M.R.; Beleboni, R.O.; Lopes, N.P.; dos Santos, W.F.
Parawixin2, a novel non-selective GABA uptake inhibitor from Parawixia bistriata spider venom, inhibits
pentylenetetrazole-induced chemical kindling in rats. Neurosci. Lett. 2013, 543, 12–16. [CrossRef] [PubMed]

14. Fisher, R.S.; van Emde Boas, W.; Blume, W.; Elger, C.; Genton, P.; Lee, P.; Engel, J., Jr. Epileptic seizures and
epilepsy: Definitions proposed by the International League against Epilepsy (ILAE) and the International
Bureau for Epilepsy (IBE). Epilepsia 2005, 46, 470–472. [CrossRef] [PubMed]

15. Fisher, R.S.; Acevedo, C.; Arzimanoglou, A.; Bogacz, A.; Cross, J.H.; Elger, C.E.; Engel, J., Jr.; Forsgren, L.;
French, J.A.; Glynn, M.; et al. ILAE Official Report: A practical clinical definition of epilepsy. Epilepsia 2014,
55, 475–482. [CrossRef] [PubMed]

16. Thurman, D.J.; Beghi, E.; Begley, C.E.; Berg, A.T.; Buchhalter, J.R.; Ding, D.; Hesdorffer, D.C.; Hauser, W.A.;
Kazis, L.; Kobau, R.; et al. Standards for epidemiologic studies and surveillance of epilepsy. Epilepsia 2011,
52, 2–26. [CrossRef] [PubMed]

17. Rosillo-de la Torre, A. Pharmacoresistant epilepsy and nanotechnology. Front. Biosci. 2014, 6, 329–340.
[CrossRef]

18. Löscher, W. Animal models of intractable epilepsy. Prog. Neurobiol. 1997, 53, 239–258. [CrossRef]
19. Monge-Fuentes, V.; Gomes, F.M.M.; Campos, G.A.A.; de Castro Silva, J.; Biolchi, A.M.; dos Anjos, L.C.;

Gonçalves, J.C.; Lopes, K.S.; Mortari, M.R. Neuroactive compounds obtained from arthropod venoms as
new therapeutic platforms for the treatment of neurological disorders. J. Venom. Anim. Toxins Incl. Trop. Dis.
2015, 21. [CrossRef] [PubMed]

20. Lopes, K.S.; Rios, E.R.; Lima, C.N.; Linhares, M.I.; Torres, A.F.; Havt, A.; Quinet, Y.P.; Fonteles, M.M.;
Martins, A.M. The effects of the Brazilian ant Dinoponera quadriceps venom on chemically induced seizure
models. Neurochem. Int. 2013, 63, 141–145. [CrossRef] [PubMed]

21. Nôga, D.A.M.F.; Cagni, F.C.; Santos, J.R.; Silva, D.; Azevedo, D.L.O.; Araújo, A.; Silva, R.H.; Ribeiro, A.M.
Pro- and Anticonvulsant Effects of the Ant Dinoponera quadriceps (Kempf) Venom in Mice. Neotrop. Entomol.
2015, 44, 410–417. [CrossRef] [PubMed]

22. Aili, S.R.; Touchard, A.; Escoubas, P.; Padula, M.P.; Orivel, J.; Dejean, A.; Nicholson, G.M. Diversity of peptide
toxins from stinging ant venoms. Toxicon 2014, 92C, 166–178. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0109977
http://www.ncbi.nlm.nih.gov/pubmed/25299676
http://www.ncbi.nlm.nih.gov/pubmed/25516514
http://dx.doi.org/10.1093/abbs/36.11.713
http://www.ncbi.nlm.nih.gov/pubmed/15514844
http://dx.doi.org/10.1016/j.toxicon.2004.02.003
http://www.ncbi.nlm.nih.gov/pubmed/15066409
http://dx.doi.org/10.1016/j.pharmthera.2007.01.009
http://www.ncbi.nlm.nih.gov/pubmed/17399793
http://dx.doi.org/10.1016/j.ejphar.2004.03.049
http://www.ncbi.nlm.nih.gov/pubmed/15189759
http://www.ncbi.nlm.nih.gov/pubmed/24082633
http://dx.doi.org/10.1016/j.lfs.2006.10.002
http://www.ncbi.nlm.nih.gov/pubmed/17083949
http://dx.doi.org/10.1016/j.neulet.2013.02.074
http://www.ncbi.nlm.nih.gov/pubmed/23562887
http://dx.doi.org/10.1111/j.0013-9580.2005.66104.x
http://www.ncbi.nlm.nih.gov/pubmed/15816939
http://dx.doi.org/10.1111/epi.12550
http://www.ncbi.nlm.nih.gov/pubmed/24730690
http://dx.doi.org/10.1111/j.1528-1167.2011.03121.x
http://www.ncbi.nlm.nih.gov/pubmed/21899536
http://dx.doi.org/10.2741/709
http://dx.doi.org/10.1016/S0301-0082(97)00035-X
http://dx.doi.org/10.1186/s40409-015-0031-x
http://www.ncbi.nlm.nih.gov/pubmed/26257776
http://dx.doi.org/10.1016/j.neuint.2013.06.001
http://www.ncbi.nlm.nih.gov/pubmed/23747963
http://dx.doi.org/10.1007/s13744-015-0292-7
http://www.ncbi.nlm.nih.gov/pubmed/26045053
http://dx.doi.org/10.1016/j.toxicon.2014.10.021
http://www.ncbi.nlm.nih.gov/pubmed/25448389


Toxins 2017, 9, 5 11 of 13

23. Orivel, J.; Redeker, V.; le Caer, J.P.; Krier, F.; Revol-Junelles, A.M.; Longeon, A.; Chafotte, A.;
Dejean, A.; Rossier, J. Ponericins, new antibacterial and insecticidal peptides from the venom of the ant
Pachycondyla goeldii. J. Biol. Chem. 2001, 276, 17823–17829. [CrossRef] [PubMed]

24. Inagaki, H.; Akagi, M.; Imai, H.T.; Taylor, R.W.; Kubo, T. Molecular cloning and biological characterization of
novel antimicrobial peptides, pilosulin 3 and pilosulin 4, from a species of the Australian ant genus Myrmecia.
Arch. Biochem. Biophys. 2004, 428, 170–178. [CrossRef] [PubMed]

25. Cologna, C.T.; Cardoso, J.D.S.; Jourdan, E.; Degueldre, M.; Upert, G.; Gilles, N.; Uetanabaro, A.P.T.;
Costa Neto, E.M.; Thonart, P.; Pauw, E.; et al. Peptidomic comparison and characterization of the major
components of the venom of the giant ant Dinoponera quadriceps collected in four different areas of Brazil.
J. Proteom. 2013, 94, 413–422. [CrossRef] [PubMed]

26. Duval, A.; Malécot, C.O.; Pelhate, M.; Piek, T. Poneratoxin, a new toxin from an ant venom, reveals an
interconversion between two gating modes of the Na channels in frog skeletal muscle fibres. Pflugers Arch.
1992, 420, 239–247. [CrossRef] [PubMed]

27. Piek, T.; Duval, A.; Hue, B.; Karst, H.; Lapied, B.; Mantel, P.; Nakajima, T.; Pelhate, M.; Schmidt, J.O.
Poneratoxin, a novel peptide neurotoxin from the venom of the ant, Paraponera clavata. Comp. Biochem.
Physiol. C Pharmacol. Toxicol. Endocrinol. 1991, 99, 487–495. [CrossRef]

28. Szolajska, E.; Poznanski, J.; Ferber, M.L.; Michalik, J.; Gout, E.; Fender, P.; Bailly, I.; Dublet, B.; Chroboczeck, J.
Poneratoxin, a neurotoxin from ant venom. Structure and expression in insect cells and construction of a
bio-insecticide. Eur. J. Biochem. 2004, 271, 2127–2136. [CrossRef] [PubMed]

29. Hendrich, A.; Mozrzymas, J. The effect of poneratoxin on neuromuscular transmission in the rat diaphragm.
Cell. Mol. Biol. Lett. 2002, 7, 195–202. [PubMed]

30. Touchard, A.; Brust, A.; Cardoso, F.C.; Chin, Y.K.-Y.; Herzig, V.; Jin, A.-H.; Dejean, A.; Alewood, G.F.; King, J.;
Orivel, P. Isolation and characterization of a structurally unique β-hairpin venom peptide from the predatory
ant Anochetus emarginatus. Biochim. Biophys. Acta. 2016, 1860, 2553–2562. [CrossRef] [PubMed]

31. Zhao, R.; Zhang, X.-Y.; Yang, J.; Weng, C.-C.; Jiang, L.-L.; Zhang, J.-W.; Shu, X.-Q.; Ji, Y.-H. Anticonvulsant
effect of BmK IT2, a sodium channel-specific neurotoxin, in rat models of epilepsy. Br. J. Pharmacol. 2008, 154,
1116–1124. [CrossRef] [PubMed]

32. Zhao, R.; Weng, C.-C.; Feng, Q.; Chen, L.; Zhang, X.-Y.; Zhu, H.-Y.; Wang, Y.; Ji, Y.-H. Anticonvulsant
activity of BmK AS, a sodium channel site 4-specific modulator. Epilepsy Behav. 2011, 20, 267–276. [CrossRef]
[PubMed]

33. Armstrong, H.; Zhou, L.; Layer, R.; Nielson, J.; McCabe, R.T.; White, H.S. Anticonvulsant profile of
Conantokin-G: A Novel, broad spectrum NMDA antagonist. Epilepsia 1998, 39, 39–40.

34. Barton, M.E.; White, H.S. The effect of CGX-1007 and CI-1041, novel NMDA receptor antagonists, on kindling
acquisition and expression. Epilepsy Res. 2004, 59, 1–12. [CrossRef] [PubMed]

35. Jackson, H.C.; Scheideler, M.A. Behavioural and anticonvulsant effects of Ca2+ channel toxins in DBA/2
mice. Psychopharmacology 1996, 126, 85–90. [CrossRef] [PubMed]

36. Capasso, A.; Gallo, C. Anticonvulsant activity of new GABA prodrugs. Med. Chem. 2009, 5, 343–352.
[CrossRef] [PubMed]

37. Faggion, S.A.; Cunha, A.O.S.; Fachim, H.A.; Gavin, A.S.; dos Santos, W.F.; Pereira, A.M.S.; Beleboni, R.O.
Anticonvulsant profile of the alkaloids (+)-erythravine and (+)-11-α-hydroxy-erythravine isolated from the
flowers of Erythrina mulungu Mart ex Benth (Leguminosae-Papilionaceae). Epilepsy Behav. 2011, 20, 441–446.
[CrossRef] [PubMed]

38. Cunha, A.O.S.; Mortari, M.R.; Oliveira, L.; Carolino, R.O.G.; Coutinho-Netto, J.; dos Santos, W.F.
Anticonvulsant effects of the wasp Polybia ignobilis venom on chemically induced seizures and action
on GABA and glutamate receptors. Comp. Biochem. Physiol. C. Toxicol. Pharmacol. 2005, 141, 50–57. [CrossRef]
[PubMed]

39. Mussi-Ribeiro, A.; Miranda, A.; Gobbo-Netto, L.; Peporine Lopes, N.; dos Santos, W.F. A anticonvulsive
fraction from Scaptocosa raptoria (Araneae: Lycosidae) spider venom. Neurosci. Lett. 2004, 371, 171–175.
[CrossRef] [PubMed]

40. Smith, S.L.; Thompson, K.S.; Sargent, B.J.; Heal, D.J. A novel CNS drug with potential anticonvulsant,
neuroprotective, and antimigraine properties. CNS Drug Rev. 2001, 7, 146–171. [CrossRef] [PubMed]

http://dx.doi.org/10.1074/jbc.M100216200
http://www.ncbi.nlm.nih.gov/pubmed/11279030
http://dx.doi.org/10.1016/j.abb.2004.05.013
http://www.ncbi.nlm.nih.gov/pubmed/15246874
http://dx.doi.org/10.1016/j.jprot.2013.10.017
http://www.ncbi.nlm.nih.gov/pubmed/24157790
http://dx.doi.org/10.1007/BF00374453
http://www.ncbi.nlm.nih.gov/pubmed/1317947
http://dx.doi.org/10.1016/0742-8413(91)90276-Y
http://dx.doi.org/10.1111/j.1432-1033.2004.04128.x
http://www.ncbi.nlm.nih.gov/pubmed/15153103
http://www.ncbi.nlm.nih.gov/pubmed/12097919
http://dx.doi.org/10.1016/j.bbagen.2016.07.027
http://www.ncbi.nlm.nih.gov/pubmed/27474999
http://dx.doi.org/10.1038/bjp.2008.156
http://www.ncbi.nlm.nih.gov/pubmed/18587450
http://dx.doi.org/10.1016/j.yebeh.2010.12.006
http://www.ncbi.nlm.nih.gov/pubmed/21239233
http://dx.doi.org/10.1016/j.eplepsyres.2003.12.010
http://www.ncbi.nlm.nih.gov/pubmed/15135162
http://dx.doi.org/10.1007/BF02246415
http://www.ncbi.nlm.nih.gov/pubmed/8853221
http://dx.doi.org/10.2174/157340609788681548
http://www.ncbi.nlm.nih.gov/pubmed/19689391
http://dx.doi.org/10.1016/j.yebeh.2010.12.037
http://www.ncbi.nlm.nih.gov/pubmed/21277832
http://dx.doi.org/10.1016/j.cca.2005.05.004
http://www.ncbi.nlm.nih.gov/pubmed/15953769
http://dx.doi.org/10.1016/j.neulet.2004.08.064
http://www.ncbi.nlm.nih.gov/pubmed/15519751
http://dx.doi.org/10.1111/j.1527-3458.2001.tb00193.x
http://www.ncbi.nlm.nih.gov/pubmed/11474422


Toxins 2017, 9, 5 12 of 13

41. Pedersen, M.E.; Baldwin, R.A.; Niquet, J.; Stafford, G.I.; van Staden, J.; Wasterlain, C.G.; Jäger, K.A.
Anticonvulsant effects of Searsia dentata (Anacardiaceae) leaf extract in rats. Phytother. Res. 2009, 24,
924–927.

42. White, H.S.; McCabe, R.T.; Armstrong, H.; Donevan, S.D.; Cruz, L.J.; Abogadie, F.C.; Torres, J.; Rivier, J.E.;
Paarmann, I.; Hollmann, M.; et al. In vitro and in vivo characterization of conantokin-R, a selective NMDA
receptor antagonist isolated from the venom of the fish-hunting snail Conus radiates. J. Pharmacol. Exp. Ther.
2000, 292, 425–432. [PubMed]

43. Liberato, J.L.; Cunha, A.O.S.; Mortari, M.R.; Gelfuso, E.A.; Beleboni, R.O.; Coutinho-Netto, J.; dos Santos, W.F.
Anticonvulsant and anxiolytic activity of FrPbAII, a novel GABA uptake inhibitor isolated from the venom of
the social spider Parawixia bistriata (Araneidae: Araneae). Brain Res. 2006, 1124, 19–27. [CrossRef] [PubMed]

44. Fachim, H.A.; Cunha, A.O.S.; Pereira, A.C.; Beleboni, R.O.; Gobbo-Neto, L.; Lopes, N.P.; Coutinho-Netto, J.;
dos Santos, W.F. Neurobiological activity of Parawixin 10, a novel anticonvulsant compound isolated
from Parawixia bistriata spider venom (Araneidae: Araneae). Epilepsy Behav. 2011, 22, 158–164. [CrossRef]
[PubMed]

45. Sun, M.-Z.; Guo, C.; Tian, Y.; Chen, D.; Greenaway, F.T.; Liu, S. Biochemical, functional and structural
characterization of Akbu-LAAO: A novel snake venom l-amino acid oxidase from Agkistrodon blomhoffii
ussurensis. Biochimie 2010, 92, 343–349. [CrossRef] [PubMed]

46. Quintana, J.C.; Chacón, A.M.; Vargas, L.; Segura, C.; Gutiérrez, J.M.; Alarcón, J.C. Antiplasmodial effect of
the venom of Crotalus durissus cumanensis, crotoxin complex and Crotoxin B. Acta Trop. 2012, 124, 126–132.
[CrossRef] [PubMed]

47. Rocha-e-Silva, T.A.A.; Rostelato-Ferreira, S.; Leite, G.B.; da Silva, P.I.; Hyslop, S.; Rodrigues-Simioni, L.
VdTX-1, a reversible nicotinic receptor antagonist isolated from venom of the spider Vitalius dubius
(Theraphosidae). Toxicon 2013, 70, 135–141. [CrossRef] [PubMed]

48. Hoang, A.N.; Vo, H.D.M.; Vo, N.P.; Kudryashova, K.S.; Nekrasova, O.V.; Feofanov, A.V.; Kispichnikov, M.P.;
Andreeva, T.V.; Serebryakova, M.V.; Tsetlin, V.I.; et al. Vietnamese Heterometrus laoticus scorpion venom:
Evidence for analgesic and anti-inflammatory activity and isolation of new polypeptide toxin acting on
Kv1.3 potassium channel. Toxicon 2014, 77, 40–48. [CrossRef] [PubMed]

49. Samy, R.P.; Stiles, B.G.; Chinnathambi, A.; Zayed, M.E.; Alharbi, S.A.; Franco, O.L.; Rowan, E.G.; Kumar, A.P.;
Lim, L.H.K.; Sethi, G. Viperatoxin-II: A novel viper venom protein as an effective bactericidal agent. FEBS
Open Bio 2015, 5, 928–941. [CrossRef] [PubMed]

50. Olamendi-Portugal, T.; Bartok, A.; Zamudio-Zuñiga, F.; Balajthy, A.; Becerril, B.; Panyi, G.; Possani, L.D.
Isolation, chemical and functional characterization of several new K+-channel blocking peptides from the
venom of the scorpion Centruroides tecomanus. Toxicon 2016, 115, 1–12. [CrossRef] [PubMed]

51. Dos Anjos, L.C.; Gomes, F.M.M.; do Couto, L.L.; Mourão, C.A.; Moreira, K.G.; Silva, L.P.; Mortari, M.R.
Anxiolytic activity and evaluation of potentially adverse effects of a bradykinin-related peptide isolated
from a social wasp venom. Life Sci. 2016, 149, 153–159. [CrossRef] [PubMed]

52. Pan, J.; Hink, W.F. Isolation and characterization of myrmexins, six isoforms of venom proteins with
anti-inflammatory activity from the tropical ant, Pseudomyrmex triplarinus. Toxicon 2000, 38, 1403–1413.
[CrossRef]

53. Mendes, M.A.; Palma, M.S. Two new bradykinin-related peptides from the venom of the social wasp
Protopolybia exigua (Saussure). Peptides 2006, 27, 2632–2639. [CrossRef] [PubMed]

54. Turillazzi, S.; Mastrobuoni, G.; Dani, F.R.; Moneti, G.; Pieraccini, G.; Marca, G.; Bartolucci, G.; Perito, B.;
Lombardi, D.; Cavallini, V.; et al. Dominulin A and B: Two new antibacterial peptides identified on the
cuticle and in the venom of the social paper wasp Polistes dominulus using MALDI-TOF, MALDI-TOF/TOF,
and ESI-ion trap. J. Am. Soc. Mass Spectrom. 2006, 17, 376–383. [CrossRef] [PubMed]

55. Peng, K.; Kong, Y.; Zhai, L.; Wu, X.; Jia, P.; Liu, J.; Yu, H. Two novel antimicrobial peptides from centipede
venoms. Toxicon 2010, 55, 274–279. [CrossRef] [PubMed]

56. Picolo, G.; Hisada, M.; Moura, A.B.; Machado, M.F.M.; Sciani, J.M.; Conceição, I.M.; Melo, R.L.; Oliveira, V.;
Lima-Landman, M.T.R.; Cury, Y.; et al. Bradykinin-related peptides in the venom of the solitary wasp
Cyphononyx fulvognathus. Biochem. Pharmacol. 2010, 79, 478–486. [PubMed]

57. Ferreira, M.J.; Lima, C.; Lopes-Ferreira, M. Anti-inflammatory effect of Natterins, the major toxins from the
Thalassophryne nattereri fish venom is dependent on TLR4/MyD88/PI3K signaling pathway. Toxicon 2014, 87,
54–67. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/10604979
http://dx.doi.org/10.1016/j.brainres.2006.09.052
http://www.ncbi.nlm.nih.gov/pubmed/17094952
http://dx.doi.org/10.1016/j.yebeh.2011.05.008
http://www.ncbi.nlm.nih.gov/pubmed/21763206
http://dx.doi.org/10.1016/j.biochi.2010.01.013
http://www.ncbi.nlm.nih.gov/pubmed/20100538
http://dx.doi.org/10.1016/j.actatropica.2012.07.003
http://www.ncbi.nlm.nih.gov/pubmed/22884508
http://dx.doi.org/10.1016/j.toxicon.2013.04.020
http://www.ncbi.nlm.nih.gov/pubmed/23668938
http://dx.doi.org/10.1016/j.toxicon.2013.10.027
http://www.ncbi.nlm.nih.gov/pubmed/24189292
http://dx.doi.org/10.1016/j.fob.2015.10.004
http://www.ncbi.nlm.nih.gov/pubmed/26793432
http://dx.doi.org/10.1016/j.toxicon.2016.02.017
http://www.ncbi.nlm.nih.gov/pubmed/26921461
http://dx.doi.org/10.1016/j.lfs.2016.02.063
http://www.ncbi.nlm.nih.gov/pubmed/26898126
http://dx.doi.org/10.1016/S0041-0101(99)00233-0
http://dx.doi.org/10.1016/j.peptides.2006.05.018
http://www.ncbi.nlm.nih.gov/pubmed/16815592
http://dx.doi.org/10.1016/j.jasms.2005.11.017
http://www.ncbi.nlm.nih.gov/pubmed/16446098
http://dx.doi.org/10.1016/j.toxicon.2009.07.040
http://www.ncbi.nlm.nih.gov/pubmed/19716842
http://www.ncbi.nlm.nih.gov/pubmed/19716363
http://dx.doi.org/10.1016/j.toxicon.2014.05.014
http://www.ncbi.nlm.nih.gov/pubmed/24882373


Toxins 2017, 9, 5 13 of 13

58. Vulfius, C.A.; Spirova, E.N.; Serebryakova, M.V.; Shelukhina, I.V.; Kudryavtsev, D.S.; Kryukova, U.V.;
Starkov, V.G.; Kopylova, N.V.; Zhmak, M.N.; Ivanov, I.A.; et al. Peptides from puff adder Bitis arietans venom,
novel inhibitors of nicotinic acetylcholine receptors. Toxicon 2016, 121, 70–76. [CrossRef] [PubMed]

59. Kwan, P.; Sills, G.J.; Brodie, M.J. The mechanisms of action of commonly used antiepileptic drugs.
Pharmacol. Ther. 2001, 90, 21–34. [CrossRef]

60. Gasior, M.; White, N.A.; Rogawski, M.A. Prolonged attenuation of amygdala-kindled seizure measures in
rats by convection-enhanced delivery of the N-type calcium channel antagonists omega-conotoxin GVIA
and omega-conotoxin MVIIA. J. Pharmacol. Exp. Ther. 2007, 323, 458–468. [CrossRef] [PubMed]

61. Macdonald, R.L.; Kelly, K.M. Antiepileptic drug mechanisms of action. Epilepsia 1995, 36, S2–S12. [CrossRef]
[PubMed]

62. Dalby, N.O. GABA-level increasing and anticonvulsant effects of three different GABA uptake inhibitors.
Neuropharmacology 2000, 39, 2399–2407. [CrossRef]

63. Duncan, J.S.; Sander, J.W.; Sisodiya, S.M.; Walker, M.C. Adult epilepsy. Lance 2006, 367, 1087–1100. [CrossRef]
64. Rogawski, M.A. Diverse mechanisms of antiepileptic drugs in the development pipeline. Epilepsy Res. 2006,

69, 273–294. [CrossRef] [PubMed]
65. Beleboni, R.O.; Guizzo, R.; Fontana, A.C.K.; Pizzo, A.B.; Carolino, R.O.G.; Gobbo-Neto, L.; Lopes, N.P.;

Coutinho-Netto, J.; dos Santos, W.F. Neurochemical characterization of a neuroprotective compound from
Parawixia bistriata spider venom that inhibits synaptosomal uptake of GABA and glycine. Mol. Pharmacol.
2006, 69, 1998–2006. [CrossRef] [PubMed]

66. Sousa, P.L.; Quinet, Y.; Ponte, E.L.; do Vale, J.F.; Torres, A.F.C.; Pereira, M.G.; Assreuy, A.M.S. Venom’s
antinociceptive property in the primitive ant Dinoponera quadriceps. J. Ethnopharmacol. 2012, 144, 8–11.
[CrossRef] [PubMed]

67. Lima, D.B.; Torres, A.F.C.; Mello, C.P.; de Menezes, R.R.; Sampaio, T.L.; Canuto, J.A.; da Silva, J.A.A.;
Freire, V.N.; Quinet, Y.P.; Havt, A.; et al. Antimicrobial effect of Dinoponera quadriceps (Hymenoptera:
Formicidae) venom against Staphylococcus aureus strains. J. Appl. Microbiol. 2014, 117, 390–396. [CrossRef]
[PubMed]

68. Lima, D.B.; Sousa, P.L.; Torres, A.F.C.; Rodrigues, K.A.F.; Mello, C.P.; de Menezes, R.R.P.P.B.; Tessarolo, L.D.;
Quinet, Y.P.; de Oliveira, M.R.; Martins, A.M.C. Antiparasitic effect of Dinoponera quadriceps giant ant venom.
Toxicon 2016, 120, 128–132. [CrossRef] [PubMed]

69. Madeira, J.C.; Quinet, Y.P.; Nonato, D.T.T.; Sousa, P.L.; Chaves, E.M.C.; Honório Júnior, J.E.R.; Pereira, M.G.;
Assreuy, A.M.S. Novel Pharmacological Properties of Dinoponera quadriceps Giant Ant Venom. Nat. Prod.
Commun. 2015, 10, 1607–1609.

70. Sousa, P.L.; Quinet, Y.P.; Brizeno, L.A.C.; Sampaio, T.L.; Torres, A.F.C.; Martins, A.M.C.; Assreuy, A.M.S.
The acute inflammatory response induced in mice by the venom of the giant ant Dinoponera quadriceps
involves macrophage and interleukin-1β. Toxicon 2016, 117, 22–29. [CrossRef] [PubMed]

71. Torres, A.F.C.; Huang, C.; Chong, C.-M.; Leung, S.W.; Prieto-da-Silva, A.R.B.; Leung, S.W.;
Prieto-da-Silva, A.R.B.; Havt, A.; Quinet, Y.P.; Martins, A.M.C.; et al. Transcriptome analysis in venom
gland of the predatory giant ant Dinoponera quadriceps: Insights into the polypeptide toxin arsenal of
hymenopterans. PLoS ONE 2014, 9, e87556. [CrossRef] [PubMed]

72. Paxinos, G.; Franklin, K. The Mouse Brain in Stereotaxic Coordenates, 3th ed.; Elsevier Academic Press:
San Diego, CA, USA, 2008.

73. Racine, R.J. Modification of seizure activity by electrical stimulation: II. Motor seizure. Electroencephalogr.
Clin. Neurophysiol. 1972, 32, 281–294. [CrossRef]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.toxicon.2016.08.020
http://www.ncbi.nlm.nih.gov/pubmed/27576061
http://dx.doi.org/10.1016/S0163-7258(01)00122-X
http://dx.doi.org/10.1124/jpet.107.125047
http://www.ncbi.nlm.nih.gov/pubmed/17717191
http://dx.doi.org/10.1111/j.1528-1157.1995.tb05996.x
http://www.ncbi.nlm.nih.gov/pubmed/8784210
http://dx.doi.org/10.1016/S0028-3908(00)00075-7
http://dx.doi.org/10.1016/S0140-6736(06)68477-8
http://dx.doi.org/10.1016/j.eplepsyres.2006.02.004
http://www.ncbi.nlm.nih.gov/pubmed/16621450
http://dx.doi.org/10.1124/mol.105.017319
http://www.ncbi.nlm.nih.gov/pubmed/16551783
http://dx.doi.org/10.1016/j.jep.2012.08.033
http://www.ncbi.nlm.nih.gov/pubmed/22960549
http://dx.doi.org/10.1111/jam.12548
http://www.ncbi.nlm.nih.gov/pubmed/24848589
http://dx.doi.org/10.1016/j.toxicon.2016.08.008
http://www.ncbi.nlm.nih.gov/pubmed/27530664
http://dx.doi.org/10.1016/j.toxicon.2016.03.009
http://www.ncbi.nlm.nih.gov/pubmed/27018043
http://dx.doi.org/10.1371/journal.pone.0087556
http://www.ncbi.nlm.nih.gov/pubmed/24498135
http://dx.doi.org/10.1016/0013-4694(72)90177-0
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	HPLC Fractionation and Mass Spectra 
	Primary Behavioral Screening 
	Anticonvulsant Assay 

	Discussion 
	Material and Methods 
	Ant Collection 
	Fractionation and Mass Spectrometry Analysis 
	Animals 
	Surgery 
	General Procedures 
	Behavioral Analysis 
	Verification of the Injection Site 
	Statistical Analysis 


