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Abstract: The existing literature offers limited experimental evidence on the role of bo-
tulinum neurotoxin type E (BoNT-E) in pain transmission. The present study investigated
the antinociceptive effects of subcutaneously administered BoNT-E in chronic orofacial
pain conditions. This study used orofacial formalin-induced pronociceptive behavior and
complete Freund’s adjuvant (CFA)-induced thermal hyperalgesia as inflammatory pain
models in male Sprague Dawley rats. A neuropathic pain model was also developed by
causing an injury to the inferior alveolar nerve. Subcutaneously administered BoNT-E
(6, 10 units/kg) significantly reduced nociceptive behavior during the second phase of
the formalin test compared to that of the vehicle treatment. These doses similarly allevi-
ated thermal hypersensitivity in the CFA-treated rats. Moreover, BoNT-E (6, 10 units/kg)
markedly attenuated mechanical allodynia in rats with an inferior alveolar nerve injury.
At a dose of 10 units/kg, BoNT-E produced antinociceptive effects that became evident
8 h post-injection and persisted for 48 h. Notably, BoNT-E (10 units/kg) significantly
reduced the number of c-fos-immunostained neurons in the trigeminal subnucleus caudalis
of rats with an inferior alveolar nerve injury. In comparison, intraperitoneally administered
gabapentin (30, 100 mg/kg) demonstrated significant mechanical anti-allodynic effects
but exhibited lower analgesic efficacy than that of BoNT-E. These findings highlight the
potential of BoNT-E as a therapeutic agent for chronic pain management.

Keywords: botulinum toxin type E; antinociception; formalin; complete Freund’s adjuvant;
trigeminal neuropathic pain

Key Contribution: The present study revealed that the subcutaneous administration of
BoNT-E alleviated inflammatory and neuropathic mechanical allodynia. These findings
suggest that BoNT-E holds potential as a therapeutic option for managing chronic pain in
the future.

1. Introduction
Botulinum neurotoxins (BoNTs), produced by the anaerobic bacterium Clostridium

botulinum, is an exceptionally potent neurotoxic protein comprising heavy and light chains
that are interconnected by disulfide bonds [1–4]. BoNTs are primarily known for their ability
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to inhibit acetylcholine release by disrupting the soluble N-ethylmaleimide-sensitive factor
attachment receptor (SNARE) protein complex at peripheral motor nerve terminals [4,5].
There are seven principal types of BoNTs, classified as types A through G, with types A, B,
and E serving as the primary etiological agents of botulism in humans [3,6,7].

Recently, BoNT type A (BoNT-A) has been widely used in aesthetics and therapeutic
fields, leveraging its toxic properties for beneficial outcomes [8,9]. While the primary
mechanism of BoNT-A involves the blockade of acetylcholine release at the neuromuscular
junction, resulting in muscle paralysis, numerous experimental studies have indicated
its efficacy in managing chronic persistent pain. BoNT-A has shown effectiveness in
alleviating inflammatory pain induced by carrageenan [10], formalin [11,12], and complete
Freund’s adjuvant (CFA) [12]. Furthermore, BoNT-A has been demonstrated to reduce
neuropathic pain resulting from a partial sciatic nerve transection [13], spinal nerve ligation
at L5/L6 [14], chronic sciatic nerve constriction [15], inferior alveolar nerve injury [16], and
trigeminal nerve root compression [17].

BoNT type E (BoNT-E) inhibits SNARE-mediated synaptic vesicle fusion by cleaving
synaptosomal-associated protein 25 (SNAP-25) [4,18,19]. Several studies have demon-
strated that BoNT-E exhibits long-term neuroprotective properties, including reducing the
loss of hippocampal pyramidal neurons in experimental stroke models [20]. Furthermore,
BoNT-E has been shown to decrease the chronic seizure frequency in a mouse epilepsy
model by inhibiting glutamate release and suppressing pyramidal neuron spiking activ-
ity [21,22]. These findings suggest that the hippocampal administration of BoNT-E might
provide therapeutic benefits, offering antidotal and antiepileptogenic effects in experimen-
tal epilepsy models [23]. A recent clinical trial suggested that a single dose of BoNT-E
produced modest improvements in itch and pain conditions following excisional repairs on
the forehead compared to a placebo [24]. Although a previous study in humans reported
that BoNT-E attenuates pain, there is limited experimental evidence in laboratory animals
concerning its role in pain transmission. Therefore, the precise role of BoNT-E in pain
transmission must be clarified.

This study investigated the antinociceptive effects of subcutaneously administered
BoNT-E in orofacial inflammatory pain models. Behavioral responses were elicited via
formalin and CFA injections into the facial region to induce inflammatory pain in rats.
Additionally, the impact of BoNT-E on mechanical allodynia was assessed in rats with
inferior alveolar nerve injuries. To confirm the antinociceptive effects of BoNT-E, changes
in c-fos expression within the trigeminal subnucleus caudalis were evaluated following
subcutaneous BoNT-E administration.

2. Results
2.1. Changes in Motor Performance and Body Weights

The present study evaluated motor impairment following the subcutaneous injection
of BoNT-E in the hind leg. The administration of BoNT-E (10 units/kg) resulted in a
latency time of 98 ± 17 s, which did not differ significantly from that of the vehicle injection
(84 ± 15 s), as demonstrated by the normal performance in the rotarod test. Additionally,
this study assessed changes in body weight following BoNT-E injection in rats with an
inferior alveolar nerve injury. BoNT-E administration did not significantly affect body
weight compared to the vehicle treatment (Figure 1).
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Figure 1. Changes in animal body weight following inferior alveolar nerve injury. BoNT-E was 
administered on post-operative day 3 (POD 3). The administration of BoNT-E did not significantly 
affect body weight compared to the vehicle treatment. 
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The effects of BoNT-E on the orofacial pronociceptive responses induced by formalin 
are illustrated in Figure 2. The subcutaneous administration of 5% formalin (30 µL) 
triggered pronounced pronociceptive behaviors. However, BoNT-E that was 
administered subcutaneously at doses of 6 and 10 units/kg significantly attenuated these 
formalin-induced pronociceptive behaviors compared those of to the vehicle treatment 
group (F(2,18) = 355.926, p < 0.05). Additionally, this study examined the influence of BoNT-
E on the biphasic nociceptive response elicited by formalin. BoNT-E administration (6, 10 
units/kg) significantly reduced nociceptive scratching behavior during the second phase 
compared to that of the vehicle treatment (p < 0.05). 

 

Figure 2. Changes in formalin-induced nociceptive behavior after botulinum neurotoxin type E 
(BoNT-E) treatment. Administration of 5% formalin resulted in biphasic nociceptive behavior. 
Subcutaneous pretreatment with BoNT-E (6, 10 units/kg) 8 h prior to injecting 5% formalin 
significantly reduced nociceptive behavior during the second phase. Each group comprised seven 
animals. * p < 0.05, BoNT-E-treated vs. vehicle-treated group. 

Figure 1. Changes in animal body weight following inferior alveolar nerve injury. BoNT-E was
administered on post-operative day 3 (POD 3). The administration of BoNT-E did not significantly
affect body weight compared to the vehicle treatment.

2.2. Subcutaneously Injected BoNT-E-Attenuated Formalin-Induced Nociceptive Behavior

The effects of BoNT-E on the orofacial pronociceptive responses induced by formalin
are illustrated in Figure 2. The subcutaneous administration of 5% formalin (30 µL) trig-
gered pronounced pronociceptive behaviors. However, BoNT-E that was administered
subcutaneously at doses of 6 and 10 units/kg significantly attenuated these formalin-
induced pronociceptive behaviors compared those of to the vehicle treatment group (F(2,18)

= 355.926, p < 0.05). Additionally, this study examined the influence of BoNT-E on the
biphasic nociceptive response elicited by formalin. BoNT-E administration (6, 10 units/kg)
significantly reduced nociceptive scratching behavior during the second phase compared
to that of the vehicle treatment (p < 0.05).
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Figure 2. Changes in formalin-induced nociceptive behavior after botulinum neurotoxin type E
(BoNT-E) treatment. Administration of 5% formalin resulted in biphasic nociceptive behavior. Subcu-
taneous pretreatment with BoNT-E (6, 10 units/kg) 8 h prior to injecting 5% formalin significantly
reduced nociceptive behavior during the second phase. Each group comprised seven animals.
* p < 0.05, BoNT-E-treated vs. vehicle-treated group.



Toxins 2025, 17, 130 4 of 14

2.3. Subcutaneously Injected BoNT-E-Attenuated CFA-Induced Thermal Hyperalgesia

Figure 3 illustrates the antinociceptive effects of BoNT-E on thermal hyperalgesia
induced by CFA injection in the orofacial region. Three days after the CFA injection,
the subcutaneous administration of BoNT-E at doses of 6 or 10 units/kg significantly
increased the head withdrawal latency in CFA-treated rats (F(2,18) = 3.241, p < 0.05). The
antinociceptive effects were detectable 8 h post-injection and persisted for 24 h following
the 10 units/kg of BoNT-E injection. In contrast, the subcutaneous vehicle injection did not
elicit any significant changes in the head withdrawal latency in the CFA-treated rats.
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Figure 3. Changes in head withdrawal latency following subcutaneously administered botulinum
neurotoxin type E (BoNT-E) in rats treated with complete Freund’s adjuvant (CFA). Subcutaneous
injection of CFA induced thermal hyperalgesia within 1 day after injection, which persisted for
10 days. BoNT-E treatment (6, 10 units/kg) at 3 days significantly alleviated thermal hyperalgesia.
Each group comprised seven animals. * p < 0.05, BoNT-E-treated vs. vehicle-treated group.

2.4. Subcutaneously Injected BoNT-E-Attenuated Neuropathic Mechanical Allodynia

Figure 4 depicts the effects of BoNT-E on mechanical allodynia following an injury
to the inferior alveolar nerve. This study confirmed that an inferior alveolar nerve in-
jury caused significant neuropathic mechanical allodynia. On POD 3, the subcutaneous
administration of BoNT-E (6, 10 units/kg) produced significant anti-allodynic effects
(F(2,16) = 57.937, p < 0.05). The effects became evident after 48 h; no further effects were
observed. The duration should be less than 48 h following a 10 units/kg injection of
BoNT-E. Figure 5 illustrates the antinociceptive effects of gabapentin in rats with an inferior
alveolar nerve injury. On POD 5, intraperitoneally injected gabapentin at doses of 30 or
100 mg/kg significantly alleviated neuropathic mechanical allodynia compared to that
of the vehicle-treated group (F(2,18) = 173.2, p < 0.05). The anti-allodynic effects of the
100 mg/kg dose were sustained for over 6 h but diminished by 24 h post-injection.
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Figure 5. Effects of subcutaneously administered gabapentin on mechanical allodynia in rats
with trigeminal neuropathic pain. Vehicle treatment did not alter air-puff thresholds. On POD
5, gabapentin treatment (30, 100 mg/kg) significantly alleviated mechanical allodynia compared to
that of the vehicle-treated group, with the anti-allodynic effects lasting up to 8 h after a 100 mg/kg
injection of gabapentin. Each group comprised seven animals. * p < 0.05, gabapentin-treated vs.
vehicle-treated group.
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2.5. Subcutaneously Injected BoNT-E-Attenuated c-fos Expression in the Trigeminal
Subnucleus Caudalis

Figure 6 illustrates the effects of subcutaneously administered BoNT-E on c-fos expres-
sion in rats with an inferior alveolar nerve injury. An injury to the inferior alveolar nerve
resulted in a significant upregulated number of c-fos-immunoreactive neurons evoked by air-
puff stimulation in the trigeminal subnucleus caudalis compared to that of the sham-treated
group. Notably, most c-fos-positive neurons were localized in the superficial layers (laminae
I–II) of the trigeminal subnucleus caudalis. The subcutaneous administration of BoNT-E at a
dosage of 10 units/kg significantly decreased the number of c-fos-immunoreactive neurons
evoked by air-puff stimulation in rats with an inferior alveolar nerve injury (p < 0.05).
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Figure 6. Effects of subcutaneously administered botulinum neurotoxin type E (BoNT-E) on c-fos
expression. The c-fos immunostainings were conducted 5 days post-operation in the ipsilateral
trigeminal subnucleus caudalis. (A) c-Fos-immunoreactive neurons in sham-operated rats. (B) c-
Fos-immunoreactive neurons following vehicle treatment in rats with inferior alveolar nerve injury.
(C) c-Fos-immunoreactive neurons following BoNT-E treatment (10 units/kg) in rats with inferior
alveolar nerve injury. (D) Histograms illustrate the mean number of c-fos-immunostained neurons.
Injury to the inferior alveolar nerve significantly upregulated the number of c-fos-immunoreactive
neurons compared to that of the sham-operated rats, while BoNT-E treatment significantly reduced
c-fos-immunopositive neurons compared to those of vehicle-treated rats. Each group comprised six
animals. Scale bar: 50 µm. * p < 0.05, sham-treated vs. vehicle-treated group; # p < 0.05, vehicle-treated
vs. BoNT-E-treated group.

3. Discussions
This study demonstrates the antinociceptive effects of BoNT-E. The subcutaneous

administration of BoNT-E significantly reduced formalin-induced nociceptive behaviors
and CFA-induced thermal hyperalgesia. Furthermore, BoNT-E effectively alleviated the
neuropathic mechanical allodynia associated with an inferior alveolar nerve injury. No-
tably, BoNT-E treatment also suppressed c-fos expression in the trigeminal subnucleus
caudalis, which was induced by air-puff stimulation in rats with an inferior alveolar nerve
injury. Importantly, the analgesic efficacy of BoNT-E was of a longer duration than that



Toxins 2025, 17, 130 7 of 14

of gabapentin. These findings highlight the potential of BoNT-E as a novel therapeutic
approach to treating chronic pain conditions.

BoNTs are well-documented blockers of acetylcholine release at the neuromuscular
junction, achieved through the cleavage of the SNARE complex [4,5]. BoNTs have gained
prominence in both therapeutic and aesthetic applications, particularly in pain management
by leveraging their neurotoxic properties. Previous experimental studies have suggested
that BoNT-A might play a role in modulating chronic inflammatory pain. For instance, the
subplantar administration of BoNT-A in a rat hind paw was shown to reduce carrageenan-
induced mechanical hyperalgesia [10]. Additionally, subcutaneous BoNT-A injections
inhibited the nociceptive behavior in rats with formalin [11] and CFA [12] treatment. These
findings suggest that while BoNT-A primarily blocks acetylcholine release, it might also
exert modulatory effects on chronic inflammatory pain. Recent clinical studies have begun
to explore the potential role of BoNT-E in pain transmission. A single injection of BoNT-
E significantly alleviated itch and pain symptoms in patients following excisions with
linear repairs on the forehead, outperforming a placebo group [24]. These experimental
results suggest that BoNT-E can control pain similarly to BoNT-A. However, experimental
evidence on the efficacy of BoNT-E in chronic pain, including inflammatory pain, remains
limited. The present study provides evidence that subcutaneously administered BoNT-E
significantly inhibited formalin-induced nociceptive behaviors and CFA-induced thermal
hyperalgesia. These findings suggest that BoNT-E holds promise as a therapeutic agent for
managing chronic inflammatory pain.

Previous studies have also demonstrated the pivotal role of BoNT-A in modulating
neuropathic pain. Specifically, peripherally administered BoNT-A has been shown to
significantly reduce mechanical and thermal hypersensitivity following a partial sciatic
nerve transection [13] and L5/6 spinal nerve ligation [14] in rats. Additionally, clinical
studies have reported that peripheral BoNT-A administration significantly reduces me-
chanical allodynia in patients with neuropathic pain [15]. These findings underscore the
therapeutic potential of BoNT-A as a promising candidate for developing novel treatments
for neuropathic pain. However, there is limited experimental evidence regarding the effects
of BoNT-E on neuropathic pain. The present study demonstrates that the subcutaneous
administration of BoNT-E significantly inhibits neuropathic mechanical allodynia induced
by an inferior alveolar nerve injury. These results indicate that BoNT-E might be a viable
therapeutic option for managing neuropathic pain, highlighting its potential as a novel
treatment approach for this condition.

In this study, we report for the first time that BoNT-E exhibits analgesic effects in
various pain conditions. The concentration of BoNT-E used in this study was determined
based on the experimental results of BoNT-A, which demonstrated an analgesic effect in
previous experiments [16,17]. Although not presented in this study, it was noted that one
unit of BoNT-E did not produce an analgesic effect. Consequently, the concentrations of 6
and 10 units used in this study were considered appropriate, as they exhibited analgesic
effects in experimental animals. In the current study, the administration of 6 or 10 units
of BoNT-E, which alleviates pain, did not result in any motor dysfunction when injected
subcutaneously into the hind leg. Furthermore, no changes in body weight were observed
over time. However, results from animal studies may not be directly applicable to humans,
which represents a limitation of this type of research. Nevertheless, the findings of this
study provide evidence suggesting that BoNT-E has an analgesic effect, and further clinical
trials are necessary to validate this conclusion.

The present study demonstrated that the analgesic effect lasts for approximately 48 h
following a single injection. These effects closely resemble the analgesic effect of BoNT-A,
which has been documented in numerous studies [10–15]. Furthermore, this study explores
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the antinociceptive effects of BoNT-E by evaluating c-fos expression in the trigeminal sub-
nucleus caudalis of rats with an inferior alveolar nerve injury. The injury led to a marked
increase in c-fos-immunoreactive neurons within the trigeminal subnucleus caudalis. The
subcutaneous administration of BoNT-E significantly attenuated the upregulation of c-fos
expression triggered by air-puff stimulation. These results indicate that BoNT-E allevi-
ates pain, as c-fos is commonly used as a marker for pain [25]. These findings align with
the behavioral antinociceptive effects of BoNT-E, providing corroborative immunohisto-
chemical evidence. Gabapentin remains the most commonly prescribed pharmacological
agent for managing neuropathic pain [26]. In this study, the antinociceptive effects of
intraperitoneally administered gabapentin (30, 100 mg/kg) were evaluated on POD 5 in
rats with an inferior alveolar nerve injury. While gabapentin significantly alleviated neu-
ropathic pain, its analgesic effects dissipated within 24 h post-administration. In contrast,
the antinociceptive effects of BoNT-E persisted beyond 24 h. Since the results of this study
were obtained from experimental animals, there are limitations in directly applying these
findings to humans. Despite these limitations, these findings suggest that, compared to
gabapentin, BoNT-E offers prolonged analgesic effects and holds significant promise as a
novel therapeutic option for neuropathic pain management.

Previous studies have demonstrated that the administration of BoNT-E consistently
mitigates the loss of pyramidal neurons in the hippocampus following focal brain ischemia,
highlighting its neuroprotective effects through the inhibition of synaptic transmitter re-
lease [20]. Furthermore, BoNT-E has been shown to significantly decrease seizure incidence
in a mouse model of mesial temporal lobe epilepsy by inhibiting specific morphological
alterations, including the blockade of glutamate release and suppression of spike activity
in pyramidal neurons [21,22]. These findings suggest that BoNT-E administration in the
hippocampus might serve as a promising anti-seizure and antiepileptogenic intervention
for epilepsy [23]. Despite these advancements, direct experimental evidence regarding the
role of BoNT-E in pain management remains limited, and the fundamental mechanisms
underlying its analgesic effects are largely unexplored. Structural studies using biophysical
techniques, such as X-ray crystallography, have elucidated the receptor specificity of BoNT-
E [3,27], supporting its ability to block vesicle fusion by cleaving SNAP-25 [18,19,28]. This
raises the possibility that BoNT-E exerts its analgesic effect by modulating pain through
a mechanism that inhibits SNAP-25. Previous studies have indicated that cultured rat
sensory neurons exhibit resistance to the effects of BoNT-E, suggesting that the analgesic
effects of BoNT-E may be mediated by mechanisms other than a direct action on sensory
neurons [29]. These findings raise the possibility that BoNT-E-induced pain suppression
does not primarily involve sensory neurons. In contrast, the present study demonstrated
that the subcutaneous injection of BoNT-E did not cause motor dysfunction, as evidenced
by the normal performance in the rotarod test. This lack of motor impairment suggests that
BoNT-E was active but did not affect motor neurons under these conditions. Therefore, the
discrepancies between studies are likely due to the differences in experimental method-
ologies, implying that alternative mechanisms may contribute to the analgesic effects of
BoNT-E.

Recent studies have indicated that BoNT-A alleviates neuropathic mechanical allody-
nia by blocking voltage-dependent sodium channels [16] and mitigates trigeminal neuralgia
by inhibiting the nucleotide-binding domain, leucine-rich repeat-containing protein (NLRP)
3-cytokine pathway within the trigeminal ganglion [17]. The analgesic effects of BoNT-A
are believed to involve the inhibition of noncholinergic neurotransmitters, such as sub-
stance P, calcitonin gene-related peptide (CGRP), and glutamate, which play a role in
neurogenic inflammation and sensitization [30–32]. Furthermore, a recent study demon-
strated that BoNT-A is involved in neuroimmune pathways related to the pathogenesis of
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psoriasis by inhibiting the release of neuropeptides, including substance P and CGRP [33].
These experimental results suggest that multiple alternative mechanisms may contribute to
the analgesic effects of BoNT-E. Therefore, further experimental studies are warranted to
explore the underlying mechanisms of the antinociceptive effects of BoNT-E.

4. Conclusions
The subcutaneous administration of BoNT-E reduced formalin-induced pronocicep-

tive behavior and CFA-induced thermal hyperalgesia. Additionally, BoNT-E alleviated the
neuropathic mechanical allodynia and suppressed c-fos expression associated with an infe-
rior alveolar nerve injury. Furthermore, the analgesic effect of BoNT-E was demonstrated to
be sufficiently effective to replace the effects of gabapentin under the current experimental
conditions. These findings suggest that BoNT-E holds significant potential as a therapeutic
option for managing chronic pain in the future.

5. Materials and Methods
5.1. Animals

The present study used a total of 102 male Sprague Dawley rats weighing approx-
imately 220–240 g. The rats were maintained under a controlled environment with a
constant temperature, a 12 h light/dark cycle, and ad libitum access to food and water.
All experimental procedures received approval from the Animal Care and Use Committee
at Kyungpook National University (approval code: KNU 2023-0050) and adhered to the
ethical guidelines for pain research in conscious animals established by the International
Association for the Study of Pain [34]. Prior to the initiation of the experiment, the animals
were acclimated to the testing environment for a minimum of 30 min, and all behavioral
assessments were conducted between 09:00 and 18:00. The experiments and data analysis
were conducted in a blinded manner. Blinding included distinguishing between control and
drug-treated groups, conducting evaluations based on drug concentration, and analyzing
the experimental results.

5.2. Animal Models of Orofacial Pain

Orofacial formalin responses: The formalin test was conducted to assess the inflamma-
tory pain response in the facial region of the experimental rats [35,36]. In this procedure,
a 5% formalin solution (30 µL) was subcutaneously administered into the vibrissa pad.
Nociceptive behaviors, such as scratching or rubbing near the injection site, were monitored
at 5 min intervals over a 60 min period. The orofacial formalin response displayed two
distinct phases separated by an inactive period. The first phase (0–10 min) comprised an
initial brief response, followed by an interval of reduced activity, leading to the second
phase (10–60 min), characterized by sustained and prolonged nociceptive behavior [37,38].

CFA-induced thermal hyperalgesia: Chronic inflammation was induced by subcuta-
neously injecting 40 µL of CFA (Sigma–Aldrich, St. Louis, MO, USA) into the left vibrissa
pad. To assess heat hyperalgesia, the experimental rats were acclimatized to a custom-
designed acrylic restraint device (40–60 mm in height, 70–120 mm in length) equipped
with an opening at the top to facilitate thermal stimulation and measure head withdrawal
latency. The device was placed in a dark, soundproof room, and the animals were allowed
to acclimate to the experimental conditions for at least 30 min before testing. After heat
application, head withdrawal latency was recorded as previously described in the liter-
ature [39,40]. The application of thermal stimulation was conducted using an infrared
thermal stimulator (infrared diode laser, LVI-808-10, LVI Tech, Seoul, Republic of Korea),
calibrated to 11 W and 18.1 A. This intensity produced a latency of approximately 12 s
when measured at a distance of 10 cm from the heat source to the vibrissa pad. Head
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withdrawal latency was recorded twice in 5 min intervals, with stimulation discontinued if
latency exceeded 20 s to prevent tissue damage.

Trigeminal neuropathic pain: Animals were anesthetized using a combination of
ketamine (40 mg/kg) and xylazine (4 mg/kg) solution. The left mandibular second molars
were extracted under anesthesia, and mini-dental implants (1 mm in diameter, 4 mm
in length; Megagen, Gyeongsan, Korea) were inserted to induce intentional damage to
the inferior alveolar nerve [41,42]. A control group was established in which teeth were
extracted without implant placement. Pain behavioral responses were evaluated using a
series of 10 consecutive air-puff stimuli, each lasting 4 s, with a 10 s interval between stimuli,
as previously described [41,43,44]. The parameters of the air-puff stimulus, including the
pressure intensity, duration, and interval, were precisely controlled using a Pico-Injector
(Harvard Apparatus, Holliston, MA, USA). The air puff was directed at specific facial areas,
including the lower jaw, corners of the mouth, and whisker pad regions, through a 26-gauge
metal tube (10 cm in length) positioned 1 cm from the face at a 90◦ angle. This setup allowed
for the accurate identification of the most sensitive sites. Mechanical allodynia was assessed
based on animals’ painful behavioral responses to 50% of the air-puff stimuli. The cut-off
pressure for the air stimulus was set at 40 psi, consistent with previous studies [45,46].
Notably, naïve rats did not exhibit escape responses at pressures below this threshold. Only
data from rats confirmed to have inferior alveolar nerve damage due to improper implant
placement were included in the final analysis.

5.3. Immunohistochemical Staining of c-fos

On POD 5, animals received air-puff stimulation at an intensity of 40 psi in 10 s on/off
intervals for 10 min. Three hours after the air-puff stimulation, rats were anesthetized using
a consistent anesthetic protocol and subsequently underwent transcardial perfusion with
normal saline, followed by 4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4).
A block of the caudal medulla area was dissected and subsequently post-fixed in the same
solution for a duration of 2 h at a temperature of 4 ◦C. The tissue specimens were immersed
overnight at 4 ◦C in 30% sucrose solution prepared in 0.1 M PB. Immunohistochemical stain-
ing was performed using the diaminobenzidine (DAB) method [46]. Tissue sections were
cut into 30 µm slices using a freezing microtome (SM2000R, Leica, Wetzlar, Germany). The
series of free-floating sections were rinsed in phosphate-buffered saline (PBS) and treated
with 2.5% normal horse serum (Vector Laboratories, Newark, CA, USA) for a duration of
2 h. The tissue sections were incubated overnight at 4 ◦C with a rabbit polyclonal anti-c-fos
antibody (1:1000; Abcam, Cambridge, MA, USA) and peroxidase-conjugated anti-rabbit
immunoglobulin G (Vector Laboratories) for 2 h at room temperature. Following extensive
rinsing with PBS, the tissue sections were further incubated in a buffer solution containing
3,3′-diaminobenzidine (DAB, Vector Laboratories) and hydrogen peroxide (pH 7.5, Vector
Laboratories) for approximately one min. The stained sections were examined under BX-41
and U-RFL-T microscopes (Olympus, Tokyo, Japan). Neuronal profiles exhibiting c-fos im-
munopositivity were quantified in the superficial laminae (I–II) of the ipsilateral trigeminal
subnucleus caudalis. These laminae are critical for processing pain within the spinal cord
and the trigeminal spinal nucleus [47,48]. For statistical analyses, five consecutive sections
containing immunolabeled neuronal profiles were selected from each subdivision of the
ipsilateral trigeminal subnucleus caudalis.

5.4. Rotarod Test

Changes in motor performance following the subcutaneous administration of BoNT-E
(10 units/kg) were assessed using a rotarod apparatus (Ugo Basile, Comerio, Italy), as
previously described [37]. The rotarod was set to a constant speed of 16 rpm, with a
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maximum trial duration of 180 s. To ensure acclimatization, rats underwent two to three
training sessions over two consecutive days prior to testing. Motor performance was
evaluated over time, both before and after BoNT-E injection in the hind leg.

5.5. Chemicals

BoNT-E, at a concentration of 100 units/vial, was provided by JETEMA Co., Ltd.
(Wonju, Republic of Korea) and reconstituted in 1 mL of sterile saline. The dosage per unit
was 23 pg/units. In a nonclinical toxicity test conducted on rats, the approximate lethal
dose was determined to be 3000 units/kg or higher for both males and females in a single-
dose toxicity assessment (single administration). BoNT-E was injected using a 30 G insulin
syringe. Gabapentin was procured from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan)
and was dissolved in sterile saline. Formalin and CFA were procured from Sigma–Aldrich
and similarly dissolved in sterile saline. In this experiment, the weight of the experimental
animals was measured prior to administering the drug (BoNT-E and gabapentin), which
was used at a specific concentration per kilogram of the animal’s body weight.

5.6. Experimental Protocols

Effects of BoNT-E on orofacial formalin responses: BoNT-E was administered subcu-
taneously at a dosage of 6 and 10 units/kg to the vibrissa pad region (n = 7 per group).
Twenty-four hours later, a formalin solution (30 µL, 5%) was injected subcutaneously into
the same region. This timing was chosen based on findings from the current study, which
demonstrated that BoNT-E maintained antinociceptive effects at this time point. For each
rat, the frequency of pronociceptive behaviors, such as scratching or rubbing the facial area
near the formalin injection site, was continuously monitored over a 60 min in consecutive
5 min intervals.

Effects of BoNT-E on CFA-induced thermal hyperalgesia: In a previous study, the
subcutaneous administration of CFA induced thermal hyperalgesia within 1 day after
injection, peaking at 3 days and returning to baseline pre-operative levels by 14 days [49].
Therefore, in the current study, BoNT-E was administered subcutaneously at doses of 6 and
10 units/kg 3 days after CFA treatment. Thermal hyperalgesia was assessed by measuring
changes in head withdrawal latency at 0, 2, 4, 6, 8, 10, 24, 48, and 72 h following the
subcutaneous injection of BoNT-E or the vehicle (n = 7 per group).

Effects of BoNT-E on trigeminal neuropathic pain: The current study demonstrated
that injury to the inferior alveolar nerve resulted in significant neuropathic mechanical
allodynia. On POD 3, BoNT-E (6, 10 units/kg) was administered subcutaneously into the
region of highest sensitivity. Changes in air-puff thresholds were recorded at 0, 1, 2, 4,
6, 8, 24, 48, and 72 h following the injection of BoNT-E or the vehicle (n = 7 per group).
Furthermore, the antinociceptive effects of gabapentin were assessed in rats with an inferior
alveolar nerve injury. Gabapentin was administered intraperitoneally at doses of 30 and
100 mg/kg on POD 5, and changes in air-puff thresholds were recorded at 0, 1, 2, 3, 4, 5, 6,
7, 8, and 24 h post-injection of gabapentin or the vehicle control (n = 7 per group).

Effects of BoNT-E on c-fos expression in the trigeminal subnucleus caudalis: On POD 3,
BoNT-E was administered at a dosage of 10 units/kg to rats with an inferior alveolar nerve
injury. Following the administration of BoNT-E or the vehicle (n = 6 per group), air-puff
stimulation was applied at an intensity of 40 psi in 10 s on/off intervals for 10 min on
POD 5. Three hours after the air-puff stimulation, c-fos immunoreactivity in the trigeminal
subnucleus caudalis was evaluated.

5.7. Data Analysis

Changes in behavior data across groups were analyzed using repeated measures
analysis of variance (ANOVA) followed by Holm–Sidak post hoc analysis. For multiple
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group comparisons, one-way ANOVA with Holm–Sidak post hoc analysis was conducted,
while comparisons between two groups were assessed using Student’s t-test. A p-value
of <0.05 was considered statistically significant for all analyses. Data are reported as
mean ± standard error of the mean.
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13. Bach-Rojecky, L.; Relja, M.; Lacković, Z. Botulinum toxin type A in experimental neuropathic pain. J. Neural Transm. 2005, 112,
215–219. [CrossRef]

14. Park, H.J.; Lee, Y.; Lee, J.; Park, C.; Moon, D.E. The effects of botulinum toxin A on mechanical and cold allodynia in a rat model
of neuropathic pain. Can. J. Anaesth. 2006, 53, 470–477. [CrossRef]

https://doi.org/10.1016/j.coph.2004.12.006
https://doi.org/10.1016/S0021-9258(19)36861-9
https://www.ncbi.nlm.nih.gov/pubmed/8104936
https://doi.org/10.3390/toxins14010014
https://doi.org/10.3390/ijms26020777
https://doi.org/10.1038/2280
https://www.ncbi.nlm.nih.gov/pubmed/9783736
https://doi.org/10.3390/toxins15020123
https://www.ncbi.nlm.nih.gov/pubmed/36828437
https://doi.org/10.3390/toxins11070418
https://doi.org/10.1097/PRS.0000000000007762
https://doi.org/10.1016/j.jdds.2014.06.002
https://doi.org/10.1016/j.ejphar.2009.06.047
https://doi.org/10.1016/j.pain.2003.10.008
https://www.ncbi.nlm.nih.gov/pubmed/14715398
https://doi.org/10.4196/kjpp.2015.19.4.349
https://www.ncbi.nlm.nih.gov/pubmed/26170739
https://doi.org/10.1007/s00702-004-0265-1
https://doi.org/10.1007/BF03022619


Toxins 2025, 17, 130 13 of 14

15. Luvisetto, S.; Marinelli, S.; Cobianchi, S.; Pavone, F. Anti-allodynic efficacy of botulinum neurotoxin A in a model of neuropathic
pain. Neuroscience 2007, 145, 1–4. [CrossRef]

16. Yang, K.Y.; Kim, M.J.; Ju, J.S.; Park, S.K.; Lee, C.G.; Kim, S.T.; Bae, Y.C.; Ahn, D.K. Antinociceptive Effects of Botulinum Toxin
Type A on Trigeminal Neuropathic Pain. J. Dent. Res. 2016, 95, 1183–1190. [CrossRef]

17. Cho, J.H.; Son, J.Y.; Ju, J.S.; Kim, Y.M.; Ahn, D.K. Cellular Mechanisms Mediating the Antinociceptive Effect of Botulinum Toxin A
in a Rodent Model of Trigeminal Irritation by a Foreign Body. J. Pain 2022, 23, 2070–2079. [CrossRef]

18. Agarwal, R.; Swaminathan, S. SNAP-25 substrate peptide (residues 180–183) binds to but bypasses cleavage by catalytically
active Clostridium botulinum neurotoxin E. J. Biol. Chem. 2008, 283, 25944–25951. [CrossRef] [PubMed]

19. Jones, R.G.; Ochiai, M.; Liu, Y.; Ekong, T.; Sesardic, D. Development of improved SNAP25 endopeptidase immuno-assays for
botulinum type A and E toxins. J. Immunol. Methods 2008, 329, 92–101. [CrossRef]

20. Antonucci, F.; Cerri, C.; Maya Vetencourt, J.F.; Caleo, M. Acute neuroprotection by the synaptic blocker botulinum neurotoxin E
in a rat model of focal cerebral ischaemia. Neuroscience 2010, 169, 395–401. [CrossRef]

21. Antonucci, F.; Di Garbo, A.; Novelli, E.; Manno, I.; Sartucci, F.; Bozzi, Y.; Caleo, M. Botulinum neurotoxin E (BoNT/E) reduces
CA1 neuron loss and granule cell dispersion, with no effects on chronic seizures, in a mouse model of temporal lobe epilepsy.
Exp. Neurol. 2008, 210, 388–401. [CrossRef]

22. Antonucci, F.; Bozzi, Y.; Caleo, M. Intrahippocampal infusion of botulinum neurotoxin E (BoNT/E) reduces spontaneous recurrent
seizures in a mouse model of mesial temporal lobe epilepsy. Epilepsia 2009, 50, 963–966. [CrossRef] [PubMed]

23. Costantin, L.; Bozzi, Y.; Richichi, C.; Viegi, A.; Antonucci, F.; Funicello, M.; Gobbi, M.; Mennini, T.; Rossetto, O.; Montecucco, C.;
et al. Antiepileptic effects of botulinum neurotoxin E. J. Neurosci. 2005, 25, 1943–1951. [CrossRef] [PubMed]

24. Alam, M.; Vitarella, D.; Ahmad, W.; Abushakra, S.; Mao, C.; Brin, M.F. Botulinum toxin type E associated with reduced itch
and pain during wound healing and acute scar formation following excision and linear repair on the forehead: A randomized
controlled trial. J. Am. Acad. Dermatol. 2023, 89, 1317–1319. [CrossRef]

25. Harris, J.A. Using c-fos as a neural marker of pain. Brain Res. Bull. 1998, 45, 1–8. [CrossRef] [PubMed]
26. Alcántara-Montero, A.; Pacheco-de Vasconcelos, S.R. Pharmacological approach to neuropathic pain: Past, present and future.

Rev. Neurol. 2022, 74, 269–279. [CrossRef]
27. Liu, Z.; Lee, P.G.; Krez, N.; Lam, K.H.; Liu, H.; Przykopanski, A.; Chen, P.; Yao, G.; Zhang, S.; Tremblay, J.M.; et al. Structural basis

for botulinum neurotoxin E recognition of synaptic vesicle protein 2. Nat. Commun. 2023, 14, 2338. [CrossRef]
28. Ko, Y.J.; Lee, M.; Kang, K.; Song, W.K.; Jun, Y. In vitro assay using engineered yeast vacuoles for neuronal SNARE-mediated

membrane fusion. Proc. Natl. Acad. Sci. USA 2014, 111, 7677–7682. [CrossRef]
29. Meng, J.; Ovsepian, S.V.; Wang, J.; Pickering, M.; Sasse, A.; Aoki, K.R.; Lawrence, G.W.; Dolly, J.O. Activation of TRPV1 mediates

calcitonin gene-related peptide release, which excites trigeminal sensory neurons and is attenuated by a retargeted botulinum
toxin with anti-nociceptive potential. J. Neurosci. 2009, 29, 4981–4992. [CrossRef]

30. McMahon, H.T.; Foran, P.; Dolly, J.O.; Verhage, M.; Wiegant, V.M.; Nicholls, D.G. Tetanus toxin and botulinum toxins type A and
B inhibit glutamate, gamma-aminobutyric acid, aspartate, and met-enkephalin release from synaptosomes. Clues to the locus of
action. J. Biol. Chem. 1992, 267, 21338–21343. [CrossRef]

31. Meng, J.; Wang, J.; Lawrence, G.; Dolly, J.O. Synaptobrevin I mediates exocytosis of CGRP from sensory neurons and inhibition
by botulinum toxins reflects their anti-nociceptive potential. J. Cell Sci. 2007, 120, 2864–2874. [CrossRef] [PubMed]

32. Purkiss, J.; Welch, M.; Doward, S.; Foster, K. Capsaicin-stimulated release of substance P from cultured dorsal root ganglion
neurons: Involvement of two distinct mechanisms. Biochem. Pharmacol. 2000, 59, 1403–1406. [CrossRef] [PubMed]

33. Popescu, M.N.; Beiu, C.; Iliescu, M.G.; Mihai, M.M.; Popa, L.G.; Stănescu, A.M.A.; Berteanu, M. Botulinum Toxin Use for
Modulating Neuroimmune Cutaneous Activity in Psoriasis. Medicina 2022, 58, 813. [CrossRef] [PubMed]

34. Zimmermann, M. Ethical guidelines for investigations of experimental pain in conscious animals. Pain 1983, 16, 109–110.
[CrossRef]

35. Choi, H.S.; Ju, J.S.; Lee, H.J.; Jung, C.Y.; Kim, B.C.; Park, J.S.; Ahn, D.K. Effects of TNF-alpha injected intracisternally on the
nociceptive jaw-opening reflex and orofacial formalin test in freely moving rats. Prog. Neuropsychopharmacol. Biol. Psychiatry 2003,
27, 613–618. [CrossRef]

36. Clavelou, P.; Pajot, J.; Dallel, R.; Raboisson, P. Application of the formalin test to the study of orofacial pain in the rat. Neurosci.
Lett. 1989, 103, 349–353. [CrossRef] [PubMed]

37. Yang, G.Y.; Woo, Y.W.; Park, M.K.; Bae, Y.C.; Ahn, D.K.; Bonfa, E. Intracisternal administration of NR2 antagonists attenuates
facial formalin-induced nociceptive behavior in rats. J. Orofac. Pain 2010, 24, 203–211. [PubMed]

38. Tjølsen, A.; Berge, O.G.; Hunskaar, S.; Rosland, J.H.; Hole, K. The formalin test: An evaluation of the method. Pain 1992, 51, 5–17.
[CrossRef] [PubMed]

39. Ahn, D.K.; Lee, S.Y.; Han, S.R.; Ju, J.S.; Yang, G.Y.; Lee, M.K.; Youn, D.H.; Bae, Y.C. Intratrigeminal ganglionic injection of LPA
causes neuropathic pain-like behavior and demyelination in rats. Pain 2009, 146, 114–120. [CrossRef]

https://doi.org/10.1016/j.neuroscience.2006.12.004
https://doi.org/10.1177/0022034516659278
https://doi.org/10.1016/j.jpain.2022.08.004
https://doi.org/10.1074/jbc.M803756200
https://www.ncbi.nlm.nih.gov/pubmed/18658150
https://doi.org/10.1016/j.jim.2007.09.014
https://doi.org/10.1016/j.neuroscience.2010.04.059
https://doi.org/10.1016/j.expneurol.2007.11.012
https://doi.org/10.1111/j.1528-1167.2008.01983.x
https://www.ncbi.nlm.nih.gov/pubmed/19175393
https://doi.org/10.1523/JNEUROSCI.4402-04.2005
https://www.ncbi.nlm.nih.gov/pubmed/15728834
https://doi.org/10.1016/j.jaad.2023.08.072
https://doi.org/10.1016/S0361-9230(97)00277-3
https://www.ncbi.nlm.nih.gov/pubmed/9434195
https://doi.org/10.33588/rn.7408.2021381
https://doi.org/10.1038/s41467-023-37860-8
https://doi.org/10.1073/pnas.1400036111
https://doi.org/10.1523/JNEUROSCI.5490-08.2009
https://doi.org/10.1016/S0021-9258(19)36614-1
https://doi.org/10.1242/jcs.012211
https://www.ncbi.nlm.nih.gov/pubmed/17666428
https://doi.org/10.1016/S0006-2952(00)00260-4
https://www.ncbi.nlm.nih.gov/pubmed/10751549
https://doi.org/10.3390/medicina58060813
https://www.ncbi.nlm.nih.gov/pubmed/35744076
https://doi.org/10.1016/0304-3959(83)90201-4
https://doi.org/10.1016/S0278-5846(03)00049-6
https://doi.org/10.1016/0304-3940(89)90125-0
https://www.ncbi.nlm.nih.gov/pubmed/2812522
https://www.ncbi.nlm.nih.gov/pubmed/20401359
https://doi.org/10.1016/0304-3959(92)90003-T
https://www.ncbi.nlm.nih.gov/pubmed/1454405
https://doi.org/10.1016/j.pain.2009.07.012


Toxins 2025, 17, 130 14 of 14

40. Park, C.K.; Kim, K.; Jung, S.J.; Kim, M.J.; Ahn, D.K.; Hong, S.D.; Kim, J.S.; Oh, S.B. Molecular mechanism for local anesthetic
action of eugenol in the rat trigeminal system. Pain 2009, 144, 84–94. [CrossRef]

41. Lee, G.W.; Son, J.Y.; Lee, A.R.; Ju, J.S.; Bae, Y.C.; Ahn, D.K. Central VEGF-A pathway plays a key role in the development of
trigeminal neuropathic pain in rats. Mol. Pain 2019, 15, 1744806919872602. [CrossRef] [PubMed]

42. Son, J.Y.; Ju, J.S.; Kim, Y.M.; Ahn, D.K. TNF-α-Mediated RIPK1 Pathway Participates in the Development of Trigeminal
Neuropathic Pain in Rats. Int. J. Mol. Sci. 2022, 23, 506. [CrossRef]

43. Kim, M.J.; Lee, S.Y.; Yang, K.Y.; Nam, S.H.; Kim, H.J.; Kim, Y.J.; Bae, Y.C.; Ahn, D.K. Differential regulation of peripheral
IL-1β-induced mechanical allodynia and thermal hyperalgesia in rats. Pain 2014, 155, 723–732. [CrossRef] [PubMed]

44. Kim, M.J.; Son, J.Y.; Ju, J.S.; Ahn, D.K. Early Blockade of EphA4 Pathway Reduces Trigeminal Neuropathic Pain. J. Pain Res. 2020,
13, 1173–1183. [CrossRef] [PubMed]

45. Han, S.R.; Yang, G.Y.; Ahn, M.H.; Kim, M.J.; Ju, J.S.; Bae, Y.C.; Ahn, D.K. Blockade of microglial activation reduces mechanical
allodynia in rats with compression of the trigeminal ganglion. Prog. Neuropsychopharmacol. Biol. Psychiatry 2012, 36, 52–59.
[CrossRef]

46. Park, M.K.; Kang, S.H.; Son, J.Y.; Lee, M.K.; Ju, J.S.; Bae, Y.C.; Ahn, D.K. Co-administered low doses of Ibuprofen and Dexametha-
sone produce synergistic antinociceptive effects on neuropathic mechanical allodynia in rats. J. Pain Res. 2019, 12, 2959–2968.
[CrossRef]

47. D’Mello, R.; Dickenson, A.H. Spinal cord mechanisms of pain. Br. J. Anaesth. 2008, 101, 8–16. [CrossRef]
48. Peirs, C.; Williams, S.P.; Zhao, X.; Walsh, C.E.; Gedeon, J.Y.; Cagle, N.E.; Goldring, A.C.; Hioki, H.; Liu, Z.; Marell, P.S.; et al.

Dorsal horn circuits for persistent mechanical pain. Neuron 2015, 87, 797–812. [CrossRef]
49. Yang, K.Y.; Mun, J.H.; Park, K.D.; Kim, M.J.; Ju, J.S.; Kim, S.T.; Bae, Y.C.; Ahn, D.K. Blockade of spinal glutamate recycling

produces paradoxical antinociception in rats with orofacial inflammatory pain. Prog. Neuropsychopharmacol. Biol. Psychiatry 2015,
57, 100–109. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.pain.2009.03.016
https://doi.org/10.1177/1744806919872602
https://www.ncbi.nlm.nih.gov/pubmed/31397622
https://doi.org/10.3390/ijms23010506
https://doi.org/10.1016/j.pain.2013.12.030
https://www.ncbi.nlm.nih.gov/pubmed/24406203
https://doi.org/10.2147/JPR.S249185
https://www.ncbi.nlm.nih.gov/pubmed/32547180
https://doi.org/10.1016/j.pnpbp.2011.10.007
https://doi.org/10.2147/JPR.S222095
https://doi.org/10.1093/bja/aen088
https://doi.org/10.1016/j.neuron.2015.07.029
https://doi.org/10.1016/j.pnpbp.2014.10.011

	Introduction 
	Results 
	Changes in Motor Performance and Body Weights 
	Subcutaneously Injected BoNT-E-Attenuated Formalin-Induced Nociceptive Behavior 
	Subcutaneously Injected BoNT-E-Attenuated CFA-Induced Thermal Hyperalgesia 
	Subcutaneously Injected BoNT-E-Attenuated Neuropathic Mechanical Allodynia 
	Subcutaneously Injected BoNT-E-Attenuated c-fos Expression in the Trigeminal Subnucleus Caudalis 

	Discussions 
	Conclusions 
	Materials and Methods 
	Animals 
	Animal Models of Orofacial Pain 
	Immunohistochemical Staining of c-fos 
	Rotarod Test 
	Chemicals 
	Experimental Protocols 
	Data Analysis 

	References

