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INTRODUCTION

ABSTRACT Botulinum toxin type A (BoNT/A) has been used therapeutically for vari-
ous conditions including dystonia, cerebral palsy, wrinkle, hyperhidrosis and pain
control. The substantia gelatinosa (SG) neurons of the trigeminal subnucleus caudalis
(Vc) receive orofacial nociceptive information from primary afferents and transmit
the information to higher brain center. Although many studies have shown the anal-
gesic effects of BONT/A, the effects of BONT/A at the central nervous system and the
action mechanism are not well understood. Therefore, the effects of BONT/A on the
spontaneous postsynaptic currents (sPSCs) in the SG neurons were investigated. In
whole cell voltage clamp mode, the frequency of sPSCs was increased in 18 (37.5%)
neurons, decreased in 5 (10.4%) neurons and not affected in 25 (52.1%) of 48 neu-
rons tested by BoNT/A (3 nM). Similar proportions of frequency variation of sPSCs
were observed in 1 and 10 nM BoNT/A and no significant differences were observed
in the relative mean frequencies of sPSCs among 1-10 nM BoNT/A. BoNT/A-induced
frequency increase of sSPSCs was not affected by pretreated tetrodotoxin (0.5 uM). In
addition, the frequency of sIPSCs in the presence of CNQX (10 pM) and AP5 (20 pM)
was increased in 10 (53%) neurons, decreased in 1 (5%) neuron and not affected in 8
(42%) of 19 neurons tested by BoNT/A (3 nM). These results demonstrate that BoNT/
A increases the frequency of sIPSCs on SG neurons of the Vc at least partly and can
provide an evidence for rapid action of BONT/A at the central nervous system.

The cleavage of these proteins interferes with SNARE complex as-
sembly, and subsequently inhibits exocytosis of synaptic vesicles

Botulinum neurotoxin (BoNT) causes muscular contraction
and nerve paralysis by blocking acetylcholine (Ach) release at the
neuromuscular junction [1]. BONT has seven different serotypes
(A-G) based on the antigenic specificity and reductions in muscle
fiber activity [2,3]. BONT binds to synaptic terminals and follow-
ing endocytosis into cytoplasm cleaves soluble N-ethylmaleimide-
sensitive factor attachment protein receptor (SNARE) proteins,
vesicle-associated membrane protein (known as synaptobrevin),
synaptosomal-associated protein 25 (SNAP-25) and syntaxin [4].

containing neurotransmitters [5,6].

In the 1980s, BONT/A was used as an alternative to conven-
tional surgery in human strabismus and was extended to various
neurological disorders related to spasmodic muscle contractions
7]. Furthermore, it has been reported that BONT/A might be use-
ful for the control of commonly occurring pain syndromes, such
as trigeminal neuropathy, myofascial pain, migraine and lower
back pain [8]. Currently, BONT/A has been approved by the FDA
(Food and Drug Administration) for treatment of blepharospasm,
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strabismus, focal dystonia, hemifacial spasm, spasticity, chronic
migraine, hyperhidrosis and wrinkles [9,10].

In animal studies, peripheral BONT/A application into the paw
pad reduced or completely abolished sensitivities to thermal or
mechanical stimuli using capsaicin or carrageenan in rat [11], and
suppressed formalin-induced nociceptive behaviors [12,13]. More-
over, intrathecal injection of BONT/A reduced formalin-induced
nociceptive responses in mice [13,14] and significantly reduced
bilateral pain induced by injection of acidic saline in rats [15].

The trigeminal subnucleus caudalis (Vc) is one of the principal
relay sites for orofacial nociceptive information [16]. The substan-
tia gelatinosa (SG; lamina II layer) receives AS- and C-primary
afferent inputs and plays a key role in the processing and trans-
mission of nociceptive information [17,18].

Although a number of studies have shown analgesic effects of
BoNT/A in neuropathic and/or inflammatory pain, the direct ef-
fects of BONT/A on the central nervous system (CNS) and its ac-
tion mechanism are not well elucidated. Therefore, in this study,
the effects of BONT/A on the spontaneous postsynaptic currents
(sPSCs) in the SG neurons of the Vc were investigated using patch
clamp technique.

METHODS
Animals

All experiments were approved by the Chonbuk National

University Animal Welfare and Ethics Committee (CBNU 2016-
61). Immature male ICR mice (Damul Science, Suwon, Korea) at
postnatal 5-21 days were used, and were housed under 12-h light/
dark cycles with free access to water and food.

Brain slice preparation

Mice were decapitated between 10:00 and 14:00, the brains
rapidly removed and coronal brainstem slices (250-300 pm
thickness) containing the Vc were prepared with a vibratome
(Microm, Walldorf, Germany) in ice-cold artificial cerebrospinal
fluid (ACSF) containing (in mM) 126 NaCl, 2.5 KCl, 2.4 CaCl,,
1.2 MgCl,, 11 d-glucose, 1.4 NaH,PO,, and 25 NaHCO;, (pH 74,
bubbled with 95% O, and 5% CO,). Slices were allowed to recover
in oxygenated ACSF for at least 1 h at room temperature.

Electrophysiology

Slices were transferred to the recording chamber, submerged,
and continuously superfused with oxygenated ACSF at a flow
rate of 4-5 ml/min. Each slice was viewed on the stage of an up-
right microscope (BX51WI, Olympus, Tokyo, Japan) equipped
with differential interference contrast optics. Patch pipettes were
pulled from borosilicate glass capillary tubing (PG52151-4, WPI,
Sarasota, FL, USA) on a Flaming/Brown micropipette puller (P-97;
Sutter Instruments Co., Novato, CA, USA), and filled with solu-
tion containing (in mM) 140 KCl, 1 CaCl,, 1 MgCl,, 10 HEPES,
4 Mg-ATP, and 10 EGTA (pH 7.3 adjusted with KOH). The tip
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Fig. 1. BoNT/A increases the frequency of sPSCs on SG neurons. (A) A representative trace showing the frequency increase of sPSCs by 3 nM BoNT/
A. (B) Time course frequency histogram (bin size 20 s) of the current trace in (A). (C) Cumulative probability histogram of the inter-event interval (IEl)
of sPSCs in the control (solid line) and with BoNT/A (BT, dotted line). Bar graphs showing the mean frequency (D) and mean amplitude (E) of sPSCs in
control and BoNT/A, respectively. Values represent mean+SEM, *** represents p<0.001, NS (not significant), BT (BoNT/A).
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resistances of the recording electrodes were between 4 and 6 MQ).
Offset potentials were compensated directly before gigaseal for-
mation. After a GQ seal was formed with an SG neuron, the cell
membrane patch was ruptured by negative pressure, and then,
whole-cell patch clamp recording was performed.

Signals were amplified with an Axopatch 200B (Axon In-
struments, San Francisco, CA, USA), filtered at 2 kHz with a
Bessel filter (Axon Instruments), and digitized at 1 kHz using
the Digidata 1440A (Axon Instruments). Data were collected
and analyzed with Clampex 10.2 software (Axon Instruments),
MiniAnalysis (ver 6.0.7; Synaptosoft Inc.) and Origin 8 software
(OriginLab Corp., Northampton, MA, USA). All recordings were
performed at room temperature. The whole cell patch recordings
were made from visually identified SG neurons under voltage
clamp mode, in which the holding potential was -60 mV.

Chemicals and statistical analysis

BoNT/A (Botulax®) kindly provided by Hugel Inc. (Chuncheon,
Republic of Korea); d,1-2-amino-5-phosphonopentanoic acid
(AP5), 6-Cyano-7-nitroquinopentanoic (CNQX) and tetrodo-
toxin citrate (TTX) were purchased from Tocris Bioscience (Bris-
tol, UK) and chemicals for ACSF were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Stock solutions of all drugs were
dissolved in distilled water except BONT/A which was dissolved
in 0.9% NaCl. All stock solutions were diluted to working con-
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centrations using ACSF immediately before use and applied by
superfusion. Pretreated chemicals were applied for 3-4 min before
the application of a solution containing both pretreated chemicals
and BoNT/A. Miniature postsynaptic currents (mPSCs) were
obtained by application of 0.5 uM tetrodtoxin (TTX), a voltage-
gated Na' channel blocker. Spontaneous inhibitory postsynaptic
currents (sSIPSCs) were isolated using CNQX (10 uM) and AP5 (20
uM), ionotropic glutamate receptor antagonists.

The PSCs were analyzed using Mini-Analysis software. The
peak detection criteria were set at >10 pA of amplitude thresh-
old, <8 ms of rise-time, and >5 ms of decay time of sPSCs. Any
uncounted synaptic currents were detected manually. A paired
t-test was used to compare the means between two groups. A Kol-
mogorov-Smirnov (K-S) test was used to compare the frequency
and amplitude of PSCs in a single neuron. One-way ANOVA and
Pearson’s Chi-square test were used to compare the means more
than two groups and the proportion of each response, respective-
ly. All values were expressed as the mean+SEM and p<0.05 was
considered significant.

RESULTS

To evaluate the effect of BONT/A on SG neurons of the Vc,
electrophysiological recordings were obtained from total 66 SG
neurons in voltage clamp mode. A bath application of BONT/A
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Fig. 2. Concentration-response relationship of BoNT/A on the SG neurons. Each bar graphs show the relative mean frequency (A) and relative
mean amplitude (B) of sPSCs by application of 1, 3, 10 nM BoNT/A compared to control, respectively. Values represent mean+SEM, (C) Stack column
graph showing the proportion of frequency change by BoNT/A (1, 3, 10 nM). The numbers in parentheses mean the number of neurons recorded. D

(decrease), N (no change), | (increase), * (p<0.05), NS (not significant).
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(BT, 3 nM) increased the frequency of spontaneous postsynaptic
currents (sPSCs) in 18 (37.5%) of the 48 neurons tested. Out of the
remaining neurons, 5 (10.4%) neurons showed decrease of sPSCs
frequency and 25 (52.1%) neurons were not affected by BONT/A (3
nM). Fig. 1A shows a representative trace showing the frequency
increase of sSPSCs by BoONT/A (3 nM). The time course histogram
of sPSCs frequency also indicates an increase by the application
of BoNT/A (Fig. 1B). Fig. 1C shows the cumulative probability
curve of the inter-event intervals (IEI) of sPSCs was left-shifted by
BoNT/A (K-S test, p<0.001). The mean frequency of sPSCs in the
presence of 3 nM BoNT/A (1.60+0.20 Hz, n=18) was significantly
increased compared to control (0.94+0.14 Hz, n=18, paired t-test,
p<0.001, Fig. 1D). However, the mean amplitude of sPSCs was not
affected by 3 nM BoNT/A (58.1+6.69 pA, n=18) compared to con-
trol (59.6+7.08 pA, n=18, paired t-test, p>0.05, Fig. 1E).

Next, concentration dependency of BONT/A was tested in SG
neurons at the concentration of 1, 3 and 10 nM. When 1 nM
BoNT/A was bath applied, the frequency increase of sPSCs in 9
(32.1%) of the 28 SG neurons tested. However, 5 (17.9%) neurons
showed the decrease of sPSCs frequency and 14 (50%) neurons
were not affected by BONT/A (1 nM). Similarly, when 10 nM
BoNT/A was applied, the frequency increase of sSPSCs was shown
in 10 (52.6%) of the 19 SG neurons tested. Remaining 1 (5.3%) and
10 (42.1%) neurons showed the decrease and no change of sPSCs
frequency, respectively. Fig. 2A shows the relative mean frequency
changes by 1 nM (2.00+0.38, n=9, p<0.05), 3 nM (1.90+0.16, n=18,
p<0.01) and 10 nM (2.32+0.54, n=10, p<0.001) BoNT/A on SG
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neurons which increased the frequency of sPSCs compared to
control. Among 1, 3 and 10 nM concentrations of BONT/A, no
significant difference was observed in the relative mean frequen-
cies of sSPSCs by BONT/A. Fig. 2B shows the relative mean ampli-
tude changes by 1 nM (1.25+0.16, n=9, p>0.05), 3 nM (1.02+0.08,
n=18, p>0.05) and 10 nM (0.98+0.05, n=10, p>0.05) BoN'T/A on
the SG neurons which increased the frequency of sPSCs by BoNT/
A. Fig. 2C shows the proportion of frequency variation by BoNT/
A. At each concentration, the proportion of the increase, no
change and decrease in the frequency of sPSCs caused by BoNT/
A was not statistically significant (X*-test, p>0.05).

To clarify that BONT/A-induced frequency increase is action
potential dependent, BONT/A (3 nM) was applied in the presence
of 0.5 uM TTX, a voltage-gated Na" channel blocker which blocks
action potential dependent transmission. When 3 nM BoNT/
A was applied in the presence of TTX, the frequency increase
of mPSCs was shown in 4 (36.4%) of the 11 SG neurons tested.
Remaining 3 (27.3%) and 4 (36.4%) neurons showed the decrease
and no change of mPSCs frequency, respectively. The mean fre-
quency of mPSCs by 3 nM BoNT/A (0.70+£0.12 Hz, n=4, p<0.05)
in the presence of TTX was significantly increased compared
to TTX alone (0.45+0.16 Hz, n=4, paired t-test, p<0.05, Fig. 3A).
However, the mean amplitude of mPSCs was not affected by 3
nM BoNT/A (77.0+17.60 pA, n=4) compared to control (60.3+8.99
PA, n=4, paired t-test, p>0.05, Fig. 3B). Fig. 3C shows the propor-
tion of frequency variation by 3 nM BoNT/A in the absence and
the presence of TTX. The proportion of the increase, no change
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Fig. 3. BoNT/A increases the frequency of mPSCs on SG neurons. Bar graphs show the mean frequency (A) and mean amplitude (B) of sPSCs by ap-
plication of 3 nM BoNT/A alone (BT) and BT in the presence of 0.5 uM TTX (TTX+BT), respectively. (C) Stack column graph showing the proportion of
frequency change between 3 nM BT and BT in the presence of TTX (TTX+BT). D (decrease), N (no change), | (increase), * (p<0.05), NS (not significant).
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and decrease in the frequency caused by BONT/A was not statisti-
cally significant between the absence and the presence of TTX
(X*-test, p>0.05). These results indicate that BONT/A-mediated
increase of sPSCs frequency at least partly is not action potential
dependent.

To examine inhibitory neurotransmitters are involved in the
BoNT/A-mediated frequency increase of sPSCs, BONT/A (3 nM)
was bath applied in the presence of CNQX (10 uM), a non-NMDA
glutamate receptor antagonist with AP5 (20 pM), an NMDA
glutamate receptor antagonist. When 3 nM BoNT/A was applied
in the presence of CNQX with AP-5, the frequency increase of
sIPSCs was shown in 10 (52.6%) of the 19 SG neurons tested.
Remaining 1 (5.3%) and 8 (42.1%) neurons showed the decrease
and no change of sIPSCs frequency, respectively. Fig. 4A shows a
representative trace of the frequency increase of sSIPSCs by BoNT/
A (3 nM). The time course histogram of sIPSCs frequency also
indicates an increase of frequency by the application of BoNT/
A (3 nM, Fig. 4B). The cumulative probability curve of the IEI
of SIPSCs was left shifted (K-S test, p<0.05, Fig. 4C-a) suggesting
the increase of the frequency of sIPSCs but not that of amplitude

(Fig. 4C-b) by BoNT/A (3 nM). The mean frequency of sIPSCs
by 3 nM BoNT/A (1.64+0.37 Hz, n=10) in the presence of CNQX
with AP5 was significantly increased compared to that of CNQX
with AP5 (0.83+0.20 Hz, n=10, paired t-test, p<0.01, Fig. 4D-a).
However, the mean amplitude of sSIPSCs was not affected by 3 nM
BoNT/A (47.5+5.46 pA, n=10) compared to that of CNQX with
AP5 (45.5£6.25 pA, n=10, paired t-test, p>0.05, Fig. 4D-b). Fig. 4E
shows the proportion of frequency variation by 3 nM BoNT/A in
the absence and the presence of CNQX with AP5. The proportion
of the increase, no change and decrease in the frequency caused
by BoNT/A was not statistically significant between the absence
and the presence of CNQX with AP5 (X’-test, p>0.05). These
results suggest that BONT/A can induce the release of inhibitory
neurotransmitters on the SG area of the Vc at least partly.

DISCUSSION

In this study, we report that bath application of BONT/A in-
creases sPSCs frequency at least partly without changing the
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Fig. 4. BoNT/A increases the frequency of sIPSCs on SG neurons. (A) A representative trace showing the frequency increase of sIPSCs by 3 nM
BoNT/A (BT) in the presence of CNQX (10 uM) and AP5 20 uM. (B) Time course frequency histogram (bin size 20 s) of the sPSCs of the current trace in (A).
(C) Cumulative probability histograms of the inter-event interval (IEl, a) and amplitude (b) of the sPSCs of the current trace in (A). Solid line (CNQX+AP5),
Dotted line (CNQX+AP5+BT) (D) Comparisons of the mean frequency (a) and mean amplitude (b) of sPSCs between CNQX+AP5 and 3 nM BoNT/A in
the presence of CNQX+APS5, respectively. (E) Stack column graph showing the proportion of frequency change by 3 nM BoNT/A alone and BoNT/A in
the presence of CNQX+AP5. D (decrease), N (no change), | (increase). ** (p<0.01), NS (not significant).
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amplitude on the SG neurons of the Vc in immature mice and the
BoNT/A-mediated frequency increase of sPSCs was not affected
by TTX and persisted in the presence of CNQX and AP5, iono-
tropic glutamate receptor blockers.

BoNT/A is commonly known to act via cleavage of SNAP-25,
preventing the correct SNARE complex assembly that mediates
synaptic vesicle fusion with presynaptic membrane, thereby in-
hibiting acetylcholine release [19]. Based on this mode of action,
it has been suggested that BONT/A could be used to treat vari-
ous neuromuscular and autonomous disorders [20,21]. Recently,
many studies reported that peripherally applied BoNT/A can be
transported along the axon in a retrograde manner [15,22-24] and
it has been suggested that BONT/A can modulate neuronal activi-
ties in the CNS [22,25,26]. Although SNAP-25 cleavage might be
well known mechanism of BoNT/A-mediated action, the other
central actions are not clearly elucidated yet.

In this study, when BoNT/A (3 nM) was bath applied, 37.5% of
SG neurons tested showed the frequency increase of sPSCs. On
the contrary, the decrease or no change of sPSCs were shown in
10.4% and 52.1% neurons tested, respectively. Similar propor-
tions of response were observed by the application of BoNT/
A at concentrations of 1 and 10 nM. It has been suggested that
SG neurons do not project to higher brain centers, unlike other
neurons in lamina 1 and deeper laminae, so most SG neurons are
interneurons for processing of nociceptive information [27] and
the SG is composed of various neuronal types. For example, the
SG neurons of the Vc were shown four firing patterns by depolar-
izing current injection, such as phasic (34%), tonic (39%), delayed
(16%) and single spiking (11%) patterns in mice [28]. So, this het-
erogeneous composition of the SG neurons of the Vc may explain
why the frequency increase of sSPSCs by BONT/A was seen only
in 38% of neurons tested. Similarly, only 36.4% of neurons tested,
BoNT/A (3 nM) increased the frequency of sPSCs in the presence
of tetrodotoxin, a voltage sensitive sodium channel blocker. Al-
though observed at a relatively low proportion, it can be suggested
that BoNT/A increases the frequency of mPSCs in a similar way
to that of sPSCs at least partly. This result indicates that BoNT/
A-mediated increase of sPSCs frequency is not action potential
dependent suggesting that BONT/A can act on the presynaptic
terminals for neurotransmitter release. In addition, when 3 nM
BoNT/A was applied, the majority (52.6%) of neurons tested
showed the increase of sIPSCs frequency without amplitude
change. This result indicates that BONT/A can induce the release
of inhibitory neurotransmitters on the SG area of the Vc.

These main results of our study may sound paradoxical be-
cause a number of studies have shown that BONT/A prevents the
release of neurotransmitters [29-32]. However, a significant aspect
of these results relates to the time post of BONT/A action. In this
study, we bath applied BONT/A less than five minutes. The fre-
quency increases of mPSCs and sIPSCs by BoNT/A in this study
are consistent with previous studies showing relatively rapid ac-
tion of BONT/A. According to a study using mouse embryonic

Korean J Physiol Pharmacol 2018;22(5):539-546

stem cell-derived neurons, the application of BONT/A caused
a biphasic response in mPSCs with an initial (30-49 minutes)
increase of frequency and followed by a gradual frequency de-
crease [33]. It has also been demonstrated that low concentration
of BoNT/A initially increased the frequency of mIPSCs and was
gradually supressed in sacral dorsal commissural nucleus neu-
rons of rat [34].

These results indicate that there could be other unknown
mechanisms besides SNAP-25 cleavage by BONT/A. Some of the
evidence for this hypothesis has been reported. For example, bicu-
culline, a GABA,, receptor antagonist prevented BoN'T/A-induced
antinociception against pain induced by formalin injection and
mechanical allodynia by sciatic nerve transection suggesting that
BoNT/A can interact with GABAergic transmission at the spinal
level [35]. Since GABA is a principal inhibitory neurotransmitter,
the preventing of BONT/A-mediated antinociception by bicucul-
line may be interpreted as BoNT/A can increase GABA release
at least partly. Our results can provide an evidence to solve the
puzzle how GABAergic transmission is activated. Also, the con-
version of total SNAP-25 to the BoONT/A-cleaved product, which
functionally preventing neurotransmitter release, was detected
for the first time in 2 h followed by a progressive increase [33].
Furthermore, it was also suggested that mature GABAergic nerve
terminals probably lack SNAP-25 [36].

In this study, we used immature mice (postnatal day, PND5-
21). A number of studies have suggested that nociception is age
dependent [37-39] and spontaneous GABA release is also gradu-
ally increased over postnatal days [40]. For example, the error
rate of heat-nociceptive withdrawal reflex is very high up to
PNDI0 and then gradually reduced by PND21 to adult levels in
rats [37]. These results suggest that there may also be a variety of
age-dependent responses by BoONT/A on sIPSCs, which requires
further studies to identify them. In addition, the Vc is also called
the medullary dorsal horn because its structure and function
are similar to the spinal dorsal horn. So, it is further required to
investigate the action of BONT/A of the spinal dorsal horn, which
functions similarly to the Vc.

Taken together, the present study demonstrated that bath appli-
cation of BONT/A increases sIPSCs frequency on the SG neurons
of the Vc which play a key role to modulate orofacial pain pro-
cessing in immature mice. Although BoNT/A-mediated action is
not a typical pattern, this is the first report to show rapid action of
BoNT/A on SG neurons of the Vc in mice. Therefore, the results
can provide a clue to reveal unknown action of BONT/A in con-
trolling orofacial pain at CNS level.
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