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Abstract: We have previously reported in a feline model of acute peripheral vestibulopathy (APV)
that the sudden, unilateral, and irreversible loss of vestibular inputs induces selective overexpression
of small conductance calcium-activated potassium (SK) channels in the brain stem vestibular nuclei.
Pharmacological blockade of these ion channels by the selective antagonist apamin significantly
alleviated the evoked vestibular syndrome and accelerated vestibular compensation. In this follow-up
study, we aimed at testing, using a behavioral approach, whether the antivertigo (AV) effect resulting
from the antagonization of SK channels was species-dependent or whether it could be reproduced in
a rodent APV model, whether other SK channel antagonists reproduced similar functional effects on
the vestibular syndrome expression, and whether administration of SK agonist could also alter the
vestibular syndrome. We also compared the AV effects of apamin and acetyl-DL-leucine, a reference
AV compound used in human clinic. We demonstrate that the AV effect of apamin is also found in a
rodent model of APV. Other SK antagonists also produce a trend of AV effect when administrated
during the acute phase of the vertigo syndrome. Conversely, the vertigo syndrome is worsened upon
administration of SK channel agonist. It is noteworthy that the AV effect of apamin is superior to that
of acetyl-DL-leucine. Taken together, these data reinforce SK channels as a pharmacological target for
modulating the manifestation of the vertigo syndrome during APV.

Keywords: SK channels; apamin; vertigo; rat model; vestibular compensation; vestibular function
recovery; unilateral vestibular neurectomy

1. Introduction

Apamin is a globular peptide neurotoxin of 18 amino acids present in the apitoxin-bee
venom [1]. It is a polypeptide with the following amino acid sequence: H-Cys-Asn-Cys-
Lys-Ala-Pro-Glu-Thr-Ala-Leu-Cys-Ala-Arg-Arg-Cys-Gln-Gln-His-NH2. The two disulfuric
bridges between Cys1-Cys11 and Cys3-Cys15 together with the seven hydrogen bonds
make apamin a highly stable molecule. Dry bee venom is composed of 2–3% apamin [2].
Apamin is one of the main peptide blockers of small conductance calcium-activated potas-
sium channels (SK channels) [3,4]. Electrophysiology experiments evaluating its ability
to block SK currents revealed a differential affinity of apamin for the three types of SK
channels: SK1 (also known as KCa2.1, encoded by the KCNN1 gene), which has the least
affinity (EC50 0.7–12 nM), SK2 (referred to as KCa2.2, encoded by the KCNN2 gene), which
has the highest affinity (EC50 27–140 pM), and SK3 (identified as KCa2.3, encoded by the
KCNN3 gene), which has intermediate affinity (EC50 0.6–4 nM) [5,6]. Interestingly, rat
SK1 channels are unresponsive to apamin, unlike those in humans [7]. Apamin readily
crosses the blood-brain barrier, and iodo-apamin studies reveal a map of binding sites
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similar to the distribution of SK2 and SK3 in rodent brain [8,9]. In the mammal vestibular
nuclei, a high density of the SK2 subunit was observed, followed by medium and low
distributions for the SK1 and SK3 subunits, respectively [9]. We also note an approximately
similar distribution pattern in structures connected to the vestibular nuclei (cerebellum
and prepositus hypoglossal nucleus) which also contribute to the stabilization of gaze
and posture.

SK channels are members of the voltage-insensitive calcium-activated potassium
channel family. Upon elevation of the cytosolic calcium concentration, the channels open,
allowing K+ ions to leave the cell as a function of the difference between the depolarized
cell and K+ equilibrium potentials. Consequently, their activation leads to the cell repolar-
ization (for a review, [10]). More specifically, SK channels are thought to regulate neuronal
excitability by contributing to the slow component of synaptic after hyperpolarization
(AHP) [11,12], thereby governing the firing frequency. Activation or upregulation of SK
channels is expected to reduce the firing frequency of repetitive action potentials. With
regard to these specific gating properties, we may speculate on the expected functional
consequences of the upregulation of SK channels in the vestibular nuclei (VN) depending
on the cell type (excitatory or inhibitory neurons) and the side considered (intact versus
deafferented) [13].

In a previous study, we demonstrated in a unilateral vestibular neurectomy (UVN) cat
model, that administration of apamin during the acute phase of the vestibular syndrome
significantly reduced both the posturo-locomotor and vestibulo-ocular deficits. This was
illustrated by the reduction of both the horizontal spontaneous nystagmus and the static
and dynamic balance unsteadiness [13].

To study more thoroughly the antivertigo effect of apamin, we investigated in this
follow-up study whether this effect could be reproduced in a rodent model of acute
peripheral vestibulopathy, by other SK channel antagonists, and whether SK channel
agonists may produce a comparable or opposite antivertigo effect. We also compared the
antivertigo effect of apamin relative to that of the standard antivertigo drug acetyl D-L
leucine (Tanganil®). With this aim, we performed UVN in adult rats following the same
surgical approach previously detailed [14], and used suitable behavioral testing to assess
the progression of the vestibular syndrome following the vestibular injury.

2. Results
2.1. Dose-Response Effect of Apamin

When administered at 0.3 mg/kg, the apamin group did not display statistically
significant differences vs. control group in most posturo-locomotor parameters considered,
except for the meander which corresponds to the locomotor pattern (Figure 1). When
administered at 0.6 mg/kg, apamin induced statistically significant benefit vs. control,
which varied according to the parameter considered. The subjective evaluation of the
vestibular syndrome severity over time revealed a significant reduction (F(6, 42) = 2.518;
p = 0.0147) at D7 after the vestibular lesion, while it did not significantly vary vs. control at
other time points (Figure 1A). The automated evaluation of posturo-locomotor parameters
revealed a significant increase in the displacement velocity at D7 (F(6, 42) = 4.011; p = 0.0024)
and D10 (F(6, 42) = 4.011; p = 0.0047; Figure 1B), and the total distance moved during the
tests at D7 (F(6, 42) = 5.135; p = 0.0025) and D10 (F(6, 42) = 5.135; p = 0.0032; Figure 2C) in
rats treated with apamin 0.6 mg/kg. Statistically, very significant reduction in immobility
time (F(6, 42) = 5.602; p = 0.0009; Figure 1D) was observed at D1. Conversely to other
posturo-locomotor testing, apamin administered at both 0.3 and 0.6 mg/kg displayed
very significant reduction of altered locomotor pattern (meander) at D1 (F(6, 42) = 4.254;
p = 0.0017 and p = 0.0085, respectively; Figure 1E). These observations indicated that
acute ip administration of apamin at 0.6 mg/kg over the first days after UVN in adult
rats induced a significant reduction in various behavioral biomarkers characteristic of
vestibular disorders in rodents.
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Methods). (B), Measurement of the animal’s displacement speed (velocity, in cm/s) at the various time points considered. 
(C), Assessment of the total distance moved in the open field (in cm) during the recording session. (D), Immobility time 
(in s) of the animals during the videotracking recording phase. (E), Locomotor pattern of the animal (meander; °/cm). (F), 
Actimetry graphs emphasizing the difference in distance moved at D7 between control and apamin 0.6 mg/kg groups. 
Taken from C. (G), Movement tracing graphs emphasizing the difference in meander at D1 between control and apamin 
0.6 mg/kg groups. Taken from E. Statistically significant differences (* p < 0.05; ** p < 0.01; *** p < 0.001) compared to the 
control group, two-way ANOVA. 

Figure 1. Effect of apamin treatment (0.3 and 0.6 mg/kg) on vestibular syndrome time course in UVN rats. (A), Subjective
assessment of the vestibular syndrome severity over time (mean score established according to the rating scale detailed in
Methods). (B), Measurement of the animal’s displacement speed (velocity, in cm/s) at the various time points considered.
(C), Assessment of the total distance moved in the open field (in cm) during the recording session. (D), Immobility time
(in s) of the animals during the videotracking recording phase. (E), Locomotor pattern of the animal (meander; ◦/cm). (F),
Actimetry graphs emphasizing the difference in distance moved at D7 between control and apamin 0.6 mg/kg groups.
Taken from C. (G), Movement tracing graphs emphasizing the difference in meander at D1 between control and apamin
0.6 mg/kg groups. Taken from E. Statistically significant differences (* p < 0.05; ** p < 0.01; *** p < 0.001) compared to the
control group, two-way ANOVA.
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(meander; °/cm). No statistically significant difference was observed at any time between AG525E1 and control rats. 
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Figure 2. Effect of treatment with AG525E1 (10 mg/kg) on the severity of vestibular syndrome. (A), Subjective assessment
of the vestibular syndrome severity over time. (B), Measurement of the animal’s velocity (in cm/s) at the various time
points considered. (C), Assessment of the total distance traveled in the open field (in cm) during the recording session.
(D), Immobility time (in s) of the animals during the videotracking recording phase. (E), Locomotor pattern of the animal
(meander; ◦/cm). No statistically significant difference was observed at any time between AG525E1 and control rats.

2.2. Effect of Other SK Channel Modulators

Administration to UVN rats of the bis-tetrahydroisoquinoline derivative (AG525E1) at
10 mg/kg, another SK channel antagonist, induced a trend to reduce the different studied pa-
rameters of the vestibular syndrome over the first two days following the unilateral vestibular
lesion (Figure 2A–E), without reaching statistical difference versus control in our sample.

Administration to UVN rats of NS8593 at 30 mg/kg, a negative modulator of SK2
channels, produced a trend to reduce the intensity of the vestibular syndrome (Figure 3A),
immobility time (Figure 3D), and altered locomotion pattern (Figure 3E) over the first
two days following the unilateral vestibular lesion, however without reaching statistical
difference versus control in our sample. It evoked a similar tendency to reduce both the
velocity (Figure 3B) and distance moved (Figure 3C) over all time points considered.

Administration to UVN rats of cyclohexyl-[2-(3,5-dimethyl-pyrazol-1-yl)-6-methyl-
pyrimidin-4-yl]-amine (CyPPA), an SK channel agonist (Figure 4), induced significant
(F(6, 42) = 2.518; p = 0.0055) increase in the severity of vestibular syndrome at D1 (Figure 4A)
and a tendency to reduce the animal’s displacement velocity between D1 and D3, with a
significant difference vs. control at D2 (F(6, 42) = 4.011; p = 0.049; Figure 4B). A significant
decrease in the distance moved at D2 (F(6, 42) = 5.135; p = 0.0435) and D3 (F(6, 42) = 5.135;
p = 0.0051) (Figure 4C), and a very significant increase in immobility time during the first
three days of vestibular syndrome (F(6, 42) = 5.602; p = 0.0001 at D1, p < 0.0001 at D2 and
p = 0.0002 at D3; Figure 4D) were observed in the CyPPA group. This group also exhibited
a significant increase in the locomotor pattern alteration at D3 (F(6, 42) = 4.254; p = 0.412;
Figure 4E). These observations indicate that administration of the SK channel agonist
CyPPA induces mirroring effects compared to those produced by the SK antagonists. These
effects result in an increased severity of vestibular syndrome.
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2.3. Comparative Study of the Effects of Apamin and Acetyl-DL-Leucine 
Comparative study of the antivertigo effects produced by the ip administration of 

apamin (0.6 mg/kg) or acetyl-DL-leucine (ADLL; 60 mg/kg) was performed. No statisti-
cally significant reduction of the vestibular syndrome severity was evoked by ADLL 

Figure 3. Effect of treatment with NS8593 (30 mg/kg) on the severity of vestibular syndrome. (A), Subjective assessment of
the vestibular syndrome severity over time. (B), Measurement of the animal’s displacement speed (velocity; in cm/s) at the
various time points considered. (C), Assessment of the total distance traveled in the open field (in cm) during the recording
session. (D), Immobility time (in s) of the animals during the videotracking recording phase. (E), locomotor pattern of the
animal (meander; ◦/cm). No statistically significant difference was observed at any time between AG525E1 and control rats.

Figure 4. Effects of treatment with CyPPA (15 mg/kg) on the severity of vestibular syndrome. (A), Subjective assessment of
the vestibular syndrome severity over time. (B), Measurement of the animal’s displacement speed (velocity; in cm/s) at the
various time points considered. (C), Assessment of the total distance traveled in the open field (in cm) during the recording
session. (D), Immobility time (in s) of the animals during the videotracking recording phase. (E), locomotor pattern of the
animal (meander; ◦/cm). Statistically significant differences (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001) compared to
the control group, two-way ANOVA.

2.3. Comparative Study of the Effects of Apamin and Acetyl-DL-Leucine

Comparative study of the antivertigo effects produced by the ip administration of
apamin (0.6 mg/kg) or acetyl-DL-leucine (ADLL; 60 mg/kg) was performed. No statis-
tically significant reduction of the vestibular syndrome severity was evoked by ADLL
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compared to control or apamin. A significant reduction of the vestibular syndrome severity
was observed later at D7 (F(6, 42) = 2.518; p = 0.0147; Figure 5A) in the apamin group com-
pared to control or ADLL groups. ADLL administration displayed the opposite effect to
apamin from D7, on velocity (Figure 5B) and distance moved (Figure 5C), with significant
reduction of both parameters at D10 (F(6, 42) = 4.011; p = 0.265 for velocity; F(6, 42) = 5.135;
p = 0.0445 for distance moved) compared to control groups. ADLL administration also dis-
played the opposite effect compared to apamin on immobility time (Figure 5D) and altered
pattern of locomotion (Figure 5E), as demonstrated by the lack of significant reduction of
the immobility time at D1 and the increase of altered locomotion pattern at D1 observed
for ADLL. These observations indicated a superior effect of apamin on ADLL in reducing
the considered biomarkers of the vestibular syndrome.
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Figure 5. Comparative effects of apamin (0.6 mg/kg) and acetyl-D-L-leucine (60 mg/kg) treatments on vestibular syndrome
severity. (A), Subjective assessment of the vestibular syndrome severity over time. (B), Measurement of the animal’s
displacement speed (velocity; in cm/s) at the various time points considered. (C), Assessment of the total distance traveled
in the open field (in cm) during the recording session. (D), Immobility time (in s) of the animals during the videotracking
recording phase. (E), Locomotor pattern of the animal (meander; ◦/cm). Statistically significant differences (* p < 0.05;
** p < 0.01; *** p < 0.001) compared to the control group, two-way ANOVA.

3. Discussion
3.1. Vestibular Syndrome and Electrophysiological Asymmetry in the Vestibular Nuclei

Sudden, unilateral, and complete loss of peripheral vestibular sensory information in
humans and animals induces a characteristic vestibular syndrome composed of posturo-
locomotor, oculomotor, and vegetative symptoms [15,16]. These deficits are fully or par-
tially compensated over time through a process of neuroplasticity called ‘central vestibular
compensation’ [17]. This vestibular syndrome is the result of electrophysiological asym-
metry between homologous vestibular nuclei (VN): low spontaneous electrical activity
on the deafferented side and high on the intact side [18–20]. Data in the literature attest
that the reestablishment of the electrophysiological balance between opposing VNs is the
key and essential parameter of the post-lesional recovery of postural, locomotor, and gaze
stabilization functions [21]. The priority for the deafferented vestibular environment is
to restore a level of homeostatic excitability essential for functional restoration. For this
purpose, neuronal excitability modulators play a key role. We have recently demonstrated
that excitability markers of the deafferented vestibular environment (GABAa receptors
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and KCC2 cotransporters) reconfigure themselves so that GABA becomes depolarizing
and facilitates functional restoration [22]. We also demonstrated that a modification of the
post-lesional vestibular environment extends to other modulators of neuronal excitability
such as SK channels [13].

3.2. Presence of SK Channels in the Vestibular Nuclei and Upregulation of Their Expression
Following UVN

The presence of different subtypes of ionic channels sensitive to apamin in the mammal
VNs has been proposed on the basis of pharmacological tests [23–25]. Our team recently
confirmed this at cellular level, demonstrating the presence and distribution of small con-
ductance calcium-activated potassium channels SK1, SK2, and SK3 subunits in the VN
complex and associated structures, such as cerebellum and inferior olive, through an au-
toradiographic approach using radiolabeled apamin [13]. This study also revealed reactive
upregulation of SK channels following unilateral vestibular neurectomy (UVN) in ipsi and
contralateral VNs at both acute (D7 post-UVN: asymmetric positive regulation) and semi-
compensated (D21 post-UVN: symmetrical upregulation) stages of vestibular compensation.

3.3. Conservation of the Antivertigo Effect of Apamin across Species

In the present study, we retrieved in vestibulo-injured rats the antivertigo (AV) effect
of apamin previously demonstrated in vestibulo-injured cats [13]. We used behavioral
assessment parameters widely acknowledged as good indicators of posturo-locomotor
deficits in rodents [14,26]. However, the dose of 0.3 mg/kg which caused significant
reductions in posturo-locomotor and vestibulo-ocular deficits in the UVN cat model only
caused a tendency to improve the various monitored parameters in the UVN rat model,
without reaching statistically significant difference vs. sham administration. By contrast,
simply doubling the administered apamin dosage was sufficient to achieve significant AV
effect vs. control. Doubling the dosage required to produce significant AV effects is not
sufficient by itself to be indicative of a real interspecies sensitivity difference. However,
it should be noted that the reduction of the posturo-locomotor effects observed in the
vestibulo-injured cats with apamin was more pronounced than that observed in rat. Thus,
even if the results of the present study initially confirm a conservation of the apamin AV
effect between the two species, a difference in sensitivity to apamin cannot be excluded. To
what extent this difference may be due to differential expression of SK subunits in cat and
rat VN will need to be further investigated.

3.4. Tendency of SK Channel Antagonists to Mimic the Antivertigo Effect of Apamin

Apamin is a prototypic ‘blocker’ of SK channels, in fact acting through an allosteric
mechanism that physically obstructs the outer channel pore. This action is independent of
gating. Apamin is therefore not considered to be a negative modulator [7,27]. Conversely,
NS8593, a non-charged molecule with a very different structure from apamin, defined this
concept. NS8593 inhibits cloned human and rat SK2 isoforms with equal potency, while
it is inactive on SK3. It causes a reduction in the apparent Ca2+ sensitivity for channel
activation [28]. In the present study, we administrated the compound at 30 mg/kg, a dose
previously demonstrated to induce burst firing in mouse dopamine neurons in vivo [29].
At this specific concentration, NS8593 displayed a trend to alleviate all vestibular symptoms
considered, although never reaching significant difference vs. control. It can be anticipated
that a higher concentration of NS8593 may produce superior and significant antivertigo
effect. The difference in both the structure and mechanism of action of NS8593 vs. apamin,
especially its lower affinity for the SK2 subunit [30], may support the observed discrepancy
between NS8593 and apamin in alleviating the vestibular syndrome evoked in UVN rats.

AG525E1 is a chiral bis-tertiary amine that also differs from the apamin peptide. This
compound was initially developed from chemical modulation of laudanosine, with the aim
of studying the physiological roles of SK channels in the central nervous system in vivo.
AG525E1 has an affinity for SK channels (Ki = 293 nM) approximately 100-fold higher than
the tertiary compound laudanosine (Ki ∼ 30 µM) and similar to the charged compound
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dequalinium (Ki = 221 nM). AG525E1 equipotently blocks SK1, SK2, and SK3 currents in
transfected cell lines. Because of its basic and lipophilic properties, it can reach central SK
targets [31]. The specific structure and mechanism of action of AG525E1 may explain the
observed discrepancy of its AV effect vs. apamin in the rat model of APV. As for NS8593, the
tendency of AG525E1 to reduce the vestibular syndrome over the days of its administration
supports the idea that the AV effect exerted by the SK channel antagonists operates through
the inhibition of the SK2 channel function. However, the non-statistically significant effect
may be dependent on its lower affinity for the SK2 subunit compared to apamin. In addition
to the question of the affinity of the compounds for the SK subunits, other parameters such
as ability to cross the BBB, production of metabolites, related subcellular cascades . . . ) have
to be taken into account to decipher the heterogeneity of the behavioral responses.

3.5. Mirror Effect of SK2 Selective Activator CyPPA

An interesting observation is the exacerbating effect of cyclohexyl-[2-(3,5-dimethyl-
pyrazol-1-yl) -6-methyl-pyrimidin-4-yl] -amine (CyPPA) on the vestibular syndrome ob-
served in vestibulo-injured rats. This effect occurs for certain parameters and at certain time
points, upon administration of CyPPA. Conversely to the above-mentioned compounds
which show little selectivity between the SK2 family members, CyPPA and its more potent
congener NS13001 have fundamentally different structures and also changed selectivity
profiles. Both compounds selectively activate SK2.3 and SK2.2 but are completely inactive
on SK2.1 and SK3.1 [32,33]. The observed exacerbating effect on the vestibular syndrome is
particularly pronounced in the first two days after induction of the lesion, with regard to
the assessment of the vertigo syndrome and the mean velocity, and continues over three
days for the distance moved, time of immobility, and alteration of the locomotor pattern. It
can be anticipated that the selective activation of the SK2.3 and SK2.2 subunits induces a
decrease in the spontaneous firing rate of neurons carrying these subunits. This effect may
occur through increasing the duration of the apamin-sensitive afterhyperpolarization, and
inducing an activity-dependent inhibition of current-evoked action potentials as previously
demonstrated in DA neurons from both mouse and rat midbrain slices [29]. This effect
could mirror those observed with apamin and other SK channel antagonists, by accenting
the SK-channels-mediated syndrome. Of course, it cannot be totally ruled out that CyPPA
may produce the observed effect through another pharmacological target such as TRP
channels [34].

3.6. Superior AV Effect of Apamin vs. Acetyl-DL-Leucine

The comparative study of the antivertigo (AV) effects produced by the administration
of apamin or acetyl-DL-leucine (ADLL) in vestibulo-injured rats allows anticipation of the
potential of apamin to alleviate the vertigo symptoms compared to the French reference
AV compound [35]. Apart from a statistically significant difference in the effect of ADLL
vs. control and apamin visible at D3 in the subjective evaluation of vertigo syndrome, the
AV effect of apamin is always superior to that of ADLL, regardless of the criteria and time
point considered. On this basis, it can thus be anticipated that a significant AV effect of
apamin can be obtained in patients suffering from APV.

3.7. Antivertigo Effect of SK Antagonists and Control of Neuronal Excitability

The role of SK channels in controlling the rhythmicity of neural action potentials is
now well established. It is known that their activation, or increase in membrane expression,
induces a reduction in neuronal discharge frequency, while their pharmacological blockade
induces the opposite effect: an increase in neuronal firing [10–12]. This effect has been
confirmed on type B neurons in the medial VN using both in vitro brain stem slice and
in vivo electrophysiological recordings [24,25,36]. On the basis of these observations, it is
very likely that the antivertigo effect of apamin results mainly from its action of stimulating
neuronal excitability. In particular, apamin by blocking SK channels could accelerate the
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recovery of electrophysiological homeostasis between opposite VNs, thus decreasing the
symptoms of acute vertigo attacks and accelerating vestibular compensation.

3.8. Other Mechanisms of Action for the Antivertigo Effect of SK Antagonist

Although there is much evidence to support an AV effect of SK channel antagonists
occurring through the modulation of VN neuron excitability, it cannot be excluded that the
AV effect of apamin may also be exerted through other actions.

The animal model of unilateral vestibular lesion is also a neuroinflammatory reaction
model since it induces astroglial [37–41] and microglial [22,41–43] reactions, as well as the
expression of inflammatory factors (TNF-a and NF-kB) in deafferent VNs [44]. Apamin
could display, through an action on the SK channels carried by glial cells (astrocytes
and microglia) [45,46], a modulating effect on the central inflammation which occurs
within the deafferented VNs after UVN. Apamin could thus slow down or even prevent
chronic inflammation consecutive to vestibular lesion. There is a growing interest in
developing drugs to target microglia and thereby control neuroinflammatory processes,
and apamin is a promising candidate. It was recently shown that apamin significantly
inhibits proinflammatory cytokine production and microglial cell activation [47].

The AV action of apamin may also take place through the involvement of serotonin.
By blocking the SK channels carried by raphe serotonin neurons projecting directly to
the VN [48], apamin could specifically enhance the excitability of brainstem vestibular
neurons, as previously demonstrated in a microiontophoretic study in the rat [49,50]. In this
same line of thought, the effects of dorsal raphe electrical stimulation exert a generalized
excitatory influence by serotoninergic fibers on LVN neurons [51]. It could also have an
anxiolytic effect which would be beneficial for the central compensation [52,53]. In fact,
apamin increases the activity of serotonergic neurons, inducing an increase in its release at
the level of the amygdala, the main nervous center regulating emotions [54].

Through a stimulating action on the release of dopamine, apamin could also induce a
normalization of excitability, an improvement in motor control, as well as a motivational
effect. By an action on the SK channels expressed by dopaminergic neurons which project
directly onto the VN, apamin could, like serotonin, normalize the excitability of the VN
neurons, through the dopaminergic receptors they express [55]. It is of interest to mention
that regulation of SK channels is also observed in substantia nigra in a rodent model of
Parkinson’s disease, and that treatment with apamin improves motor deficits by inten-
sifying the excitability of dopaminergic neurons, resulting in an increase in dopamine
secretion [56–59]. Substantia nigra is the main cerebral source of dopaminergic neurons
involved in the regulation of motricity, the progressive degeneration of which is one of
the main causes of Parkinson’s disease. A recent review documents the anatomical and
functional correlation between Parkinson’s disease and vestibular system dysfunction [59].
There is indeed substantial evidence of Parkinsonian neuropathological changes (Lewy
bodies and lipofuscin) in the VN complex [60,61]. The common denominator of these
two pathologies is postural instability as the main symptom. Finally, clinical trials in
Parkinson’s patients show that bee venom does not induce toxicity and slightly improves
motor scores [62]. The administration of the venom through specific acupuncture points
appears to be beneficial to idiopathic Parkinson’s patients [63]. Taken together, these data
suggest that apamin attenuates locomotor postural deficits resulting from vestibular dam-
age, through an indirect action on the dopaminergic system of the substantia nigra. Finally,
through a facilitating action on the release of dopamine in the affectivo-motivational sphere,
apamin could also have a motivation booster effect. This aspect is very important in human
clinics for functional recovery. It is important to emphasize that it has been observed in vivo
and post-mortem that the organization of neurotransmitter systems (dopamine, serotonin,
and others) is similar between the rat and man. Thus, these supposed mechanisms of
action are probably the same in humans.
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3.9. Limitations of the Study

In the case of groups AG525E1 and NS8593, only trends of change could be seen,
instead of statistical significance. This is likely due to the number of animals used in
this study. We can anticipate that a higher number of animals per group would have
led to significant results for these specific compounds, as observed for apamin, ADLL,
and CyPPA. In the same way, higher doses of AG525E1, NS8593, and CyPPA would have
probably induced significant effects. For ethical reasons, we chose to omit vehicle groups, as
Kolliphor and HP-ß-CD were never demonstrated to influence the absorption, distribution,
or metabolisms of any tested compounds. It has been evidenced that regardless of the
dosage or the administration duration (daily injections at 30% up to 91 days for Kolliphor,
injections of up to 10g/kg for HP-ß-CD), these compounds never produced overt toxicity
in rats [64,65]. Note that we used the following in the present study: doses of 5% Kolliphor
and 10% HP-ß-CD in daily administration over only 4 consecutive days.

4. Materials and Methods
4.1. Animals and Ethical Statements

Experiments were performed on 52 Long Evans male rats 10–12 weeks old (250/300 g)
originating from our own breeding, from parents supplied by Charles River (St Germain
sur l’Arbresle, France). All experiments were performed in accordance with the National
Institutes of Health’s Guide for Care and Use of Laboratory Animals (NIH Publication
no. 80-23) revised in 1996 for the UK Animals (Scientific Procedures) Act of 1986 and
associated guidelines or the Policy on Ethics approved by the Society for Neuroscience in
November 1989 and amended in November 1993 and under the veterinary and National
Ethical Committee supervision (French Agriculture Ministry Authorization: B13-055-25).
The present study was specifically approved by Neurosciences Ethic Committee N◦71 of
the French National Committee of animal experimentation. Every attempt was made to
minimize both the number and suffering of animals used in this experiment. The animals
were housed in a large confined space with 12–12 h diurnal light variations with free access
to water and food. They were housed at the LNC UMR 7291 animal facility.

4.2. Study Design

To determine the impact of SK modulators and acetyl-D-L leucine (ADLL) treatment
on the kinetic of vestibular syndrome and vestibular compensation in UVN rats, we
administrated the compounds during the acute phase of the vestibular syndrome following
the lesion, and we observed the consequences of this treatment at the behavioral level.
For each behavioral investigation, acquisitions were performed before surgery (preop)
and at different time-points (days) during the post-operative time (D1, D2, D3, D7, and
D10) to evaluate the effect of these different treatments on the kinetics of the vestibular
syndrome and compensation (Figure 6). Animals were randomly divided into seven
groups: UVN + placebo group referred to as control group (n = 9), lesioned and treated
with NaCl 0,9%; two UVN + apamin groups receiving two different doses (0.3 mg/kg;
n = 6) and (0.6 mg/kg; n = 8); UVN+ AG525E1 group (n = 8); UVN+ NS8593 group
(n = 8), UVN + CyPPA (cyclohexyl-[2-(3,5-dimethyl-pyrazol-1-yl) -6-methyl-pyrimidin-4-
yl]-amine) group (n = 5), and UVN + ADLL group (n = 6). The different groups were
randomly monitored at each time point. At the behavioral level, we measured the kinetics
of the vestibular syndrome and compensation using different evaluations performed at
different time points after the lesion.
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4.3. Unilateral Vestibular Neurectomy

Animals were subjected to a left-side vestibular nerve section under visual control
through a dissecting microscope under isoflurane anesthesia 30 min after a subcutaneous
injection of buprenorphine (Buprecare®; 0.02 mg/kg). The vestibular nerve was sectioned
at a post ganglion level as close as possible to the brainstem. Before awakening the animal,
a solution of Ringer Lactate (Virbac; 10 mL/kg) was administered subcutaneously in order
to alleviate the dehydration resulting from the inability of the animal to drink normally as
a consequence of the injury. The success of the surgery (full section of the vestibular nerve)
was verified at the histological level by the observation under optical microscopy of the full
section of the 8th cranial nerve between Scarpa’s ganglion and brainstem vestibular nuclei
(see [66] for details), and confirmed at behavioral level by the expression of characteristic
vestibular syndrome composed of an acute phase between D1 and D3 during which the
posturo-locomotor deficits reached maximum values, and a compensation phase during
which the vestibular deficit was progressively reduced. Animals which did not follow
these criteria were not considered in the analysis.

4.4. Drugs Administration

The pharmacological treatments were administrated once a day by intraperitoneal
(i.p) injections in double blind test conditions, during the acute phase of the vestibular
syndrome (30 min following the surgery, and at D1–D3 post UVN). The UVN + placebo
group was administrated with NaCl 0.9%. The SK modulators and acetyl-D-L leucine (Tan-
ganil) were administrated at different times before each behavioral test to take into account
the molecules’ half-time, and at the following concentrations: apamin (0.3 and 0.6 mg/kg
dissolved in NaCl 0.9%, injection 30 min before test, Genepep SA, Montpellier, France),
AG525E1 (10 mg/kg, dissolved in NaCl, injection 15 min before test, University of Liege,
Liege, Belgium), NS8593 (30 mg/kg diluted in 10% (2-hydroxypropyl)-β-cyclodextrin
(HP-β-CD); injection 5 min before test, Pharmaceutical Chemistry Lab, University of Liege,
Liege, Belgium), CYPPA (15 mg/kg, diluted in 5% solution of Kolliphor RH40 in saline;
injection 10 min before test, Alomone Labs Ltd., Jerusalem, Israel), ADLL (60 mg/kg,
injection 15 min before test, gift from Otorhinolaryngology and Head Neck Surgery De-
partment, Conception University Hospital, Marseille, France). Systemic administration
of the selected drugs was chosen as the compounds were found to cross the blood-brain
barrier [29,31,33,67]. The animals were allocated to different subgroups, allowing compari-
son between vehicle-lesioned and drug-lesioned rats. For each subgroup, we determined
through adapted behavioral tests the effects of the drug treatments on the acute phase of
the vestibular syndrome and the recovery of posturo-locomotor functions.
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4.5. Behavioral Investigations
4.5.1. Qualitative Evaluation of the Vestibular Syndrome

We evaluated the vestibular syndrome intensity and kinetic by using a cumulative
qualitative scale listing stereotypical postural and locomotor deficits evoked following
UVN adapted from [41]. Each of the following symptoms was scored on the qualitative
scale. Tail hanging behavior: Animals were picked up from the ground at the base of the
tail and body rotation was scored from 0 (no rotation) to 3 (several rotations of 360◦).
Rearing: the ability of the rat to rear was scored from 0 (rearing is observed) to 1 (rearing
is absent). Grooming: the ability of the rat to groom correctly was scored as follows: 0
(correct grooming of full body) 1 (grooming of the face, belly, and flanks but not the base
of the tail), 2 (grooming of the face and belly), 3 (grooming of the face), 4 (inability of the
animal to groom itself). Displacement: quality of the displacement of the rat was scored
from 0 (displacement of the rat with no visible deficit) to 4 (inability of the animal to
move forward or presence of retropulsion). Head tilt was scored by estimating the angle
between the jaw plane and the horizontal with 0 (absence of head tilt) to 3 (for a 90◦

angle). Barrel rolling was scored as follows: 0 (absence of barrel rolling), 1 (barrel rolling
evoked by an acceleration in the vertical axis of the rat in our hand), 2 (barrel rolling
evoked by handling the animal), 3 (spontaneous barrel rolling). Circling was scored as
follows: 0 (absence of circling behavior), 1 (rare episodes of circling behavior evoked
by handling of the animal), 2 (presence of circling behavior). Bobbing is assimilated to
cephalic nystagmus and was scored from 0 (absence of bobbing) to 1 (presence of bobbing).
Circling was scored as follows: 0 (absence of circling behavior), 1 (rare episodes of circling
behavior evoked by handling of the animal), 2 (presence of circling behavior). Circling
refers to rapid rotational behavior that is observed in different disease models. This
phenotype is common to rodent models of various pathologies with cerebral asymmetry
(Parkinson’s disease, schizophrenia, depression, or anxiety). Circling may be a result of
striatal electrophysiological imbalances resulting from excitability asymmetries observed
in the VN after unilateral vestibular loss (see [66]).

4.5.2. Quantitative Evaluation of the Vestibular Syndrome

Animals were individually placed in an open field (80 cm length × 80 cm width × 40 cm
height). Their behavior was recorded for 10 min using a digital camera and analyzed
with EthoVision™ XT 14 software (Noldus). The surfaces of the open field were cleaned
thoroughly between trials. To minimize stress, the room was lit as dimly as possible, while
allowing us to clearly discern the rats. At the beginning of the session, the rat was placed
on the right side of the field, head facing the wall. A first acquisition was performed the
day before the lesion, serving as a reference value, and then acquisitions were performed
at days (D) 1, 2, 3, 7, 10 post-lesion. We used the dynamic subtraction method. EthoVision™
automatically detected the following body points throughout the recordings: nose, body
center, and tail base of each animal. We used 3 analysis profiles for 23 variables selected for
analysis. We used the total distance moved (cm), the mean velocity (cm/s), the meander,
and the immobility time (s) to assess the locomotor activity of the rat. For more details
see [16].

4.5.3. Data Treatment and Statistical Analysis

Statistical analyses were evaluated by one-way repeated measures ANOVA followed
by a simple contrast to compare the postoperative time with the preoperative time for
each group (JASP). The number of animals per group was anticipated using statistical tests
(https://biostatgv.sentiweb.fr/?module=etudes/sujets#, accessed on 15 March 2018) with
expected effect size 0.6, power 0.85; p values: 0.05. Differences between the Sham and NVU
group were evaluated by two-way repeated measures ANOVA. If significant effects were
found, Dunnett multiple comparisons test was performed (GraphPad, Prism). Results were
considered significant at p < 0.05. In the Results section, data are presented as statistical
value, degrees of freedom, and exact p value.

https://biostatgv.sentiweb.fr/?module=etudes/sujets#


Pharmaceuticals 2021, 14, 1226 13 of 16

5. Conclusions

Altogether, these data confirm the significant antivertigo benefit of apamin in vestibulo-
injured rats, with improvement of locomotion and mobility shortly (one day) after the
insult, and reduction of syndrome intensity and improvement of both velocity and distance
traveled after a week. It can be anticipated that the antivertigo effect of apamin results
from a direct action on the normalization of neuronal excitability within the VNs, consid-
ered the key parameter of vestibular compensation. Its antivertigo effect could also result
from indirect actions on other neural networks, whose modulation would be beneficial for
the compensation.

Author Contributions: Conceptualization, B.T. and C.C.; methodology, A.B., D.P., G.R. and E.T.-D.;
validation, B.T. and C.C.; formal analysis, A.B.; investigation, A.B.; data curation, A.B.; writing—
original draft preparation, B.T. and C.C.; writing—review and editing, B.T. and C.C.; supervision, B.T.
and C.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by grants from the Société d’accélération du Transfert Tech-
nologique (SATT) de la région Sud-Est (# 942-SA-17-CNRS).

Institutional Review Board Statement: All experiments were performed in accordance with the
National Institutes of Health’s Guide for Care and Use of Laboratory Animals (NIH Publication no.
80-23) revised in 1996 for the UK Animals (Scientific Procedures) Act of 1986 and associated guidelines
or the Policy on Ethics approved by the Society for Neuroscience in November 1989 and amended
in November 1993 and under the veterinary and National Ethical Committee supervision (French
Agriculture Ministry Authorization: B13-055-25). The present study was specifically approved by
Neurosciences Ethic Committee N◦71 of the French National Committee of animal experimentation
(approved on 8 July 2019).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors thank Abdessadek El Ahmadi for expertise in statistical analysis, E
Mansour for taking care of animals and N Chanut for thorough reading of the manuscript.

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

References
1. Habermann, E. Apamin. Pharmacol Ther. 1984, 25, 255–270. [CrossRef]
2. Son, D.J.; Lee, J.W.; Lee, Y.H.; Song, H.S.; Lee, C.K.; Hong, J.T. Therapeutic application of anti-arthritis, pain-releasing, and

anti-cancer effects of bee venom and its constituent compounds. Pharmacol. Ther. 2007, 115, 246–270. [CrossRef] [PubMed]
3. Blatz, A.L.; Magleby, K.L. Single apamin-blocked Ca-activated K+ channels of small conductance in cultured rat skeletal muscle.

Nature 1986, 323, 718–720. [CrossRef]
4. Shakkottai, V.G.; Regaya, I.; Wulff, H.; Fajloun, Z.; Tomita, H.; Fathallah, M.; Cahalan, M.D.; Gargus, J.J.; Sabatier, J.M.; Chandy,

K.G. Design and characterization of a highly selective peptide inhibitor of the small conductance calcium-activated K+ channel,
SkCa2. J. Biol. Chem. 2001, 276, 43145–43151. [CrossRef]

5. Grunnet, M.; Jespersen, T.; Angelo, K.; Frøkjaer-Jensen, C.; Klaerke, D.A.; Olesen, S.P.; Jensen, B.S. Pharmacological modulation of
SK3 channels. Neuropharmacology 2001, 40, 879–887. [CrossRef]

6. Pedarzani, P.; Stocker, M. Molecular and cellular basis of small–and intermediate-conductance, calcium-activated potassium
channel function in the brain. Cell Mol. Life Sci. 2008, 65, 3196–3217. [CrossRef]

7. Weatherall, K.L.; Seutin, V.; Liegeois, J.F.; Marrion, N.V. Crucial role of a shared extracellular loop in apamin sensitivity and
maintenance of pore shape of small-conductance calcium-activated potassium (SK) channels. Proc. Natl. Acad. Sci. USA 2011, 108,
18494–18499. [CrossRef]

8. Janicki, P.K.; Horvath, E.; Seibold, G.; Habermann, E. Quantitative autoradiography of [125I] apamin binding sites in the central
nervous system. Biomed. Biochim. Acta. 1984, 43, 1371–1375. [PubMed]

9. Stocker, M.; Pedarzani, P. Differential distribution of three Ca(2+)-activated K(+) channel subunits, SK1, SK2, and SK3, in the
adult rat central nervous system. Mol. Cell Neurosci. 2000, 5, 476–493. [CrossRef]

10. Bond, C.T.; Maylie, J.; Adelman, J.P. SK channels in excitability, pacemaking and synaptic integration. Current Opin. Neurobiol.
2005, 15, 305–311. [CrossRef]

11. Köhler, M.; Hirschberg, B.; Bond, C.T.; Kinzie, J.M.; Marrion, N.V.; Maylie, J.; Adelman, J.P. Small-conductance, calcium-activated
potassium channels from mammalian brain. Science 1996, 273, 1709–1714. [CrossRef]

http://doi.org/10.1016/0163-7258(84)90046-9
http://doi.org/10.1016/j.pharmthera.2007.04.004
http://www.ncbi.nlm.nih.gov/pubmed/17555825
http://doi.org/10.1038/323718a0
http://doi.org/10.1074/jbc.M106981200
http://doi.org/10.1016/S0028-3908(01)00028-4
http://doi.org/10.1007/s00018-008-8216-x
http://doi.org/10.1073/pnas.1110724108
http://www.ncbi.nlm.nih.gov/pubmed/6335967
http://doi.org/10.1006/mcne.2000.0842
http://doi.org/10.1016/j.conb.2005.05.001
http://doi.org/10.1126/science.273.5282.1709


Pharmaceuticals 2021, 14, 1226 14 of 16

12. Pedarzani, P.; Mosbacher, J.; Rivard, A.; Cingolani, L.A.; Oliver, D.; Stocker, M.; Adelman, J.P.; Fakler, B. Control of electrical
activity in central neurons by modulating the gating of small conductance Ca2+-activated K+ channels. J. Biol. Chem. 2001, 276,
9762–9769. [CrossRef] [PubMed]

13. Tighilet, B.; Leonard, J.; Mourre, C.; Chabbert, C. Apamin treatment accelerates equilibrium recovery and gaze stabiliza-
tion in unilateral vestibular neurectomized cats: Cellular and behavioral aspects. Neuropharmacology 2019, 144, 133–142.
[CrossRef] [PubMed]

14. Péricat, D.; Farina, A.; Agavnian-Couquiaud, E.; Chabbert, C.; Tighilet, B. Complete and irreversible unilateral vestibular loss: A
novel rat model of vestibular pathology. J. Neurosci. Methods 2017, 283, 83–91. [CrossRef]

15. Strupp, M.; Mandalà, M.; López-Escámez, J.A. Peripheral vestibular disorders: An update. Curr. Opin. Neurol. 2019, 32, 165–173.
[CrossRef] [PubMed]

16. Rastoldo, G.; Marouane, E.; El Mahmoudi, N.; Péricat, D.; Bourdet, A.; Timon-David, E.; Dumas, O.; Chabbert, C.; Tighilet, B.
Quantitative Evaluation of a New Posturo-Locomotor Phenotype in a Rodent Model of Acute Unilateral Vestibulopathy. Front.
Neurol. 2020, 11, 505, Erratum in 2020, 26, 614242. [CrossRef]

17. Lacour, M.; Helmchen, C.; Vidal, P.P. Vestibular compensation: The neuro-otologist’s best friend. J. Neurol. 2016, 263, S54–S64.
[CrossRef] [PubMed]

18. Precht, W.; Shimazu, H.; Markham, C.H. A mechanism of central compensation of vestibular function following hemilabyrinthec-
tomy. J. Neurophysiol. 1966, 29, 996–1010. [CrossRef] [PubMed]

19. McCabe, B.F.; Ryu, J.H. Experiments on vestibular compensation. Laryngoscope 1969, 79, 1728–1736. [CrossRef]
20. Ris, L.; Godaux, E. Neuronal activity in the vestibular nuclei after contralateral or bilateral labyrinthectomy in the alert guinea

pig. J. Neurophysiol. 1998, 80, 2352–2367. [CrossRef]
21. Lacour, M.; Tighilet, B. Plastic events in the vestibular nuclei during vestibular compensation: The brain orchestration of a

“deafferentation” code. Restor. Neurol. Neurosci. 2010, 28, 19–35. [CrossRef]
22. Dutheil, S.; Watabe, I.; Sadlaoud, K.; Tonetto, A.; Tighilet, B. BDNF signaling promotes vestibular compensation by increasing

neurogenesis and remodeling the expression of potassium-chloride cotransporter KCC2 and GABAa receptor in the vestibular
nuclei. J. Neurosci. 2016, 36, 6199–6212. [CrossRef]

23. Mourre, C.; Hugues, M.; Lazdunski, M. Quantitative autoradiographic mapping in rat brain of the receptor of apamin, a
polypeptide toxin specific for one class of Ca2+-dependent K+ channels. Brain Res. 1986, 382, 239–249. [CrossRef]

24. de Waele, C.; Serafin, M.; Khateb, A.; Yabe, I.; Vidal, P.P.; Miihlethaler, M. Medial vestibular nucleus in the guinea-pig: Apamin-
induced rhythmic burst firing- an in vitro and in vivo study. Exp. Brain Res. 1993, 95, 213–222. [CrossRef] [PubMed]

25. Johnston, A.R.; MacLeod, N.K.; Dutia, M.B. Ionic conductances contributing to spike repolarization and after potentials in rat
medial vestibular nucleus neurones. J. Physiol. Lond. 1994, 481, 61–77. [CrossRef] [PubMed]

26. Llorens, J.; Demêmes, D.; Sans, A. The behavioral syndrome caused by 3,3’-iminodipropionitrile and related nitriles in the rat is
associated with degeneration of the vestibular sensory hair cells. Toxicol. Appl. Pharmacol. 1993, 123, 199–210. [CrossRef] [PubMed]

27. Lamy, C.; Goodchild, S.J.; Weatherall, K.L.; Jane, D.E.; Liegeois, J.F.; Seutin, V.; Marrion, N.V. Allosteric block of KCa2 channels by
apamin. J. Biol. Chem. 2010, 285, 27067–27077. [CrossRef]

28. Strøbaek, D.; Hougaard, C.; Johansen, T.H.; Sørensen, U.S.; Nielsen, E.Ø.; Nielsen, K.S.; Taylor, R.D.; Pedarzani, P.; Christo-
phersen, P. Inhibitory gating modulation of small conductance Ca2+-activated K+ channels by the synthetic compound (R)-
N-(benzimidazol-2-yl)-1,2,3,4-tetrahydro-1-naphtylamine (NS8593) reduces afterhyperpolarizing current in hippocampal CA1
neurons. Mol. Pharmacol. 2006, 70, 1771–1782. [CrossRef]

29. Herrik, K.F.; Christophersen, P.; Shepard, P.D. Pharmacological modulation of the gating properties of small conductance Ca2+-
activated K+ channels alters the firing pattern of dopamine neurons in vivo. J. Neurophysiol. 2010, 104, 1726–1735. [CrossRef]

30. Christophersen, P.; Wulff, H. Pharmacological gating modulation of small- and intermediate-conductance Ca(2+)-activated K(+)
channels (KCa2.x and KCa3.1). Channels 2015, 9, 336–343. [CrossRef]

31. Graulich, A.; Lamy, C.; Alleva, L. Bis-tetrahydroisoquinoline derivatives: AG525E1, a new step in the search for non-quaternary
non-peptidic small conductance Ca(2+)-activated K(+) channel blockers. Bioorg. Med. Chem. Lett. 2008, 18, 3440–3445. [CrossRef]

32. Hougaard, C.; Eriksen, B.L.; Jorgensen, S.; Johansen, T.H.; Dyhring, T.; Madsen, L.S.; Strøbaek, D.; Christophersen, P. Selective
positive modulation of the SK3 and SK2 subtypes of small conductance Ca2C-activated K+ channels. Br. J. Pharmacol. 2007, 151,
655–665. [CrossRef]

33. Kasumu, A.W.; Hougaard, C.; Rode, F.; Jacobsen, T.A.; Sabatier, J.M.; Eriksen, B.L.; Strøbæk, D.; Liang, X.; Egorova, P.; Vorontsova,
D.; et al. Selective positive modulator of calcium-activated potassium channels exerts beneficial effects in a mouse model of
spinocerebellar ataxia type 2. Chem. Biol. 2012, 19, 1340–1353. [CrossRef]

34. Chubanov, V.; Mederos, S.M.; Meißner, M. Natural and synthetic modulators of SK (K(ca)2) potassium channels inhibit
magnesium-dependent activity of the kinase-coupled cation channel TRPM7. Br. J. Pharmacol. 2012, 166, 1357–1376. [CrossRef]

35. Vanderkam, P.; Blanchard, C.; Naudet, F. Efficacy of acetylleucine in vertigo and dizziness: A systematic review of randomised
controlled trials. Eur. J. Clin. Pharmacol. 2019, 75, 603–607. [CrossRef]

36. Saito, Y.; Takazawa, T.; Ozawa, S. Relationship between afterhyperpolarization profiles and the regularity of spontaneous firings
in rat medial vestibular nucleus neurons. Eur. J. Neurosci. 2008, 28, 288–298. [CrossRef] [PubMed]

http://doi.org/10.1074/jbc.M010001200
http://www.ncbi.nlm.nih.gov/pubmed/11134030
http://doi.org/10.1016/j.neuropharm.2018.10.029
http://www.ncbi.nlm.nih.gov/pubmed/30366003
http://doi.org/10.1016/j.jneumeth.2017.04.001
http://doi.org/10.1097/WCO.0000000000000649
http://www.ncbi.nlm.nih.gov/pubmed/30562267
http://doi.org/10.3389/fneur.2020.00505
http://doi.org/10.1007/s00415-015-7903-4
http://www.ncbi.nlm.nih.gov/pubmed/27083885
http://doi.org/10.1152/jn.1966.29.6.996
http://www.ncbi.nlm.nih.gov/pubmed/5971666
http://doi.org/10.1288/00005537-196910000-00004
http://doi.org/10.1152/jn.1998.80.5.2352
http://doi.org/10.3233/RNN-2010-0509
http://doi.org/10.1523/JNEUROSCI.0945-16.2016
http://doi.org/10.1016/0006-8993(86)91333-8
http://doi.org/10.1007/BF00229780
http://www.ncbi.nlm.nih.gov/pubmed/7901047
http://doi.org/10.1113/jphysiol.1994.sp020419
http://www.ncbi.nlm.nih.gov/pubmed/7531769
http://doi.org/10.1006/taap.1993.1238
http://www.ncbi.nlm.nih.gov/pubmed/8248927
http://doi.org/10.1074/jbc.M110.110072
http://doi.org/10.1124/mol.106.027110
http://doi.org/10.1152/jn.01126.2009
http://doi.org/10.1080/19336950.2015.1071748
http://doi.org/10.1016/j.bmcl.2008.03.069
http://doi.org/10.1038/sj.bjp.0707281
http://doi.org/10.1016/j.chembiol.2012.07.013
http://doi.org/10.1111/j.1476-5381.2012.01855.x
http://doi.org/10.1007/s00228-018-02617-6
http://doi.org/10.1111/j.1460-9568.2008.06338.x
http://www.ncbi.nlm.nih.gov/pubmed/18702700


Pharmaceuticals 2021, 14, 1226 15 of 16

37. Campos-Torres, A.; Touret, M.; Vidal, P.P.; Barnum, S.; de Waele, C. The differential response of astrocytes within the vestibular
and cochlear nuclei following unilateral labyrinthectomy or vestibular afferent activity blockade by transtympanic tetrodotoxin
injection in the rat. Neuroscience 2005, 130, 853–865. [CrossRef] [PubMed]

38. Dutheil, S.; Brezun, J.M.; Leonard, J.; Lacour, M.; Tighilet, B. Neurogenesis and astrogenesis contribute to vestibular compensation
in the neurectomized adult cat: Cellular and behavioral evidence. Neuroscience 2009, 164, 1444–1456. [CrossRef]

39. Dutheil, S.; Lacour, M.; Tighilet, B. Neurogenic potential of the vestibular nuclei and behavioural recovery time course in the
adult cat are governed by the nature of the vestibular damage. PLoS ONE 2011, 6, e22262. [CrossRef]

40. Dutheil, S.; Watabe, I.; Escoffier, G.; Gharbi, A.; Tighilet, B. GABAA Receptors agonist and antagonist alter vestibular compensation
and the different steps of reactive neurogenesis in the deafferented vestibular nuclei of adult cats. J. Neurosci. 2013, 33, 15555–15566.
[CrossRef] [PubMed]

41. Rastoldo, G.; El Mahmoudi, N.; Marouane, E.; Pericat, D.; Watabe, I.; Tonneto, A.; López-Juárez, A.; Chabbert, C.; Tighilet,
B. Adult and endemic neurogenesis in the vestibular nuclei after unilateral vestibular neurectomy. Prog. Neurobiol. 2021,
196, 101899. [CrossRef]

42. Campos Torres, A.; Vidal, P.P.; de Waele, C. Evidence for a microglial reaction within the vestibular and cochlear nuclei following
inner ear lesion in the rat. Neuroscience 1999, 92, 1475–1490. [CrossRef]

43. Zwergal, A.; Günther, L.; Brendel, M.; Beck, R.; Lindner, S.; Xiong, G.; Eilles, E.; Unterrainer, M.; Albert, N.L.; Becker-Bense,
S.; et al. In Vivo Imaging of Glial Activation after Unilateral Labyrinthectomy in the Rat: A [18F]GE180-PET Study. Front. Neurol.
2017, 8, 665. [CrossRef] [PubMed]

44. Liberge, M.; Manrique, C.; Bernard-Demanze, L.; Lacour, M. Changes in TNFα, NFκB and MnSOD protein in the vestibular
nuclei after unilateral vestibular deafferentation. J. Neuroinflammation 2010, 7, 91. [CrossRef]

45. Seagar, M.J.; Deprez, P.; Martin-Moutot, N.; Couraud, F. Detection and photoaffinity labeling of the Ca2+-activated K+ channel-
associated apamin receptor in cultured astrocytes from rat brain. Brain Res. 1987, 411, 226–230. [CrossRef]

46. Elder, C. Ion channels in microglia (brain macrophages). Am. J. Physiol. 1998, 275, C327–C342. [CrossRef]
47. Park, J.; Jang, K.M.; Park, K.K. Apamin Suppresses LPS-Induced Neuroinflammatory Responses by Regulating SK Channels and

TLR4-Mediated Signaling Pathways. Int. J. Mol. Sci. 2020, 21, 4319. [CrossRef]
48. Halberstadt, A.L.; Balaban, C.D. Anterograde tracing of projections from the dorsal raphe nucleus to the vestibular nuclei.

Neuroscience 2006, 143, 641–654. [CrossRef]
49. Licata, F.; Li Volsi, G.; Maugeri, G.; Santangelo, F. Effects of 5-hydroxytryptamine on the firing rates of neurons of the lateral

vestibular nucleus in the rat. Exp. Brain Res. 1990, 79, 293–298. [CrossRef] [PubMed]
50. Licata, F.; Li Volsi, G.; Maugeri, G.; Ciranna, L.; Santangelo, F. Serotonin-evoked modifications of the neuronal firing rate in the

superior vestibular nucleus: A microiontophoretic study in the rat. Neuroscience 1993, 52, 941–949. [CrossRef]
51. Licata, F.; Li Volsi, G.; Maugeri, G.; Santangelo, F. Neuronal responses in vestibular nuclei to dorsal raphe electrical activation. J.

Vestib. Res. 1995, 5, 137–145. [CrossRef]
52. Venault, P.; Rudrauf, D.; Lepicard, E.M.; Berthoz, A.; Jouvent, R.; Chapouthier, G. Balance control and posture in anxious mice

improved by SSRI treatment. Neuroreport 2001, 12, 3091–3094. [CrossRef] [PubMed]
53. Simon, N.M.; Parker, S.W.; Wernick-Robinson, M.; Oppenheimer, J.E.; Hoge, E.A.; Worthington, J.J.; Korbly, N.B.; Pollack, M.H. Flu-

oxetine for vestibular dysfunction and anxiety: A prospective pilot study. Psychosomatics 2005, 46, 334–339. [CrossRef] [PubMed]
54. Crespi, F. Apamin increases 5-HT cell firing in raphe dorsalis and extracellular 5-HT levels in amygdala: A concomitant in vivo

study in anesthetized rats. Brain Res. 2009, 1281, 35–46. [CrossRef]
55. Vibert, N.; Serafin, M.; Crambes, O.; Vidal, P.P.; Mühlethaler, M. Dopaminergic agonists have both presynaptic and postsynaptic

effects on the guinea-pig’s medial vestibular nucleus neurons. Eur. J. Neurosci. 1995, 7, 555–562. [CrossRef] [PubMed]
56. Mourre, C.; Manrique, C.; Camon, J.; Aidi-Knani, S.; Deltheil, T.; Turle-Lorenzo, N.; Guiraudie-Capraz, G.; Amalric, M. Changes

in SK channel expression in the basal ganglia after partial nigrostriatal dopamine lesions in rats: Functional consequences.
Neuropharmacol 2017, 113, 519–532. [CrossRef] [PubMed]

57. Chen, L.; Deltheil, T.; Turle-Lorenzo, N.; Liberge, M.; Rosier, C.; Watabe, I.; Sreng, L.; Amalric, M.; Mourre, C. SK channel blockade
reverses cognitive and motor deficits induced by nigrostriatal dopamine lesions in rats. Int. J. Neuropsychopharmacol. 2014, 17,
1295–1306. [CrossRef]

58. Maurice, N.; Deltheil, T.; Melon, C.; Degos, B.; Mourre, C.; Amalric, M.; Kerkerian-Le Goff, L. Bee Venom Alleviates Motor
Deficits and Modulates the Transfer of Cortical Information through the Basal Ganglia in Rat Models of Parkinson’s Disease.
PLoS ONE 2015, 10, e0142838. [CrossRef]

59. Smith, P.F. Vestibular Functions and Parkinson’s Disease. Front. Neurol. 2018, 9, 1085. [CrossRef]
60. Seidel, K.; Mahlke, J.; Siswanto, S.; Krüger, R.; Heinsen, H.; Auburger, G. The brainstem pathologies of Parkinson’s Disease and

Dementia with Lewy bodies. Brain Pathol. 2015, 25, 121–135. [CrossRef]
61. Wellings, T.P.; Brichta, A.M.; Lim, R. Altered neurofilament protein expression in the lateral vestibular nucleus in Parkinson’s

disease. Exp. Brain Res. 2017, 235, 3695–3708. [CrossRef]
62. Hartmann, A.; Müllner, J.; Meier, N.; Hesekamp, H.; van Meerbeeck, P. Bee Venom for the Treatment of Parkinson Disease-A

Randomized Controlled Clinical Trial. PLoS ONE 2016, 11, e0158235. [CrossRef]
63. Cho, S.Y.; Shim, S.R.; Rhee, H.Y.; Park, H.J.; Jung, W.S.; Moon, S.K.; Park, J.M.; Ko, C.N.; Cho, K.H.; Park, S.U. Effectiveness of

acupuncture and bee venom acupuncture in idiopathic Parkinson’s disease. Parkinsonism Relat Disord. 2012, 18, 948–952. [CrossRef]

http://doi.org/10.1016/j.neuroscience.2004.08.052
http://www.ncbi.nlm.nih.gov/pubmed/15652984
http://doi.org/10.1016/j.neuroscience.2009.09.048
http://doi.org/10.1371/journal.pone.0022262
http://doi.org/10.1523/JNEUROSCI.5691-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/24068822
http://doi.org/10.1016/j.pneurobio.2020.101899
http://doi.org/10.1016/S0306-4522(99)00078-0
http://doi.org/10.3389/fneur.2017.00665
http://www.ncbi.nlm.nih.gov/pubmed/29312111
http://doi.org/10.1186/1742-2094-7-91
http://doi.org/10.1016/0006-8993(87)91073-0
http://doi.org/10.1152/ajpcell.1998.275.2.C327
http://doi.org/10.3390/ijms21124319
http://doi.org/10.1016/j.neuroscience.2006.08.013
http://doi.org/10.1007/BF00608238
http://www.ncbi.nlm.nih.gov/pubmed/2323376
http://doi.org/10.1016/0306-4522(93)90541-M
http://doi.org/10.3233/VES-1995-5205
http://doi.org/10.1097/00001756-200110080-00022
http://www.ncbi.nlm.nih.gov/pubmed/11568643
http://doi.org/10.1176/appi.psy.46.4.334
http://www.ncbi.nlm.nih.gov/pubmed/16000676
http://doi.org/10.1016/j.brainres.2009.05.021
http://doi.org/10.1111/j.1460-9568.1995.tb00660.x
http://www.ncbi.nlm.nih.gov/pubmed/7620607
http://doi.org/10.1016/j.neuropharm.2016.11.003
http://www.ncbi.nlm.nih.gov/pubmed/27825825
http://doi.org/10.1017/S1461145714000236
http://doi.org/10.1371/journal.pone.0142838
http://doi.org/10.3389/fneur.2018.01085
http://doi.org/10.1111/bpa.12168
http://doi.org/10.1007/s00221-017-5092-3
http://doi.org/10.1371/journal.pone.0158235
http://doi.org/10.1016/j.parkreldis.2012.04.030


Pharmaceuticals 2021, 14, 1226 16 of 16

64. Stokes, A.H.; Kemp, D.C.; Faiola, B.; Jordan, H.L.; Merrill, C.L.; Hailey, J.R.; Brown, R.E.; Bailey, D.W. Effects of Solutol (Kolliphor)
and cremophor in polyethylene glycol 400 vehicle formulations in Sprague-Dawley rats and beagle dogs. Int. J. Toxicol. 2013, 32,
189–197. [CrossRef]

65. Gould, S.; Scott, R.C. 2-Hydroxypropyl-beta-cyclodextrin (HP-beta-CD): A toxicology review. Food Chem. Toxicol. 2005, 43,
1451–1459. [CrossRef]

66. Marouane, E.; Rastoldo, G.; El Mahmoudi, N.; Péricat, D.; Chabbert, C.; Artzner, V.; Tighilet, B. Identification of New Biomarkers
of Posturo-Locomotor Instability in a Rodent Model of Vestibular Pathology. Front. Neurol. 2020, 11, 470. [CrossRef] [PubMed]

67. Habermann, E.; Cheng-Raude, D. Central neurotoxicity of apamin, crotamin, phospholipase A and alpha-amanitin. Toxicon 1975,
13, 465–473. [CrossRef]

http://doi.org/10.1177/1091581813485452
http://doi.org/10.1016/j.fct.2005.03.007
http://doi.org/10.3389/fneur.2020.00470
http://www.ncbi.nlm.nih.gov/pubmed/32547480
http://doi.org/10.1016/0041-0101(75)90176-2

	Introduction 
	Results 
	Dose-Response Effect of Apamin 
	Effect of Other SK Channel Modulators 
	Comparative Study of the Effects of Apamin and Acetyl-DL-Leucine 

	Discussion 
	Vestibular Syndrome and Electrophysiological Asymmetry in the Vestibular Nuclei 
	Presence of SK Channels in the Vestibular Nuclei and Upregulation of Their Expression Following UVN 
	Conservation of the Antivertigo Effect of Apamin across Species 
	Tendency of SK Channel Antagonists to Mimic the Antivertigo Effect of Apamin 
	Mirror Effect of SK2 Selective Activator CyPPA 
	Superior AV Effect of Apamin vs. Acetyl-DL-Leucine 
	Antivertigo Effect of SK Antagonists and Control of Neuronal Excitability 
	Other Mechanisms of Action for the Antivertigo Effect of SK Antagonist 
	Limitations of the Study 

	Materials and Methods 
	Animals and Ethical Statements 
	Study Design 
	Unilateral Vestibular Neurectomy 
	Drugs Administration 
	Behavioral Investigations 
	Qualitative Evaluation of the Vestibular Syndrome 
	Quantitative Evaluation of the Vestibular Syndrome 
	Data Treatment and Statistical Analysis 


	Conclusions 
	References

