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Abstract

Background: The ototoxic effect of interferon (IFN) on the vestibular and auditory systems is associated with the cytokine’s influence
on the mediator functions of the vestibular and auditory epithelium. The function of the afferent glutamatergic synapse is mediated by the
coupled action of ionotropic glutamate receptors (iGluRs) and metabotropic glutamate receptors (mGluRs) and modulators of synaptic
transmission. IFN has been shown to exert differential effects on iGluRs and to alter their functional interactions. This study focuses
on the effect of IFN-a2b on mGluRs in the vestibular epithelium. Methods: To identify the role of IFN in the functioning of mGluRs,
multiunit recording of impulse activity of the semicircular canal nerve fibers was performed under conditions of external perfusion of the
vestibular apparatus. Results: IFN-a2b (10 ng/mL) depressed (£)-1-Aminocyclopentane-trans-1,3-dicarboxylic acid (trans-ACPD)-
evoked responses (100 uM) during acute perfusion (main effect of treatment, repeated-measures analysis of variance (RM ANOVA):
F (2,14) = 8.55, p = 0.004, * = 0.550, n = 8. Post-hoc comparisons with Bonferroni correction: p (ACPD test vs. IFN+ACPD) =
0.033; p (IFN+ACPD vs. ACPD recovery) = 0.034). The amplitude of #rans-ACPD-induced responses was restored after washing the
vestibular apparatus with normal solution. Conclusion: IFN-a2b attenuates trans-ACPD-evoked, mGluR-mediated responses in the
afferent glutamatergic synapse, suggesting that the cytokine may be regarded as a neuroimmunomodulator of mGluRs and participates

in synaptic plasticity in the vestibular apparatus.
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1. Introduction

Interferons (IFNs) are pro-inflammatory cytokines ex-
pressed and released by host cells in response to aber-
rant viral ribonucleic acid (RNA) or deoxyribonucleic acid
(DNA). These protective properties of IFNs have been
widely exploited in the treatment of multiple sclerosis, se-
vere viral infections, and cancer [1,2,3]. High-dose IFN
therapy is known to dysregulate key neurotransmitter sys-
tems in both the central nervous system (CNS) and periph-
eral nervous system, occasionally necessitating treatment
withdrawal. Clinical data indicate that [FNs can cause acute
hearing and balance loss [4,5]. Postural and balance disor-
ders may be associated with dysfunction of both the central
and peripheral components of the vestibular system. How-
ever, the nature of the ototoxic effect of IFN on the mediator
systems of the inner ear structures has remained largely un-
explored.

High sensitivity and plasticity of afferent synaptic
transmission are achieved through the coordinated action
of the glutamatergic, cholinergic, dopaminergic, and opi-
oid systems, as well as endogenous modulators of synap-
tic transmission. Current literature indicates that active
molecules of the immune system can modulate synaptic ac-
tivity in the inner ear epithelium and alter the delicate bal-
ance of excitatory and inhibitory influences that ensure the

perception and transmission of information from the audi-
tory and vestibular organs to the CNS [6,7].

Our previous studies demonstrated for the first time
that the afferent glutamatergic synapse can be a target for
type I IFN. Using electrophysiological methods, we showed
that IFN-a2b increased the frequency of background activ-
ity in afferent fibers but significantly reduced the amplitude
of responses evoked by L-Glutamate (L-Glu) application
relative to the new background activity level induced by
IFN [7].

It is known that the high excitability and plasticity
of the afferent glutamatergic synapse are ensured by the
coupled activity of ionotropic glutamate receptors (iGluRs)
and metabotropic glutamate receptors (mGluRs) localized
on pre- and postsynaptic membranes [8,9]. In-depth stud-
ies of the influence of IFN-a2b on various subtypes of
iGluRs showed that IFN-a2b exerted diverse and com-
plex effects on D, L-alpha-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA), kainate, and N-methyl-
D-aspartate (NMDA) receptors. Specifically, IFN-a2b sig-
nificantly increased kainate receptor activity but did not al-
ter AMPA- and NMDA-induced responses during cytokine
application. Unexpectedly, IFN-a2b exerted a delayed ac-
tivating effect on kainate and AMPA receptors 15 minutes
after co-exposure of kainate or AMPA and cytokine. Fur-
thermore, IFN-activated AMPA receptors induced delayed
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significant changes in the amplitude of NMDA-evoked re-
sponses [10].

Since iGluRs and mGluRs are functionally linked and
colocalized on the pre- and postsynaptic membranes of the
glutamatergic synapse, this study aimed to investigate the
effect of IFN-a2b on vestibular mGluRs.

2. Materials and Methods

The experiments were conducted in vitro during the
autumn-winter period on adult male frogs (Rana tempo-
raria) with a body length of approximately 5-7 cm and a
weight of approximately 40-70 g. Frogs were wild-caught
near St. Petersburg, Russia. Animals were kept in a dedi-
cated refrigerator in containers with filtered standing water
under a 12-h light/12-h dark photoperiod. The acclimatisa-
tion period was 14 days. All animals appeared healthy and
showed no signs of disease prior to the experiments. 10
bone capsules with vestibular organs had been taken from
various animals (10 frogs). All procedures were performed
in accordance with the ethical principles set out in the Eu-
ropean Convention for the Protection of Vertebrate Ani-
mals Used for Experimental and Other Scientific Purposes.
The protocol for obtaining the vestibular capsules was ap-
proved by the Ethical Committee of the Pavlov Institute
of Physiology (approval No. 09/18, dated 18 September
2023). Each frog was anesthetized by immersion in 0.1%
3-aminobenzoic acid ethyl ester (MS-222) until all signs of
respiratory activity ceased. Deep anesthesia was confirmed
by absence of response to toe pinch. The animals were then
decapitated. After decapitation, the destruction of the brain
and spinal cord was performed. The bone containing the
vestibular apparatus was dissected and transferred to the ex-
perimental setup.

The vestibular apparatus (the preparation) was then
continuously perfused at room temperature with ar-
tificial perilymph solution of the following compo-
sition (in mM): NaCl 95, KCl 1.7, NaHCO3; 3.4,
NaH;PO,4 ¢ 2H50 0.5, CaCly 1.8, MgCly 0.6, glucose
2.5; the pH was adjusted to 7.4 (this solution is re-
ferred to as normal solution). The drugs used in the
experiments were: (4)-1-Aminocyclopentane-trans-1,3-
dicarboxylic acid (trans-ACPD) (Catalog No. 0187, Batch
No. 20, https://www.tocris.com) and IFN-a2b (Alte-
vir®, https://www.pharmapark.com) supplied in ampoules
of 5,000,000 IU, purified by High-Performance Liquid
Chromatography (HPLC) according to Sigma standard [7].
After purification, IFN-a2b was aliquoted and stored at
6-8 °C in the refrigerator. All necessary solutions in the
required concentrations were prepared immediately before
the experiment. The preparation was exposed to the drugs
by continuous perfusion with normal solutions containing
or lacking the test compounds. The perfusion rate was 1—
1.5 mL/min. To ensure rapid access of the test substances to
the synaptic contacts and to minimize diffusion barriers, the
perfusion micropipette was positioned under visual control

using a dissection microscope directly at the entry point of
the nerve fibers enter the ampulla of the posterior semicir-
cular canal.

Each vestibular apparatus was subjected to a con-
trol application of trans-ACPD (100 uM). The duration of
trans-ACPD application was equal to the time required for
the impulse frequency to reach its maximum and varied be-
tween 35 and 90 s. After a 15-min washout, a 2-min pre-
perfusion with IFN-a2b (10 ng/mL) was performed, fol-
lowed by application of trans-ACPD together with IFN-
a2b. After another 15-min washout, trans-ACPD was ap-
plied again (ACPD recovery). In some experiments, to ver-
ify the triggering ability of the cytokine on the trans-ACPD-
induced response, simultaneous perfusion of the synaptic
region with a solution containing both IFN and the mGIuR
agonist trans-ACPD was used.

The effects of the test substances were assessed as the
ratio of the peak firing frequency during drug application
to the baseline activity level recorded during 1 min before
perfusion.

Spike activity from the posterior semicircular am-
pullary nerve was recorded with a glass suction electrode,
converted into rectangular pulses, and acquired continu-
ously using custom-written software [11].

The effect of IFN-a2b on trans-ACPD-induced re-
sponses was assessed using Repeated Measures analysis
of variance (RM ANOVA) with post-hoc comparisons ad-
justed by the Bonferroni correction. Although the Shapiro—
Wilk test did not reject normality, all calculations were per-
formed under the control of rank-based tests due to the small
sample size (paired Wilcoxon signed-rank test). Statisti-
cal significance was set at p < 0.05. The sample size (n
= 8-10 preparations) was based on our previous electro-
physiological studies using the same experimental model
[7,9], in which similar sample sizes were sufficient to de-
tect significant effects. We present in the article the re-
sults of RM ANOVA. All calculations are performed us-
ing International Business Machines Statistical Package for
the Social Sciences Software (IBM SPSS Software: ver-
sion 26. Armonk, NY, USA. IBM Corp.). Graphs il-
lustrating changes in frans-ACPD-evoked firing activity
over time (before, during, and after IFN-a2b application)
were generated after the experiment using Microsoft Excel
LTSC MSO, Version 2408 (Build 16.0.17932.20910), Mi-
crosoft Corporation, One Microsoft Way, Redmond, WA
98052-6399, USA, https://www.microsoft.com, and soft-
ware package SigmaPlot (Systat Software Inc. SigmaPlot
12.5: San Jose, CA, USA).

3. Results

The effect of IFN on mGluR activity was examined
using simultaneous short-term exposure to the cytokine and
the mGluR agonist trans-ACPD, as well as using a two-
minute pre-application of IFN followed by trans-ACPD ad-
ministration.
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Fig. 1. Effects of interferon a2b (IFN; 10 ng/mL) on (£)-1-Aminocyclopentane-trans-1,3-dicarboxylic acid (ACPD)-evoked re-
sponses (100 pM) in the posterior semicircular ampullary nerve of the frog vestibular apparatus. (A) Original recording from a
representative experiment: horizontal bars indicate the period of drug application; vertical arrows indicate 15-min washout with normal
solution. The duration of trans-ACPD application was equal to the time required for the impulse frequency to reach its maximum (90 s).
The IFN-a2b application time: first, a brief (90 s) simultaneous perfusion of IFN-a2b and trans-ACPD was performed. In the second
case, the total duration of prolonged IFN-a2b application was 4 min 30 s, including the pre-perfusion time (2 min) and the time of
the trans-ACPD-evoked response. (B) Summary data showing changes in trans-ACPD-evoked responses during prolonged IFN-a2b
application: before cytokine exposure (ACPD test), during prolonged IFN exposure (IFN+ACPD), and after 15-min washout (ACPD
recovery). The bar graph represents the ratio of the maximal trans-ACPD-induced response frequency to baseline activity (horizontal
dashed line) (%), data are presented as mean + SEM (n = 8 preparations). (*) Significant differences: RM ANOVA: F (2,14) = 8.547,
p =0.004, 2 = 0.550. Post-hoc comparisons with Bonferroni correction: p (ACPD test vs. IFN+ACPD) = 0.033; p (IFN+ACPD vs.

ACPD recovery) = 0.034.

To test the hypothesis that IFN-a2b can modulate
mGluRs, the amplitude of trans-ACPD-induced responses
was compared in the absence and presence of the cytokine.
The effect of IFN-a2b (10 ng/mL, corresponding to 2600
IU/mL) on trans-ACPD (100 uM) -evoked responses was
examined in 10 experiments. The following criteria were
established for excluding experiments from statistical anal-
ysis: (1) the direction of the IFN effect, and (2) the avail-
ability of data at all stages of the experimental protocol.
In 9 out of 10 experiments, IFN suppressed trans-ACPD-
evoked responses after 2-min pre-perfusion. In one of the
10 experiments, IFN increased the frans-ACPD response
(this experiment was excluded from analysis). In addi-
tion, in one of the remaining 9 experiments, the response to
trans-ACPD (max/baseline) and the subsequent inhibition
by IFN were exceptionally large, and ACPD recovery was
not recorded. These data were excluded as outliers. The
results of 8 experiments are presented in Fig. 1A,B.

IFN-a2b (10 ng/mL) exerted a significant inhibitory
effect on trans-ACPD-evoked responses (RM ANOVA: F
(2,14)=8.547, p=0.004, %> = 0.550). As shown in Fig. 1B,
perfusion of vestibular end organs with the mGluR agonist
trans-ACPD (100 pM) increased spike frequency to 140.46
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+ 6.37% (mean + SEM). After a 15-min washout with
normal solution and a 2-min pre-application of IFN fol-
lowed by trans-ACPD administration, trans-ACPD-evoked
response amplitude was 116.84 £ 3.05%. A significant dif-
ference in trans-ACPD-induced responses was found be-
tween the test response and trans-ACPD-induced responses
after 2 min of perfusion with the cytokine (Bonferroni post-
hoc: p (ACPD test vs. IFN+ACPD)=0.033; p (IFN+ACPD
vs. ACPD recovery) = 0.034) (Fig. 1B). Following a
15-min washout of all test substances, the amplitude of
trans-ACPD-induced responses was 136.10 &= 6.05%. The
inhibitory effect of IFN-a2b on trans-ACPD-evoked re-
sponses was reversible, as indicated by the confidence in-
tervals: the 95% CI for ACPD test (125.40 to 155.51)
largely overlapped with that for ACPD recovery (121.80
to 150.41), the CI for the difference between means was
(—8.893 to 17.603), confirming recovery of the response af-
ter washout.

To minimize the potential influence of IFN-a2b on
background activity in the trans-ACPD-evoked response,
simultaneous perfusion of the synaptic region with a solu-
tion containing both the cytokine and the mGIluR agonist
was used as a control. In this case, the perfusion time was
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35-90 s; this duration was dictated solely by the time to
peak of the trans-ACPD-evoked response. A similar in-
hibitory pattern of impulse activity was observed during
long-term cytokine application, as shown in the represen-
tative recording (Fig. 1A).

4. Discussion

The mGluRs of vestibular end organs were thoroughly
investigated by Guth and colleagues [12,13,14]. Messenger
ribonucleic acid (mRNA) for mGluR1 has been detected
in hair cells of the semicircular canals, utricle, and sac-
cule, suggesting localization of mGluR1 on hair cell mem-
branes. It has been proposed that hair cell mGluRs may
function as autoreceptors, which can be activated to pro-
duce positive feedback enhancement of evoked, but not
resting, transmitter release [12]. Using electrophysiologi-
cal and immunocytochemical methods, both mGluR1 and
mGluR2/3 were identified in the frog vestibular ganglion,
suggesting postsynaptic localization of mGluRs. Impor-
tantly, the mGIuR agonist trans-ACPD significantly po-
tentiated AMPA- and NMDA-induced responses [9]. Ac-
tivation of group I mGluRs has been shown to be asso-
ciated with intracellular Ca?* release from both inositol-
1,4,5-trisphosphate (IP3)-sensitive and ryanodine/caffeine-
sensitive intracellular stores [13,14]. In summary, mGluRs
in the vestibular organs are localized at both the pre- and
postsynaptic membranes. Activation of these receptors trig-
gers Ca?™ release from intracellular stores and prolongs the
excitatory effects of AMPA and NMDA receptors.

mGluRs belong to the family of G protein-coupled re-
ceptors. Eight subtypes (mGlul-8) are classified into three
groups based on their sequence homology, post-receptor
signaling, and pharmacology [15]. The signaling path-
ways triggered by mGluRs have been extensively charac-
terized. Group I mGluRs couple via Guanine nucleotide-
binding protein G(q) subunit alpha (Gq) to phospholipase
C-B (PLC-p), resulting in the generation of IP3 and dia-
cylglycerol (DAG), which leads to mobilization of intra-
cellular calcium and activation of protein kinase C (PKC).
Group II (mGluR2 and mGIuR3) and group III (mGluR4,
mGluR6, mGluR7, and mGIuR8) mGluRs couple via Gua-
nine nucleotide-binding proteins subunit alpha (G, ) to neg-
atively regulate adenylyl cyclase (AC), thereby reducing in-
tracellular cyclic adenosine monophosphate (cAMP) levels,
and also directly modulate ion channels and other down-
stream effectors through G protein beta-gamma subunit
complex (Gf37y) subunit-mediated signaling [16,17]. In the
vestibular epithelium, cAMP plays an important role in
modulating spontaneous afferent nerve firing in the semi-
circular canal [18].

Interferons are currently classified into three types ac-
cording to the membrane receptors they bind [2]. IFN-a2b
belongs to the type I IFN family (interferon-c, interferon-
B). Its molecule contains two domains that determine its an-
tiviral immune activity and opioid-like neuroregulatory ef-

fects [19]. Binding of type I IFN to its specific receptors—
IFNAR1 and IFNAR2—initiates multiple canonical and
non-canonical signaling cascades that are critical for the
regulation of cellular functions [2]. The opioid-binding do-
main of type I IFN is involved in the modulation of phys-
iological functions via p-opioid receptors (MOR) [20,21].
In the glutamatergic synapse MOR have been identified on
postsynaptic membrane in the axolotl vestibular apparatus
[22].

We hypothesize that IFN may modulate group II
mGluRs via suppression of AC, which is currently consid-
ered a critical mediator of neuroplasticity. Current data on
the effects of interferons on AC activity are limited and
have been obtained using different experimental models
and time frames. It has been shown that the same target
can be activated differently by various IFN types, which
act through distinct receptors and trigger different signaling
cascades [23]. The level of AC/cAMP can be modulated
by both type I and type II IFNs. In the T84 cell line of in-
testinal epithelium, IFN inhibits AC expression and down-
regulates adenosine-mediated signaling. IFN suppressed
cAMP and its downstream response induced by forskolin,
the direct activator of AC [24]. At the same time, IFN-
«2b has been shown to inhibit cAMP production, an effect
that can be blocked by the opiate receptor antagonist nalox-
one [25]. Given that iGluRs and mGluRs are closely inter-
connected, we suggest that the classical cross-talk between
iGluRs and mGluRs may be modulated in the vestibular ap-
paratus. However, the detailed mechanisms underlying the
effects of IFN on synaptic mGluRs remain to be elucidated.

5. Limitations

The study was performed on the isolated frog vestibu-
lar epithelium (an in vitro model) characterizing only type II
hair cells with bouton synapse endings. The findings cannot
be directly extrapolated to calyx synapse endings of type I
hair cells in mammals, which are absent in amphibians and
have a more complex synaptic organisation. Further stud-
ies are needed to fully understand the mechanisms of IFN
action.

6. Conclusion

IFN-a2b suppresses mGluRs in the afferent gluta-
matergic synapse, suggesting that the cytokine may be re-
garded as a neuroimmunomodulator of mGluRs and partic-
ipates in synaptic plasticity in the vestibular apparatus.
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Availability of Data and Materials

All data reported in this paper will be shared by the
corresponding author upon request.

Author Contributions

IVR suggested idea and designed the research study.
IVR and TVT performed the research and data analysis.
EAV provided statistical data analysis. TVT and EAV de-
signed the figure. IVR wrote the manuscript with input
from all authors. All authors discussed the results and com-
mented on the manuscript. All authors contributed to edi-
torial changes in the manuscript. All authors read and ap-
proved the final manuscript. All authors have participated
sufficiently in the work and agreed to be accountable for all
aspects of the work.

Ethics Approval and Consent to Participate

All procedures were agreed with the ethical committee
of the Pavlov Institute of Physiology (approval No. 09/18,
dated 18 September 2023) and were performed in accor-
dance with the ARRIVE guidelines and with the ethical
principles set out in the European Convention for the Pro-
tection of Vertebrate Animals Used for Experimental and
Other Scientific Purposes.

Acknowledgment

The authors would like to thank O.V. Shamova, Cor-
responding Member of the Russian Academy of Sciences,
Head of the Pathology Department of the Institute of Ex-
perimental Medicine, Saint-Petersburg, Russia, for support
of the project and E.A. Protasov, Leading Engineer of this
department, for interferon purification.

Funding

This research received no external funding.

Conflicts of Interest

The authors declare no conflicts of interest.

Supplementary Material

Supplementary material associated with this article
can be found, in the online version, at https://doi.org/10.
31083/FBL55465.

References

[1] Arico E, Castiello L, Capone I, Gabriele L, Belardelli F. Type I
Interferons and Cancer: An Evolving Story Demanding Novel
Clinical Applications. Cancers. 2019; 11: 1943. https://doi.org/
10.3390/cancers11121943

[2] Wang H, Hu H, Zhang K. Overview of Interferon: Characteris-
tics, signaling and anti-cancer effect. Archives of Biotechnology

&% IMR Press

(3]

(4]

(3]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

and Biomedicine. 2017; 1: 001-016. https://doi.org/10.29328/jo
urnal.hjb.1001001

Wang BX, Fish EN. Global virus outbreaks: Interferons as 1st
responders. Seminars in Immunology. 2019; 43: 101300. https:
//doi.org/10.1016/j.smim.2019.101300

Mendes-Corréa MCJ, Bittar RSM, Salmito N, Oiticica J. Pegy-
lated interferon/ribavirin-associated sudden hearing loss in a pa-
tient with chronic hepatitis C in Brazil. The Brazilian Journal
of Infectious Diseases: an Official Publication of the Brazilian
Society of Infectious Diseases. 2011; 15: 87-89. https://doi.org/
10.1016/s1413-8670(11)70147-7

Sharifian MR, Kamandi S, Sima HR, Zaringhalam MA,
Bakhshaece M. INF- « and ototoxicity. BioMed Research In-
ternational. 2013; 2013: 295327. https://doi.org/10.1155/2013/
295327

Katsumi S, Sahin MI, Lewis RM, Iyer JS, Landegger LD,
Stankovic KM. Intracochlear Perfusion of Tumor Necrosis
Factor-Alpha Induces Sensorineural Hearing Loss and Synap-
tic Degeneration in Guinea Pigs. Frontiers in Neurology. 2020;
10: 1353. https://doi.org/10.3389/fneur.2019.01353

Ryzhova 1V, Korneva EA, Tobias TV, Protasov EA, Ver-
shinina EA. Interferon a2b as a modulator of the afferent
glutamatergic synapse of the frog vestibular apparatus. Bio-
chemistry (Moscow), Supplement Series A: Membrane and
Cell Biology. 2023; 17: S65-S72. https://doi.org/10.1134/
S1990747823060077

Guth PS, Perin P, Norris CH, Valli P. The vestibular
hair cells: post-transductional signal processing. Progress in
Neurobiology. 1998; 54: 193-247. https://doi.org/10.1016/
s0301-0082(97)00068-3

Andrianov GN, Puyal J, Raymond J, Ventéo S, Demémes D,
Ryzhova IV. Immunocytochemical and pharmacological char-
acterization of metabotropic glutamate receptors of the vestibu-
lar end organs in the frog. Hearing Research. 2005; 204: 200—
209. https://doi.org/10.1016/j.heares.2005.02.003

Ryzhova IV, Vershinina EA, Markov AG, Tobias TV.
Interferon-a2b Modulates AMPA and Kainate Receptors and
Alters Cross Talk of AMPA and NMDA Receptors in the Frog
Vestibular Epithelium. Frontiers in Bioscience (Landmark
Edition). 2025; 30: 38852. https://doi.org/10.31083/FBL38852
Chikhman VN, Solnushkin SD, Molodtsov VO. Experi-
ences in automating physiological experiments. Integrative
Physiology. 2022; 3: 318-335. https://doi.org/10.33910/
2687-1270-2022-3-3-318-335

Guth PS, Holt JC, Perin P, Athas G, Garcia M, Puri A, et al.
The metabotropic glutamate receptors of the vestibular organs.
Hearing Research. 1998; 125: 154—-162. https://doi.org/10.1016/
s0378-5955(98)00145-2

Hendricson AW, Guth PS. Transmitter release from Rana pipiens
vestibular hair cells via mGluRs: a role for intracellular Ca2+
release. Hearing Research. 2002; 172: 99-109. https://doi.org/
10.1016/s0378-5955(02)00519-1

Hendricson AW, Guth PS. Signal discrimination in the semi-
circular canals: a role for group I metabotropic glutamate re-
ceptors. Neuroreport. 2002; 13: 1765-1768. https://doi.org/10.
1097/00001756-200210070-00014

Gregory KJ, Goudet C. International Union of Basic and Clin-
ical Pharmacology. CXI. Pharmacology, Signaling, and Physi-
ology of Metabotropic Glutamate Receptors. Pharmacological
Reviews. 2021; 73: 521-569. https://doi.org/10.1124/pr.119.
019133

Conn PJ, Pin JP. Pharmacology and functions of metabotropic
glutamate receptors. Annual Review of Pharmacology and Tox-
icology. 1997; 37: 205-237. https://doi.org/10.1146/annurev.ph
armtox.37.1.205

Niswender CM, Conn PJ. Metabotropic glutamate receptors:
physiology, pharmacology, and disease. Annual Review of


https://doi.org/10.31083/FBL55465
https://doi.org/10.31083/FBL55465
https://doi.org/10.3390/cancers11121943
https://doi.org/10.3390/cancers11121943
https://doi.org/10.29328/journal.hjb.1001001
https://doi.org/10.29328/journal.hjb.1001001
https://doi.org/10.1016/j.smim.2019.101300
https://doi.org/10.1016/j.smim.2019.101300
https://doi.org/10.1016/s1413-8670(11)70147-7
https://doi.org/10.1016/s1413-8670(11)70147-7
https://doi.org/10.1155/2013/295327
https://doi.org/10.1155/2013/295327
https://doi.org/10.3389/fneur.2019.01353
https://doi.org/10.1134/S1990747823060077
https://doi.org/10.1134/S1990747823060077
https://doi.org/10.1016/s0301-0082(97)00068-3
https://doi.org/10.1016/s0301-0082(97)00068-3
https://doi.org/10.1016/j.heares.2005.02.003
https://doi.org/10.31083/FBL38852
https://doi.org/10.33910/2687-1270-2022-3-3-318-335
https://doi.org/10.33910/2687-1270-2022-3-3-318-335
https://doi.org/10.1016/s0378-5955(98)00145-2
https://doi.org/10.1016/s0378-5955(98)00145-2
https://doi.org/10.1016/s0378-5955(02)00519-1
https://doi.org/10.1016/s0378-5955(02)00519-1
https://doi.org/10.1097/00001756-200210070-00014
https://doi.org/10.1097/00001756-200210070-00014
https://doi.org/10.1124/pr.119.019133
https://doi.org/10.1124/pr.119.019133
https://doi.org/10.1146/annurev.pharmtox.37.1.205
https://doi.org/10.1146/annurev.pharmtox.37.1.205
https://www.imrpress.com

(18]

[19]

[20]

(21]

[22]

Pharmacology and Toxicology. 2010; 50: 295-322. https://do
i.org/10.1146/annurev.pharmtox.011008.145533

Ricci A, Norris C, Guth P. Cyclic AMP modu-
lates sensory-neural ~communication at the vestibu-
lar end organ. Brain Research. 1991; 565:  78-84.

https://doi.org/10.1016/0006-8993(91)91738-m

Wang YX, Jiang CL, Lu CL, Song LX, You ZD, Shao XY, et al.
Distinct domains of IFN-alpha mediate immune and analgesic
effects respectively. Journal of Neuroimmunology. 2000; 108:
64-67. https://doi.org/10.1016/s0165-5728(00)00271-x
Panchenko LF, Aliab’eva TN, Malinovskaia VV, Balashov AM.
Alpha interferon interaction with opiate receptors in the rat
brain. Biulleten” Eksperimental’noi Biologii i Meditsiny. 1987,
104: 87-89.

Wang JY, Zeng XY, Fan GX, Yuan YK, Tang JS. mu- but
not delta- and kappa-opioid receptor mediates the nucleus sub-
medius interferon-alpha-evoked antinociception in the rat. Neu-
roscience Letters. 2006; 397: 254-258. https://doi.org/10.1016/
j-neulet.2005.12.046

Vega R, Soto E. Opioid receptors mediate a postsynaptic facil-

(23]

[24]

[25]

itation and a presynaptic inhibition at the afferent synapse of
axolotl vestibular hair cells. Neuroscience. 2003; 118: 75-85.
https://doi.org/10.1016/s0306-4522(02)00971-5

Lew DJ, Decker T, Darnell JE Jr. Alpha interferon and gamma
interferon stimulate transcription of a single gene through dif-
ferent signal transduction pathways. Molecular and Cellular Bi-
ology. 1989; 9: 5404-5411. https://doi.org/10.1128/mcb.9.12.
5404-5411.1989

Kolachala V, Asamoah V, Wang L, Srinivasan S, Merlin D,
Sitaraman SV. Interferon-gamma down-regulates adenosine 2b
receptor-mediated signaling and short circuit current in the in-
testinal epithelia by inhibiting the expression of adenylate cy-
clase. The Journal of Biological Chemistry. 2005; 280: 4048—
4057. https://doi.org/10.1074/jbc.M409577200

Wang YX, Xu WG, Sun XJ, Chen YZ, Liu XY, Tang H,
et al. Fever of recombinant human interferon-alpha is medi-
ated by opioid domain interaction with opioid receptor induc-
ing prostaglandin E2. Journal of Neuroimmunology. 2004; 156:
107-112. https://doi.org/10.1016/j.jneuroim.2004.07.013

&% IMR Press


https://doi.org/10.1146/annurev.pharmtox.011008.145533
https://doi.org/10.1146/annurev.pharmtox.011008.145533
https://doi.org/10.1016/0006-8993(91)91738-m
https://doi.org/10.1016/s0165-5728(00)00271-x
https://doi.org/10.1016/j.neulet.2005.12.046
https://doi.org/10.1016/j.neulet.2005.12.046
https://doi.org/10.1016/s0306-4522(02)00971-5
https://doi.org/10.1128/mcb.9.12.5404-5411.1989
https://doi.org/10.1128/mcb.9.12.5404-5411.1989
https://doi.org/10.1074/jbc.M409577200
https://doi.org/10.1016/j.jneuroim.2004.07.013
https://www.imrpress.com

	1. Introduction
	2. Materials and Methods
	3. Results
	4. Discussion
	5. Limitations
	6. Conclusion
	Abbreviations
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflicts of Interest
	Supplementary Material

