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Abstract

Background: Interferons (IFNs) are ototoxic drugs leading to vestibular and auditory disorders. This study investigated the effect of pro-
inflammatory cytokine IFN-α2b on the afferent glutamatergic synaptic transmission of the vestibular end organ, focusing on ionotropic
glutamate receptors (iGluRs). Methods: In order to characterize the role of IFN-α2b in the glutamatergic synaptic transmission in
vestibular epithelium, we investigated its influence on responses evoked by D,L-alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA), N-methyl-D-aspartate (NMDA) and kainic acid (kainate). This was carried out using external perfusion of the vestibular
apparatus and multiunit recording of afferent firing activity of semicircular canal ampullary nerve fibers. The change in the ratio of
the maximum frequency of pulse activity to the preceding background was chosen as a criterion for evaluating the evoked responses
of glutamate receptor (GluR) agonists. Results: Acute perfusion of the vestibular apparatus with IFN-α2b and AMPA did not alter the
AMPA-evoked response. However, a significant increase in the response was observed 15 min after cessation of drug application and
washing with normal solution (paired-samples t-test p = 0.018; n = 20). IFN-α2b significantly increased the kainate-evoked response
during cytokine application (Wilcoxon signed-rank test p = 0.016; n = 11), and further potentiates the response 15 min after rinsing
with normal solution, compared to the test value (Wilcoxon signed-rank test p = 0.05; n = 11). IFN had no effect on NMDA-induced
responses. AMPA receptors (AMPARs) potentiated by IFN-α2b increase NMDA-evoked responses (Repeated measures analysis of
variance [ANOVA RM], p = 0.028; n = 10). Conclusions: IFN-α2b stimulates AMPARs and kainate receptors (KARs) through various
mechanisms but has no direct effect on NMDA receptors (NMDARs). Interferon-activated AMPARs can stimulate NMDARs activity,
thereby altering synaptic plasticity of the glutamatergic afferent synapse in vestibular epithelium.
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1. Introduction
Cytokines are a well-studied and heterogeneous group

of soluble mediators of innate and acquired immunity [1].
Interferons (IFNs) are cytokines with antiviral properties,
released from host cells in response to aberrant RNA or
DNA of viruses, and acting through host toll-like receptors
(TLRs) [2–4].

The natural protective function of IFN is widely used
in medical practice in the treatment of cancer, multiple scle-
rosis and severe viral infections [5]. However, the use of
high doses of IFN in long-term therapy may be accompa-
nied by severe side effects leading to interruption of treat-
ment [6]. It is generally accepted that a wide range of severe
adverse reactions during IFN therapy is associated with the
cytokine’s influence on various mediator systems. Accord-
ing to medical statistics, interferon is an ototoxic substance
that leads to acute loss of hearing and balance [7].

To date, pharmacological tools used to correct vestibu-
lar dysfunctions are extremely limited due to insufficient
study of the molecular mechanisms involved in the process-
ing of sensory information in the structures of the inner ear.

The vestibular epithelium is a highly specialised tissue
that ensures the conversion of the subtle mechanical stim-
uli perceived by the hair cell into the bioelectrical activity
of nerve fibres. The glutamatergic, cholinergic, dopaminer-
gic, and opioid systems provide this process. Afferent glu-
tamatergic synaptic transmission is extremely sensitive to
the influence of the external and internal environment, in-
cluding the influence of active molecules expressed during
inflammation [8–11].

The active role of the immune system in the function-
ing of inner ear structures is the subject of intense research
at the molecular and cellular level [12]. The data on the
influence of pro-inflammatory cytokines on mediator pro-
cesses in the vestibular epithelium are extremely limited
and the only data have focused on tumour necrosis factor
(TNFα) [11].

The influence of pro-inflammatory cytokines IFNs on
synaptic processes of the inner ear has not been investi-
gated so far. Neither receptors for different types of IFNs
and their localisation in the vestibular epithelium have been
identified, nor the functional role of supporting cells, which
are thought to function as glia that play a key role in the
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expression of cytokines during inflammation, has been in-
vestigated.

We have been researching the effect of IFN-α2b on
synaptic functions of the vestibular apparatus, since it is
type I IFN that causes severe adverse complications in the
peripheral and central nervous system (CNS), accompanied
by neuroimmunomodulatory and toxic effects.

We were able to show for the first time that afferent
glutamatergic synaptic transmission in the vestibular ep-
ithelium could be a target of IFN type I. IFN-α2b increased
the level of background activity of afferent fibres in contact
with sensory hair cells of the posterior semicircular canal.
IFN modulated the pulse activity of afferent fibres restored
by glutamate under conditions of Mg2+ block of mediator
release from hair cells, suggesting a postsynaptic mecha-
nism of cytokine influence. IFN-α2b reduced the ratio of
the maximum frequency of impulse activity during gluta-
mate application relative to the new cytokine-altered back-
ground, and resulted in modulation of sensory flow from
vestibular organs to the CNS [13].

The function of glutamate in the amino acid synapse
is carried out by close functional interaction of ionotropic
glutamate receptors (iGluRs) and metabotropic glutamate
receptors (mGluRs) localised in the same synapse and pro-
viding high speed and plasticity of afferent synapse func-
tioning. This paper continues the previous research by fo-
cusing on the mechanisms of IFN influence on iGluRs.

2. Materials and Methods
The electrophysiological method of recording the

pulse activity of afferent fibres in contact with the frog
vestibular organs is a common technique that allows us
to study the mechanisms of synaptic transmission in the
vestibular epithelium in vitro. The study was conducted on
60 isolated vestibular capsules of adult frogs Rana tempo-
raria with a body length of 5–7 cm at room temperature.
Each frog was anesthetized by immersion in 0.1% MS 222
(3-aminobenxoic acid ethyl ester) until all signs of breath-
ing activity ceased. They were then decapitated and the
bone with the membranous labyrinth it enclosed was ex-
cised. The scheme for obtaining the vestibular capsule was
agreed with the ethical committee of the Pavlov Institute of
Physiology (No. 09/18 dated 09/18/2023). The opened car-
tilaginous capsule with all preserved structures of the inner
ear was separated and then placed in a recording chamber,
perfused constantly with a physiological solution approxi-
mating the composition of perilymph (in mM): NaCl 117,
KCl 2.5, NaHCO3 1.2, NaH2PO3 × 2H2O 0.17, CaCl2 1.8,
glucose 2.5; pH 7.4 (hereinafter referred to as normal solu-
tion). The flow rate was about 1 mL/min. The ampullary
nerve of the posterior semicircular canal was aspirated with
a borosilicate glass electrode with a tip diameter of 100–
300 µm filled with physiological solution. Pulse activity
of afferent fibres in contact with the posterior semicircu-
lar canal was recorded using an AC/DC differential ampli-

fier version 3.0 (A-M Systems, Inc., Carlsborg, WA, USA),
converted bymeans of an analogue-to-digital converter into
rectangular pulses with a duration of 1.5 ms, recorded and
stored using the original ‘Pulse’ program developed in the
laboratory of information technologies and mathematical
modelling at the Pavlov Institute of Physiology, Russian
Academy of Sciences [14,15]. Each recording point repre-
sented the average frequency value of afferent pulse activity
recorded over 10 s.

The reagents used in the experiments were: D,L-
alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) (Sigma, St. Louis, MO, USA), N-methyl-D-
aspartate (NMDA) (Sigma), kainic acid (kainate) (Sigma)
and IFN alpha-2b (IFN-α2b) (‘Altevir’, Pharmapark LLC,
Moscow, Russia), solution in ampoules of 5,000,000 IU,
purified by HPLC method according to Sigma standard
[13]. Aliquots of stock mother solutions of IFN-α2b (0.2
mg/mL), AMPA (100 µM), NMDA (1 mM) and kainic
acid (100 µM), dissolved in normal solution, were stored
in a refrigerator at –20 °C. All necessary solutions in the
required concentrations were prepared immediately before
the experiment and applied externally to the synaptic area
by switching a 6-channel perfusion system (Model VC-6
Valve Controller, Warner Instrument Corporation, Hollis-
ton, MA, USA). The vestibular apparatus was exposed to
drugs by constant perfusion of normal solutions containing
or not containing reagents.

In order to investigate the effect of IFN-α2b on iGluRs
two different experimental protocols were used. In the
first one, we explored the same experimental design as in
our previous study of the effect of interferon on glutamate
evoked responses [13]. For this purpose, the synaptic area
was initially perfused with iGluRs agonist (AMPA solu-
tion (2 µM), or kainate solution (2 µM), or NMDA solution
(50 µM)), which caused a positive-negative change in im-
pulse activity. After return of impulse activity to the initial
level and 15-minute wash in normal solution, IFN-α2b (10
ng/mL, 2 min) and then glutamate agonist with IFN-α2b
were sequentially applied. The total IFN exposure time was
about 5 min. In 15 min after the cessation of joint perfusion
of the vestibular epithelium with IFN and iGluRs agonist
solutions and washing out in normal solution, the glutamate
agonist application was repeated.

To investigate whether the cytokine would trigger
iGluRs at brief temporal exposures, simultaneous perfu-
sion of the synaptic region with a solution of cytokine and
iGluRs agonist was used. In this case, the perfusion time
was 35–40 s and it’s minimum time was dictated only by
the dynamics of the development of the agonist evoked re-
sponse.

The effect of iGluR agonists was evaluated as a per-
centage of the ratio of the maximum frequency of impulse
activity of an iGluR agonist evoked response to previous
resting activity level. The effect of IFN-α2b on the AMPA-
, kainate-, and NMDA-evoked responses was assessed by
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comparing the glutamate agonist induced responses before
cytokine application, during IFN-α2b action, and 15 min
after cessation of co-exposure to the drugs.

Statistical analysis of the results was performed with
normalised data. Initially, the data were analysed for devi-
ations from normal distribution using the Shapiro-Wilk cri-
terion, as well as for the presence of outliers. The effect of
IFN-α2b on the magnitude of iGluR agonist responses was
tested using the Friedman criterion (the rank analogue of
analysis of variance for dependent variables) followed by
pairwise comparisons using the Wilcoxon test for depen-
dent variables. In addition, since the distributions of some
data did not differ significantly from normal, we used para-
metric analysis of variance for dependent variables (Re-
peated measures analysis of variance (ANOVA RM)). Sta-
tistical decisions were made at 5% significance level (p <

0.05). Data were analysed using the software package ‘Sta-
tistical Package for the Social Sciences’ (SPSS26.0 Inc.,
An IBM Company, Armonk, NY, USA). The graphs of
changes in the frequency of pulse activity over time dur-
ing the action of IFN-α2b on the responses of iGluR ag-
onists were plotted after the end of the experiment on the
basis of the obtained numerical material using Microsoft
Excel 2010 (Microsoft Corporation, Redmond, WA, USA)
and SigmaPlot 12.5 (Systat Software, San Jose, CA , USA)
program.

3. Results
3.1 Effect of IFN-α2b on AMPA Receptors

Analysis of experimental data showed that IFN-α2b
had a significant effect on the function of AMPA receptors
(AMPARs) after 2 min of perfusion of the vestibular ap-
paratus with cytokine solution (Friedman’s test p < 0.001)
(Fig. 1).

Preliminary 2-minute perfusion of synaptic area with
IFN-α2b (10 ng/mL) increased the frequency of back-
ground activity, the dynamics of which varied widely from
experiment to experiment. Sequential application of AMPA
(2 µM) against the cytokine perfusion resulted in a biphasic
positive-negative change in the frequency of pulse activ-
ity (Fig. 1B). In most experiments, the pattern of response
to AMPA application was visually altered by co-perfusion
with IFN-α2b. However, the ratio of the maximum of im-
pulse activity of AMPA evoked response to the background
level altered by IFN-α2b was 156.5 ± 8.0% (hereinafter:
mean ± Standard Error) and was not significantly differ-
ent compared to test presentation (157.5 ± 5.5%) (Paired-
Samples t-test p > 0.1; Wilcoxon signed-rank test p > 0.1;
n = 20). As a rule, the level of background activity was not
restored after 15 min of washing the vestibular apparatus in
normal solution.

However, 15 min after cessation of the combined ac-
tion of IFN-α2b and AMPA and subsequent washing the
synaptic area in normal solution, the ratio of the maximum
response rate to AMPA application to the prior background

was 180.1 ± 12.4% and was significantly different com-
pared to the test value (157.5%) (Paired-Samples t-test p
= 0.018; Wilcoxon signed-rank test p = 0.015; n = 20)
and compared to the ratio of the magnitude of AMPA in-
duced response on the cytokine background (156.5± 8.0%)
(Paired-Samples t-test p = 0.005; Wilcoxon signed-rank test
p = 0.002; n = 20) (Fig. 1A).

Brief 30–40 s perfusion of the synaptic area with
solutions of AMPA and IFN-α2b produced a significant
change in AMPAR evoked responses relative to the preced-
ing background (Friedman test p = 0.045; n = 9) (Fig. 2).

Importantly, as with the 2-minute cytokine pre-
application, the AMPA-evoked response to simultaneous
presentation of AMPA and IFN-α2b (214.5 ± 18.8%) did
not alter the ratio of the maximum frequency of pulse ac-
tivity to the preceding background activity level compared
to first test presentation of the agonist (218.5 ± 23.1%)
(Wilcoxon signed-rank test p = 0.721). But 15 min af-
ter cessation of co-perfusion and wash the vestibular ap-
paratus in normal solution, the ratio of the maximum fre-
quency of pulse activity relative to the preceding back-
ground only tended to increase compared with test presen-
tation of AMPA (Wilcoxon signed-rank test p = 0.086; n =
9) and significantly increased compared with simultaneous
perfusion of cytokine andAMPA254.5± 20.9% (Wilcoxon
signed-rank test p = 0.038; n = 9) (Fig. 2A).

Comparison of the results of the above two series sug-
gests the potentiating delayed effect of IFN-α2b on AM-
PARs for both prolonged and short-term cytokine exposure.

3.2 Effect of IFN-α2b on Kainate Receptors
Brief simultaneous perfusion of the synaptic area with

solutions of kainate (2 µM) and IFN (10 ng/mL) increased
significantly the ratio of the maximum frequency of pulse
activity relative to the preceding background (216.5 ±
25.3%) compared to the magnitude of the test response
(187.3 ± 15.6%) (Wilcoxon signed-rank test p = 0.016;
n = 11) and also potentiated kainate evoked response af-
ter 15 min of washing in normal solution (225.0 ± 30.4%)
(Wilcoxon signed-rank test p = 0.05; n = 11) (Fig. 3).

3.3 Effect of IFN-α2b on NMDA Receptors
To answer the question about the effect of IFNα2b (10

ng/mL) on NMDA receptors (NMDARs), the magnitude of
NMDA (50 mM) induced responses was compared before
IFN exposure, after 2 minutes of perfusion of the synaptic
area with cytokine solution, and 15 minutes after cessation
of co-perfusion and washing of all drugs in normal solution
(Fig. 4).

The ratio of the maximum frequency of pulse activity
to the preceding background activity level differed signifi-
cantly between NMDA and IFN-α2b applications (Paired-
Samples t-test p = 0.006; Wilcoxon signed-rank test p =
0.003; n = 11). Although the response pattern to NMDA
application may have been visually different from the re-
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Fig. 1. The change of D,L-alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) evoked responses (2 µM) in poste-
rior semicircular ampullary nerve before (test), against preliminary 2 min interferon-α2b (IFN) (10 ng/mL) perfusion of vestibu-
lar apparatus and 15 min after wash in normal solution. (A) On the histogram—ordinate: the ratio of maximal frequency of AMPA
induced response to previous level of resting activity (horizontal dotted line) (%), mean± Standard Error. (*) indicate significant differ-
ences Wilcoxon signed-rank test p< 0.05; n = 20. (B) Original recording of typical experiment: the horizontal bars above each recording
indicate the duration of the application of the drugs. Vertical arrows indicate a 15-minute wash in normal solution.

Fig. 2. Dynamics of changes of D,L-alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) evoked responses (2
µM) in the afferent fibers of the posterior semicircular canal nerve before, during simultaneous (sim-ly) short-term perfusion of
the vestibular apparatus with interferon-α2b (IFN) (10 ng/mL) solutions, and 15 min after wash in normal solution. (A) Summary
histogram, ordinate: the ratio of maximal frequency of AMPA evoked response to previous level of resting activity (horizontal dotted
line) (%), mean ± Standard Error. Wilcoxon signed-rank test *p < 0.05; n = 9. (B) Original recording of impulse activity of typical
experiment. The horizontal bars above each record indicate the duration of the application of the drugs. Vertical arrows indicate a
15-minute wash in normal solution.
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Fig. 3. The change of kainate evoked responses (2 µM) in afferent fibers in the posterior semicircular canal nerve before, dur-
ing simultaneously (sim-ly) short-term perfusion of the vestibular apparatus with kainic acid (K) and interferon-α2b (IFN) (10
ng/mL) solutions, and 15 min after wash in normal solution. (A) Summary histograms reflecting the change in ratio of the maximum
frequency of impulse activity of kainate evoked responses relative to the previous background (horizontal dotted line) (%). Ordinate:
mean ± Standard Error; Wilcoxon signed-rank test, *p < 0.05; n = 11. (B) Original recording of the firing impulse activity of semicir-
cular canal ampullary nerve fibers. The horizontal lines above each record indicate the duration of the application of the drugs. Vertical
arrows indicate 15-minute washing interval.

sponse after a two-minute perfusion of the synaptic area
with cytokine solution, there were no significant differences
between themagnitude of response before (219.2± 28.2% )
and after a 2-minute exposure to IFN-α2b (198.4± 18.5%)
(Paired-Samples t-test p = 0.222; n = 11). The magnitude of
the response after 15-minute washing of the vestibular ep-
ithelium in normal solution (226.1 ± 26.6%) did not differ
from the test value (Paired-Samples t-test p = 0.52; n = 11)
and from the magnitude of the response to NMDA applica-
tion after 2 min exposure to the cytokine (Paired-Samples
t-test p = 0.16; n = 11).

Analysis of the obtained results allows us to conclude
that interferon IFN-α2b has a different effect on NMDA
and non-NMDA receptors. Under these experimental con-
ditions, the cytokine activated AMPARs and kainate recep-
tors (KARs), but had no effect on NMDARs. The nature of
the potentiating effect of IFN-α2b on AMPARs and KARs
had its own peculiarities.

3.4 Cross Talk of AMPA and NMDA Receptors in the
Absence and Presence of IFN-α2b

As follows from the results of this work, IFN exerted a
delayed potentiating effect on AMPA- and kainate-evoked
responses (Figs. 1,2,3). To answer the question of whether

IFN-α2b can modulate the functional interaction between
non-NMDA and NMDA receptors and thus influence the
excitation process of the glutamatergic synapse, the effect
of AMPA on the NMDA-induced responses was compared
in the absence and presence of IFN-α2b in the same vestibu-
lar apparatus (Fig. 5).

For this purpose, in the first part of the experi-
ment, comparison of the NMDA-evoked responses before
(NMDA (1) in Fig. 5A) and after AMPA exposure (NMDA
(2) in Fig. 5A) allowed us to assess the effect of AMPARs
activation on NMDARs. In the second part of the experi-
ment, the vestibular apparatus was perfused for 2 min with
IFN-α2b solution (10 ng/mL), and then AMPA was ap-
plied against the background of continued perfusion with
cytokine. After a 15-minute wash of the vestibular epithe-
lium in normal solution, NMDA was again applied twice at
15-minute intervals. Comparison of responses to NMDA
application before and after activation of AMPARs by cy-
tokine would allow us to confirm or refute the hypothe-
sis about possible modulation of functional interaction be-
tween AMPA and NMDA receptors.

Since the analysis of data distribution in some series
of experiments revealed significant differences from nor-
mal, the Friedman test, Wilcoxon paired comparisons and
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Fig. 4. Absence of the effect of interferon-α2b (IFN) (10 ng/mL) on N-methyl-D-aspartate (NMDA) (50 mM) induced responses.
(A) Summary histograms reflecting the ratio of the maximum frequency of impulse activity of NMDA-evoked responses to the previous
resting activity level (horizontal dotted line) (%) in the absence (test), in present of IFN-α2b and 15 min after wash in normal solution.
Ordinate: mean ± Standard Error; Wilcoxon signed-rank test p > 0.05; n = 11. (B) Representative recording of typical experiment.
The horizontal lines above each trace indicate the duration of the application of the drugs. Vertical arrows indicate 15-minute washing
interval.

in addition ANOVA RM analysis of variance for dependent
variables were applied. The ratio of maximum frequency
of impulse activity relative to the preceding background
during NMDA application (50 mM) was found to increase
15 min after AMPA application (2 µM) (Wilcoxon signed-
rank test p = 0.093; Paired-Samples t-test p = 0.043; n =
10), which implies minimal delayed potentiation of NM-
DARs by AMPARs 15 min after cessation of AMPA appli-
cation and washing of the synaptic area in normal solution.
Subsequent perfusion of the synaptic area with IFN and
IFN+AMPA solutions had a significant effect on NMDA
responses (ANOVA RM F(2.18) = 5.019, p = 0.019, η2 =
0.358).

15 min after cessation of co-perfusion of the synap-
tic area with IFN and IFN+AMPA solutions the ratio of
maximum response frequency to the preceding background
of NMDA responses was 190.5 ± 18.6% (NMDA (3) in
Fig. 5A), which was significantly different from the test
NMDA-induced response after AMPA application (NMDA
(2) in Fig. 5A) (ANOVA, p = 0.045; n = 10; Wilcoxon
signed-rank test p = 0.022; n = 10). In 30 min wash in nor-
mal solution the ratio of NMDA-evoked response to resting
activity equaled 201.7 ± 17.6% (NMDA (4) in Fig. 5A),
that also significantly differed from the NMDA-induced
response after AMPA exposure (NMDA (2) in Fig. 5A)
(ANOVA p = 0.028; n = 10; Wilcoxon signed-rank test p
= 0.009; n = 10).

Moreover, there was no significant difference between
NMDA-induced responses 15 and 30 min after cessation of
IFN + AMPA application (Wilcoxon signed-rank test p =
0.309; n = 10), suggesting a prolonged delayed stimulatory
effect of interferon-activated AMPARs on NMDARs.

Thus, our data suggest that IFN-α2b itself does not
alter NMDA responses but exerts a delayed activating effect
on AMPARs, which in turn potentiate NMDARs.

4. Discussion
4.1 Pro-inflammatory Cytokines Interferons

There is now no doubt that the nervous and immune
systems are in continuous interaction. Under normal condi-
tions, the release of inflammatory mediators usually repre-
sents an adaptive and regulated brain response to immune
signals. When the immune challenge becomes prolonged
and/or uncontrolled, the subsequent inflammatory response
leads to maladaptive synaptic plasticity and brain disorders
[2]. A growing body of evidence indicates that some of
the immune system proteins, in addition to their immuno-
logical function, play a critical role in the formation, func-
tion and modulation of synaptic contacts [16–18]. This
group includes proteins of innate immunity (Dscam, pen-
traxins, C1q and C3 compliments), the major histocompat-
ibility complex class I (MHCI) family of proteins, and also
pro-inflammatory cytokines (TNFα, IL-6) [19–23]. Nu-
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Fig. 5. Cross talk of AMPA and NMDA receptors in the absence and presence of interferon-α2b (IFN) (10 ng/mL). (A) Summary
histogram reflecting the ratio of themaximum frequency of response to the application of glutamate agonists D,L-alpha-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) (2 µM) andN-methyl-D-aspartate (NMDA) (50mM) to the previous level of resting activity
(horizontal dotted line) (%) in the absence and presence of IFN. Ordinate: mean± Std Error; Wilcoxon signed-rank test, *p < 0.05; n =
11. (B) Original recording of the firing activity of the typical experiment. The horizontal lines above each recording indicate the duration
of the application of the drugs. Vertical arrows indicate 15-minute washing interval.

merous studies show that both immune and neural func-
tions of these proteins may be equally important for dif-
ferent cellular and systemic functions. It is known that pro-
inflammatory cytokines can be synthesised in the normally
functioning brain, actively penetrate the blood-brain barrier
during inflammatory processes [24,25], and have multidi-
rectional modulatory effects on CNS functions [26]. It was
shown, using mutational analysis, that some of the poly-
modal functions of IFNs, in particular immunoregulatory
and neuroregulatory effects, were triggered by distinct do-
mains of the cytokine molecule contacting different recep-
tors [27,28].

IFNs are known to have anti-inflammatory and im-
munomodulatory effects against viral and malignant cells
[29]. In vivo IFNs are produced in the CNS by neu-

rons, astrocytes and microglia, as well as immune cells:
macrophages, monocytes, T-lymphocytes—at a low physi-
ological level [30,31].

IFNs, belonging to the group of mediators of innate
and acquired immunity [1], are divided into three types ac-
cording to the types of membrane receptors to which the
cytokine binds [32].

Signalling from the interferon type I receptor (IFNRI)
and activation of the Janus kinase 1/signal transducers and
activators of transcription (JAK/STAT) pathway is a hall-
mark of viral control and host defence [4]. In addition to
their protective function, IFNs, in a dose-dependent man-
ner, exert multidirectional effects on synaptic processes.

Modulatory and toxic effects of different types of IFNs
have been described in the CNS. Clinical and experimen-
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tal data indicate that low doses of IFNs don’t cause severe
side effects. Neurotoxic effects of IFNs in the glutamater-
gic system at the neuronal level are associated with activa-
tion JAK/STAT (Janus kinase 1/signal transducers and ac-
tivators of transcription) cascade, and with direct and in-
direct impact on the various subtypes of iGluRs [33,34].
IFNs alter the dendritic tree pattern, the number and nature
of synapses, specifically decrease the levels of presynap-
tic protein vesicular glutamate transporter and postsynaptic
density protein-95 [35].

The analysis of the mechanisms of IFNs influence on
synaptic transmission is based mainly on the data obtained
for CNS structures. The modulatory effects of IFN differ
significantly in different CNS structures. IFN not only has
both excitatory and inhibitory effects in various structures
of the CNS, but also causes multidirectional effects on neu-
rons of the same structure [33,35,36]. IFN-α suppresses
excitatory synaptic transmission in spinal cord neurons, re-
ducing the frequency of spontaneous excitatory postsynap-
tic currents [37], suppresses neuronal activity in the hy-
pothalamus but activates it in the amygdala, hippocampus
and in cortical neurons [38,39]. IFN-β significantly re-
duced the amplitude of long-term potentiation (LTP). Im-
portantly, at the cellular level, IFN dose-dependently in-
fluenced subthreshold membrane response by raising the
membrane resistance and the membrane time constant [39].

Data of clinical and experimental physiology provide
numerous evidences of ototoxic effect of IFN on inner ear
functions [40–44]. One of the causes of vestibular disor-
ders may be impaired synaptic transmission in vestibular
organs, which is reflected in changes in the nature and ratio
of spontaneous and evoked activity in synaptic structures.
This results in the balance problems, fromminor sensations
of instability to severe vertigo attacks. Our studies demon-
strate for the first time that IFN-α2b affects glutamatergic
synaptic transmission in the posterior semicircular crista
[13]. In this work, we continue and refine previous pre-
liminary studies [45] and demonstrate different functional
interactions of IFN with NMDARs, KARs, and AMPARs,
as they are the receptors that trigger the most rapid excita-
tory synaptic processes whose hyperactivation may lead to
excitotoxicity.

4.2 Effect of IFN on Background Activity
In our experiments, interferon increased the level of

background activity of afferent fibres in contact with the
epithelium of the posterior semicircular canal [13]. Despite
the fact that the background activity of afferent fibres of
the vestibular epithelium is due to activation of AMPARs
[46], it seems unlikely that the observed increase in the level
of background activity may be directly due to changes in
AMPAR activity, since neither simultaneous nor sequential
application of cytokine with AMPA changed the ratio of
maximal activity to the preceding background.

The increase in the resting activity level of afferent fi-
bres may be explained by direct interaction of cytokine with
IFNRI, so far not identified in the vestibular epithelium, or
with opiate receptors, to which cytokine binds specifically
[47,48]. In the CNS IFNs inhibit neuronal activity of the
spinal cord, reduce pain responses by acting on µ-opiate re-
ceptors [37,49].

In vestibular organs, opiate receptors, which are rep-
resented by µ- and κ-subtypes, are an important membrane
structure involved in the cross-talk between the nervous and
immune systems [50]. Earlier we had shown for the first
time that the endogenous neutrophil antibiotic defensin, iso-
lated from human and rabbit neutrophils, modulated gluta-
matergic transmission via opiate receptors [8], suggesting
the mechanism other than traditional immunological ones.
The possible modulatory effect of IFN on different opiate
receptor subtypes in the vestibular epithelium may be the
subject of a future separate study.

The increase in the level of background activity of af-
ferent fibres upon IFN influence may also occur indirectly
through an increase in the glutamate content in the synaptic
cleft, which is carried out through various mechanisms. For
example, IFN may change the properties of the basal mem-
brane of the hair cell, which entails a change in the amount
of spontaneously released mediator. It has been shown that
in the CNS IFN changes membrane properties at the sub-
threshold level, increasing the resistance and time constant
of the membrane [39].

Another mechanism affecting the level of background
activity of afferent fibres in the vestibular epithelium un-
der the IFN influence may be the change in the level of the
astrocytic glutamate-aspartate transporter (GLAST), which
clears the synaptic cleft of excessive neurotransmitter and
thus ensures accurate and rapid transmission of informa-
tion from the hair cell [51]. According to cited auther, IFN
decreases the level of GLAST. The opposite effect, an in-
crease in GLAST levels, was observed when interferon re-
ceptor (IFNAR) was inhibited [52].

Glutamate release from the basal membrane of the hair
cell can also be modulated indirectly, through a possible
depression of the efferent system. In amphibians, effer-
ent fibres are known to contact directly with type II hair
cells [53], supporting the complex and fine tuning of af-
ferent glutamatergic transmission by balancing excitatory
and inhibitory influences with the participation of choliner-
gic, dopaminergic and opioid systems [54]. It is known that
acetylcholine (ACh) can have different effects on the level
of background activity in the sacculus, utriculus and semi-
circular canals depending on the type of ACh receptors it
affects [54–56]. In the semicircular canals, ACh increases
background activity level by acting on muscarinic ACh re-
ceptors [57].

In the efferent synapses in the cochlea and in vestibu-
lar organs, ACh is co-localised with dopamine (DA), which
is tonically released from efferent fibres and has a neuro-
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protective effect on glutamatergic transmission through ac-
tivation of D1 and D2 dopamine receptors [58–61]. DA has
been shown to reduce the level of background afferent fibre
activity and responses elicited by the application of gluta-
mate and agonists of iGluRs and mGluRs. It is conceivable
that suppression of DA release by IFN or inhibition of post-
synaptic DA receptor activity may lead to increased level of
background activity in afferent fibres.

As indicated previously, all subtypes of iGluRs have
been identified in the vestibular apparatus. Under our ex-
perimental conditions, IFN had different effects on NM-
DARs, AMPARs, and KARs.

4.3 Effect of IFN on Kainate Receptors

In accordance with current evidence KARs are
tetramers associated of different combinations of the
GluK1-GluK5 subunits. In CNS KARs are involved in the
synaptic plasticity process, including long-term potentia-
tion (LTP) and long-term depression (LTD), at presynaptic
and postsynaptic levels using ionotropic and metabotropic
mechanisms [62,63].

GluK1-3 has been shown to form a functional homo-
meric channel. High-affinity GluK4-GluK5 subunits, char-
acterised by a slow deactivation rate, do not function inde-
pendently but must co-assemble with GluK1-GluK3 sub-
units for channel function. In contrast, receptors containing
the GluK3 subunit, unlike other AMPARs/KARs, desensi-
tise more rapidly at low agonist concentrations, rendering
them insensitive to spillover from neighbouring synapses.

The functional role of different KARs in synaptic plas-
ticity (including binding specificity, ion channel perme-
ability and channel block) depends on the composition of
the subunits and on the auxiliary subunits (neuropilin- and
tolloid-like 1) Neto1 and (neuropilin- and tolloid-like 2)
Neto2, which influence their synaptic trafficking [64–67].
Modulation of MAP (mitogen-activated protein kinase) ac-
tivity has been shown to be associated with a change in ion
channel conformation from a ligand-bound fully open state
to a fully closed state [68–70].

It is accepted that synaptic efficiency depends on the
number of receptors on the synaptic membrane, which is
regulated by the processes of endocytosis, recycling, exocy-
tosis and lateral diffusion of receptors, including the phos-
phorylation process [71]. The combination of the above
mechanisms provides a fine regulation of synaptic plastic-
ity in various CNS structures at the pre- and postsynaptic
level.

In contrast to CNS vestibular KARs are poorly stud-
ied. The first direct information about postsynaptic KARs
in the vestibular epithelium was obtained in electrophysi-
ological experiments on afferent synapses of the posterior
semicircular canal of the axolotl (Ambystoma tigrinum).
Block of synaptic transmission induced by a high-Mg2+
and low-Ca2+ solution did not alter the responses of the

glutamate agonists AMPA and kainate, suggesting a post-
synaptic influence of kainate and AMPA [72].

Immunoblotting of proteins from inner ear cell ho-
mogenate revealed 5 bands associated with KAR sub-
units with different molecular masses around 48,000 Mr.
Immunocytochemical staining with polyclonal and mon-
oclonal antibodies was detected on dendrites of afferent
fibres, but not on hair cells or efferent fibres [73]. Im-
munoreactivity to kainate GluR5&6 and KA1&2 subunits
was also detected on membranes of afferent fibres [74].
In vestibular ganglia culture, currents induced by kainate
application were inhibited by the AMPA-kainate receptor
antagonist CNQX (6-cyano-7-nitroquinoxaline-2,3-dione)
and trimetazidine, suggesting postsynaptic localisation of
KARs [75]. KARs associated with G protein activation
were not detected in vestibular epithelium.

Importantly, in our experiments IFN-α2b significantly
increased the kainate-evoked response during cytokine ap-
plication, and further potentiates the response 15 min after
rinsing with normal solution, compared to the test value.
The different temporal development of early (during si-
multaneous cytokine application) and late (in 15 min) re-
sponses to kainate exposure suggest the involvement of dif-
ferent mechanisms of modulation of KARs by IFN. The
first increase in pulse activity observed during short-term
simultaneous IFN application may presumably be related
to modulation of ion channel function (probability or/and
duration of opening). It is the increase in this first re-
sponse during comparative simultaneous application that
distinguishes the responses of KARs and AMPARs. The
increased delayed response to kainate exposure recorded af-
ter 15-minute washout of the drug is presumably due to an
increase in the number of KARs in the synaptic zone.

Since, as mentioned above, KARs have not been iden-
tified on hair cells, it can be argued that in our experiments
IFN modulated kainate evoked responses at the postsynap-
tic level.

Although the structure of AMPARs and KARs is dif-
ferent, pharmacological tools that reliably distinguish be-
tween AMPARs and KARs have not been developed suf-
ficiently [69]. Taking into account the fact that kainate is
partially an agonist of AMPARs, it can be assumed that the
delayed potentiation of KARs may be due not only to acti-
vation of KARs themselves, but also to activation, at least in
part, of AMPARs. At the same time, we cannot exclude the
possibility that IFN triggers common hypothetical mecha-
nisms that lead to increased trafficking of both AMPARs
and KARs to the synaptic membrane surface.

4.4 Effect of IFN on AMPA Receptors

The background activity of afferent fibres was found
to be due to glutamate release from hair cells and activation
of postsynaptic AMPARs [46]. It was logically expected
that one of the possible mechanisms for the increase in the
background activity of afferent fibres upon cytokine expo-
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sure would be a change in the activity of AMPARs. How-
ever, this hypothesis was not confirmed by experimental
data, because the ratio of the maximum frequency of pulse
activity during AMPA application to the preceding level of
background activity did not change during both short-time
and long-time acute IFN applications.

At the same time, a delayed potentiating effect of the
cytokine on AMPA-evoked responses has been observed 15
min after cessation of all exposures and washing vestibu-
lar epithelium in normal solution with both short-term and
long-term IFN exposure. This indicates that the delayed
potentiating effect of cytokine on AMPA-evoked responses
is independent of the duration of IFN exposure. This sug-
gests that IFN acts as a trigger of the delayed potentiating
response of AMPARs.

The current literature on the effect of type I IFNβ-1a
on AMPARs are extremely limited, and the experiments
were performed over different time frames, which makes
correct comparative analysis of the data difficult.

Similar data on the effect of IFNβ-1a on AMPARs
function were obtained on striatum slices, where IFNβ-
1a had no effect on pharmacologically isolated AMPARs
in the presence of the specific NMDAR antagonist amino-
phosphono-valeriat (APV). Under these experimental con-
ditions, IFNβ-1a did not alter excitatory postsynaptic cur-
rents (EPSC) amplitude compared to control [36]. How-
ever, the authors did not investigate the delayed effect of
the cytokine as we had performed on vestibular epithelium.

On the other hand, IFNs may exert toxic effects on
CNS neurons via AMPARs. On mouse cortical neurons
IFN-Υ was shown to cause an increase in Ca2+ entry into
the cell, a decrease in Adenosine triphosphate (ATP) con-
centration, and an increase in nitric oxid (NO) concentra-
tion. IFN-Υ induced the formation of a unique membrane
receptor complex consisting of type II interferon recep-
tors (IFNR Υ) and the Ca2+-permeable GluR1 subunit of
AMPA receptors. It was shown that IFN-Υ phosphory-
lated GluR1 subunit and increased the formation of den-
dritic beads, which was eliminated by specific antagonists
of AMPARCNQX (6-cyano-7-nitroquinoxaline-2,3-dione)
and specific antibodies to IFNRs [34].

Comparison of our results with the few current data
[34,76] demonstrates the principal possibility of interaction
of different types of IFNs with AMPARs. The modulatory
effect of type I and type II IFNs on AMPARs can be man-
ifested in wide time intervals (from minutes to days) and
trigger neuroimmunomodulatory and neurotoxic processes.
The study of the mechanisms of influence of different types
of IFNs on AMPARs is of special interest and requires close
investigation, since hyperactivation of AMPARsmay cause
excitotoxicity, destruction of glutamatergic synapse.

According to the literature, AMPARs are tetramers
consisting of dimers composed of GluA1/GluA2 and
GluA2/GluA3 subunits [77–80]. The function of AM-
PARs depend on subunit composition and on different aux-

iliary proteins (associate with the AMPAR subunits during
their assembly). Each of AMPAR subunit has a large N-
terminal extracellular domain (NTD), highly conserved ex-
tracellular ligand-binding domain (LBD), Transmembrane
domains (TMD) 1–4 and C-terminal intracellular domain
(CTD). It is the TMD2 that forms the pore-lining region
and responsible for the channel properties of the recep-
tor. If TMD2 of GluA2 is subject to nucleotide editing
(conversion of glutamine (Q) to an arginine (R) at position
607)—the charge of the cannel pore changes from neutral
to negative resulting in to formation of Ca2+-Impermeable
AMPAR (CI-AMPAR). Ca2+-Permeable AMPARs (CP-
AMPARs)—those lacking an edited GluA2 subunit—have
a higher single-channel conductance than CI-AMPAR con-
taining calcium-impermeable receptors. It is accepted that
change of subunit composition or increase of GluA1:GluA2
ratio in synaptic zonemay serve as amolecular base of short
term plasticity.

We propose that interferon causes an increase in the
number of CP-AMPARs in the synaptic zone either by the
nucleotide editing of GluA2 at position 607 (R/Q), follow
by a change in the channel charge, or by increasing the traf-
fic of CP-AMPARs using auxiliary proteins.

Quantity of AMPARs in the synapse is in dynamic
equilibrium between the synaptic and extrasynaptic mem-
branes and the intracellular space through the mecha-
nisms of AMPA exocytosis, lateral diffusion and clathrin-
dependent endocytosis [81,82].

The increase or decrease in the number of AMPARs
on the synaptic surface is a keymechanism of synaptic plas-
ticity revealed during LTP and LTD, and under functional
stress. For example, it has been shown that acceleratedAM-
PAR incorporation is observed during LTP [83]. In contrast,
a decrease in AMPARs is associated with LTD or with the
removal of desensitised AMPARs from the synaptic zone
[82,84,85].

The process of AMPAR recycling has been identi-
fied in the central and peripheral nervous system: in the
synapses of ascending fibres of Purkinje cells [86], in the
cortex [87], in the hippocampus [82], and in structures of
the inner ear [88]. Specifically, suppression of AMPAR
endocytosis in cochlear neuronal cultures upon exposure to
a glutamate agonist and acoustic loading results in excito-
toxic responses to acoustic stimuli that were normally not
excitotoxic. These included vacuolization in the nerve ter-
minals and spiral ganglion, as well as irreversible thresh-
old shifts. These data suggest that endocytosis of AM-
PAR plays an important protective role during excitotoxi-
city [88].

The process of dynamic equilibrium between synap-
tic, extrasynaptic and intracellular space can be modulated
by endogenous ligands: insulin [89], stress hormone [90],
and the pro-inflammatory cytokine TNFα, which is re-
leased during damage and inflammation [91].
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Fig. 6. Proposalmechanism of IFN type I influence on cross-talk of AMPA receptors (AMPARs) andNMDA receptors (NMDARs)
in the frog vestibular epithelium. IFN initiates the restructure of the AMPAR subunit composition in the postsynaptic membrane of
afferent fiber by activation Janus activated kinases 1/signal transducer and activator of transcription 1 (JAK1/STAT1) cascade. Changes in
synaptic strength are accompanied by changes in the composition of AMPAR subunits in the synapse due to the movement of receptors
lacking GluA2 subunits to and from the postsynaptic membrane. IFN increases the ratio of Ca2+-Permeable AMPA Receptors (CP-
AMPAR) to Ca2+-Impermeable AMPA Receptors (CI-AMPAR), presumably through two mechanisms: (1) By increasing the amount
of CP-AMPAR in the extrasynaptic zone and increasing traffic of CP-AMPAR into the synaptic membrane by phosphorylation of (C)-
terminal domain (P-CTD). (2) By phosphorylation of transmembrane domain 2 at 607 sequence (R-Q) resulting in changing the charge
of the channel pore and increase of Ca2+ entrance and/or removing CI-AMPAR from the synaptic zone by internalization. The activation
of CP-AMPARs in synaptic zone leads to relieve NMDARs pore blockaded by Mg2+ to permit Ca2+ entrance into the postsynaptic
membrane and initiate signaling cascades.

The effect of TNFα on AMPAR trafficking was stud-
ied in a spinal cord injury model. Western blotting with
antibodies to AMPA1 and AMPA2 subunits revealed a sig-
nificant increase in the GluR1:GluR2 ratio in the plasma
membrane, indicating an increase in the proportion of re-
ceptors devoid of GluR2 in TNFα-treated spinal cord sam-
ples. TNFα nanoinjections have been shown to induce a
rapid dose-dependent increase in the number of AMPARs
lacking GluR2 in the plasma membrane of neurons at both
extrasynaptic and synaptic sites. TNFα sequestration re-
duced both AMPAR delivery to the membrane and acute
neuronal excitotoxicity. These results suggest that spinal
cord injury causing an increase in TNFα levels alters AM-
PAR transport [91].

In hippocampal and cortical cultures, glial TNFα has
been shown to induce a rapid (<15 min) increase in neu-
ronal, surface localised synaptic AMPARs, presumably
from intracellular depots. It is generally believed that an ex-
cess of surface localised AMPARsmay predispose a neuron
to excitotoxicity [92].

It was shown that in hippocampal neurons TNFα pro-
moted exocytosis of AMPAR2 subunit with the participa-
tion of phosphotodilinositol-3 kinase mechanism. TNFα
promoted endocytosis and reduced the number of gamma-
Aminobutyric acid (GABA) receptors, which suppressed

inhibitory processes [23]. Taking together, the data speaks
in favor that TNFα may regulate membrane homeostasis.

There are no direct data indicating a change in AM-
PARs trafficking to the synaptic area upon exposure to
IFN. We hypothesise that changes in the number of synap-
tic membrane receptors under the influence of proinflam-
matory cytokines is a common mechanism for the central
and peripheral nervous systems, and that in our experi-
ments IFN-α2b is involved in the process of restructure
AMPARs and trafficking of CP-AMPAR into the synaptic
area, thereby increasing delayed AMPARs activity.

The study of the mechanisms of IFN influence on the
synaptic recycling of AMPARs is a necessary step in the
development ofmethods to prevent excitotoxicity and nerve
cell death in inner ear structures.

4.5 Potentiation

Activation of AMPARs is accompanied by the entry
of Ca2+ into the cell and subsequent membrane depolariza-
tion. In our experimental conditions, IFN-α2b, although it
changed the NMDA responses pattern, had no significant
effect on them. Based on the above, we assumed that pos-
sible delayed membrane depolarization caused by IFN-α2b
action onAMPARs could change the function of NMDARs,
which were not active in the absence of depolarization.
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The results of our work indicate that different subtypes
of iGluRs are affected by IFN to varying degrees. Analy-
sis of literature data and our results indicate that IFN has
a complex effect on glutamatergic synaptic transmission in
the structures of the inner ear. It is known that AMPARs
and NMDARs are co-localized on the hair cell and on the
postsynaptic membrane.

Summarizing the data obtained, we suggest that IFN
leads to a delayed activation of AMPARs, which causes
long-term membrane depolarisation and activation of NM-
DARs (presumably by removing Mg2+ from the cationic
channel of NMDAR and subsequently induced an influx of
Ca2+ in cell) (Fig. 6).

At the presynaptic level, this is accompanied by acti-
vation of the glutamatergic ribbon synapse and abundant
release of glutamate from the hair cells. At the postsy-
naptic level, it is accompanied by activation of postsynap-
tic glutamate receptors. In the vestibular epithelium, it is
AMPARs that trigger the excitation process, determine the
background activity of the afferent synapse, which main-
tains current excitability of the postsynaptic membrane and
together with other GluRs provide instant transmission of
information from the hair cell.

It is known that interferon disrupts the function of the
glutamate transporter, leading to excess glutamate in the
synaptic cleft, resulted in hyperactivation of GluRs and dis-
ruption of the balance of positive and negative process. In
accordance of current evidence appropriate NMDAR ac-
tivation is essential for neuronal survival and physiolog-
ical functions, excessive activation contributes to patho-
logical changes including cell death. It was suggested
that the degree of excitotoxicity depends on the magnitude
and duration of synaptic and extra-synaptic NMDAR co-
activation [93]. While low-dose NMDA preferentially ac-
tivated synaptic NMDAR, higher doses progressively acti-
vated increasing amount of extra-synaptic NMDAR along
with synaptic NMDAR and triggered cell death program.

The delayed IFN-induced increase in AMPAR in-
crease NMDA responses and changes cross talk of NM-
DAR and non-NMDA receptors.

5. Conclusions
The presented data show for the first time that type I

IFN has different effects on NMDAR, AMPAR and KAR.
IFN has no direct effect on NMDARs, but stimulates AM-
PARs and KARs by involving different mechanisms. IFN-
activated AMPARs can stimulate NMDAR activity, thereby
altering synaptic plasticity of the glutamatergic afferent
synapse andmodifying afferent flow from the vestibular pe-
riphery to the CNS.

Thus, the effect of IFN on the functions of iGluRs is
a common and important mechanism of functional interac-
tion between the immune and nervous systems in inner ear
structures, and IFN type I can be considered as an neuroim-
munomodulator in vestibular end organs.
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