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Abstract

Objectives: The implanted electrodes deliver electric signals to spiral ganglion

neurons, conferring restored hearing of cochlear implantation (CI) recipients. Postim-

plantation intracochlear fibrosis, which is observed in most CI recipients, disturbs the

electrical signals and impairs the long-term outcome of CI. The macrophages and

fibroblasts activation is critical for the development of intracochlear fibrosis. How-

ever, the effect of electric stimulation of cochlear implant (ESCI) on the activity of

macrophages and fibroblasts was unclear. In the present study, a human cochlear

implant was modified to stimulate cultured macrophages and fibroblasts.

Methods: By measuring cellular marker and the expression level of cytokine produc-

tion, the polarization and activity of macrophages and fibroblasts were examined

with or without ESCI.

Results: Our data showed that ESCI had little effects on the morphology, density,

and distribution of culturing macrophages and fibroblasts. Furthermore, ESCI alone

did not affect the polarization of macrophages or the function of fibroblasts without

the treatment of inflammatory factors. However, in the presence of LPS or IL-4, ESCI

further promoted the polarization of macrophages, and increased the expression of

pro-inflammatory or anti-inflammatory factors, respectively. For fibroblasts, ESCI

further increased the collagen I synthesis induced by TGF-β1 treatment. Nifedipine

inhibited ESCI induced calcium influx, and hereby abolished the promoted polariza-

tion and activation of macrophages and fibroblasts.

Conclusion: Our results suggest that acute inflammation should be well inhibited

before the activation of cochlear implants to control the postoperative intracochlear

fibrosis. The voltage-gated calcium channels could be considered as the targets for

reducing postimplantation inflammation and fibrosis.

Level of Evidence: NA.
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1 | INTRODUCTION

Hearing loss is one of the most prevalent disabilities around the world.

Currently, cochlear implantation (CI) is the most effective treatment

to partially restore hearing for patients with profound-to-severe sen-

sorineural hearing loss.1 Through an electrode array implanted into

the cochlea,2 acoustic signals are transcoded into electrical signals.

Therefore, the outcome of CI is largely relying on the effectiveness of

the electrical signals delivered by the CI electrodes.

However, as a common complication, postoperative fibrosis in

the cochlea impairs the long-term outcome of CI.3 Fibrous tissue

grows up over time, forming a dense fibrous sheath around the CI

electrode.4 It increases the impedance of CI circles, leading to a

decreased dynamic range of stimulation5 and decreased CI battery

life.6 In addition, fibrous tissue obstructs the vibration of cochlear bas-

ilar membrane, resulting in further loss of residual hearing.7 Moreover,

cochlear fibrosis is the primary cause of reimplantation.8 Clinically,

glucocorticoids are usually used to prevent postoperative fibrosis.9

However, its long-term control of fibrosis was not validated for all

cases.10

Postoperative cochlear fibrosis has been demonstrated relative to

surgical trauma and inflammatory responses.11 However, it is

unknown whether electrical stimulation (ES) of cochlear implant

(ESCI) affects inflammation and subsequent fibrosis. As an illustration,

cardiac pacemaker is a long-term implant. It was observed that more

local fibrous tissue was attached to the lead tip, where electrical

pulses were released.12 Similar effects of ES were also observed in

implants for tissues.13–15 Considering the long working term, unique

electrical parameters of ESCI,16 it is presumably relevant to inflamma-

tory response and subsequent fibrosis. Therefore, it is necessary to

explore the relationship between electrical stimulation and inflamma-

tion and fibrosis, so as to find the possibility of controlling fibrosis.

2 | METHODS AND MATERIALS

2.1 | Cell culture and treatment

The cell lines (L929 and Raw264.7 from ADCC, HEI-OC1 from bio-

feng) were cultured in medium (DMEM/F12 for L929, DMEM for

HEI-OC1, RPMI-1640 for Raw264.7) (Gibco, Grand Island, NY) con-

taining FBS (5% for L929, 10% for HEI-OC1 and Raw264.7) (Gibco,

Grand Island, NY) and antibiotics (50 U/mL penicillin–streptomycin

for L929 and Raw264.7) (Gibco, Grand Island, NY) in a humidified

incubator (37�C for L929 and Raw264.7, 33�C for HEI-OC1) with 5%

CO2. L929 and HEI-OC1 were seeded to a 12-well plate at a density

of 2.5 � 104 cells/well (Raw264.7 was seeded at a density of 8 � 104

cells/well).

In some experiments, LPS (lipopolysaccharide, 100 ng/mL,

no. L4391-1MG, Sigma, St Louis, MO) or IL-4 (interleukin 4, 40 ng/mL,

no. 214-14-5, PEPROTECH, Cranbury, NJ) was added for 24 h to polar-

ize macrophages into M1 or M2. And L929 was added with TGF-β1

(transforming growth factor-β1, 10 ng/mL, no. 763102, Biolegend, San

Diego, CA). Nifedipine (10 μg/mL, no. BAY-a-1040, Selleck, Shanghai,

China) was added for 12 h.

2.2 | ESCI

In vitro ES of cochlear implant device is modified from the clinical

cochlear implant (no. CS-10A, NUROTRON, Hangzhou, Zhejiang,

China), the actual device is composed of the cover with electrodes

(Figure 1A, (1)), the cell culture plate (Figure 1A, (2)), and connected

electronic cochlear converter (Figure 1A, (3)). Every Central Stimulat-

ing electrode (CSe) was linked to the microelectrode of the CI, and the

Roude Reference electrode (RRe) was linked to the reference

F IGURE 1 Construction of the ESCI
in vitro system. (A) The schematic of the
ESCI system. Left, the actual device is
composed of the cover with electrodes
(1), the cell culture plate (2), and the
connected CI processor (3). Right, the
loop shows the connection of the central
stimulating electrode (CSe) and the ring
reference electrode (RRe). (B) The
schematic of the cell culture based ESCI
system. (C) The comfort level (CL) and
threshold level (TL) of electrical
stimulation in each electrode for CI
recipients. The level was expressed in
clinical programming units. (D) The actual
current measured from our device and the
electrodes of implants for CI recipients.
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electrode of the cochlear implant. CSe and RRe were made of

platinum–iridium wire 0.25 mm in diameter (Figure 1B).

A software Nurosound (NUROTRON, Hangzhou, Zhejiang, China)

was used to set the parameters of ESCI. Stereo equipment (SRS-

XB12/BC, SONY, Tokyo, Japan) was used to play Ode to the Mother-

land for 12 h continuously per day. The intensity is between 55 and

73 dB, measured by a sound level meter (AS804, SMART SENSOR,

Dongguan, Guangdong, China).

2.3 | Cell count

Optical microscopy (Ti-S, Nikon, Shanghai, China) and blood cell

counting plate were used for cell counting. The cell distribution count-

ing was counted in an area of 250 μm by 250 μm.

2.4 | Cell counting kit-8 assay

The cells were analyzed by cell counting kit-8 (CCK-8) kit (Dojindo

Co. Tokyo, Japan). The plate was determined by the microplate reader

(ELX800, BioTek, San Diego, CA).

2.5 | Flow cytometric analysis

Macrophages were analyzed by a PE-CD86 (no. 100113, Biolegend,

San Diego, CA) and APC-CD206 staining kit (no. 141705,

Biolegend, San Diego, CA) by following the manufacturer's instruc-

tions. Flow cytometry was performed on a BD LSRForessa flow cyt-

ometer (BD, Franklin, NJ), and the data were analyzed using FlowJo

software (FlowJo, Ashland, OR).

2.6 | Quantitative real-time polymerase chain
reaction

Total RNA was extracted with Trizol reagent (no. R401-01, Vazyme,

Nanjing, Jiangsu, China) according to the manufacturer's instruc-

tions. Quantitative real-time polymerase chain reaction (qRT-PCR)

was performed using the SYBR Green qRT-PCR kit (no. Q111-02,

Vazyme, Nanjing, Jiangsu, China) on a QuantStudioTM 1 Real-Time

PCR Instrument (ABI, Waltham, MA). See Table 1 for primers and

sequences (Tsingke, Beijing, China). The Ct values were analyzed

using the ΔΔCt method, and the relative quantification of the

expression of the target genes was measured using β-actin mRNA as

an internal control.

2.7 | ELISA assay

The levels of TGF-β1 released from macrophages were measured

using an ELISA kit (no. EK981-96, Multisciences, Hangzhou, Zhejiang,

China). The plate was determined by the microplate reader (ELX800,

BioTek, San Diego, CA).

2.8 | Western blot

The protein was extracted from cultured cells with cell lysis buffer

(no. P0013, beyotime, Shanghai, China). A total of 30 μg protein sam-

ple was separated by SDS–PAGE gels and transferred to a polyvinyli-

dene fluoride (PVDF) membrane (Millipore, Bedford, MA). After

blocking with 5% non-fat milk in TBS-T (Beyotime, Shanghai, China)

for 2 h at RT, the membrane was incubated with the primary anti-

bodies collagen I (no. AB755P, Sigma, St. Louis, MO) overnight at

4�C. The PVDF membrane was washed and incubated with sec-

ondary antibodies conjugated to the HRP (BBI Life Sciences,

Shanghai, China) for 2 h. Species-matched horseradish peroxidase-

conjugated IgG was used as the secondary antibody. Protein bands

were detected with a chemiluminescence detection system (Image

600, GE Healthcare, Chicago, IL). Grayscale was analyzed with the

software Image Quant TL (GE Healthcare, Chicago, IL). And the rel-

ative quantification of the expression of Collagen I was measured

using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an

internal control.

2.9 | Calcium imaging

Rhod-2AM, a cell permeable (1 μM, no. 40776ES50, Yeason, Shang-

hai, China) fluorescence was utilized to determine intracellular calcium

levels. Cells were washed three times with Ca2+-free HBSS

(no. H1046, Solarbio, Beijing, China), and Rhod-2 was added for

60 min. After incubation, cells were washed three times in HBSS

(no. H1025, Solarbio, Beijing, China). The emitted fluorescence

TABLE 1 All primer and sequences used in the qPCR process.

ID Primer Sequence (50 to 30)

1 IL-12b forward GTCCTCAGAAGCTAACCATCTCC

2 IL-12b reverse CCAGAGCCTATGACTCCATGTC

3 TNF-α forward CCCTCACACTCAGATCATCTTCT

4 TNF-α reverse GCTACGACGTGGGCTACAG

5 IL-6 forward TAGTCCTTCCTACCCCAATTTCC

6 IL-6 reverse TTGGTCCTTAGCCACTCCTTC

7 IL-10 forward GCTCTTACTGACTGGCATGAG

8 IL-10 reverse CGCAGCTCTAGGAGCATGTG

9 TGF-β forward CTCCCGTGGCTTCTAGTGC

10 TGF-β reverse GCCTTAGTTTGGACAGGATCTG

11 Arg-1 forward CTCCAAGCCAAAGTCCTTAGAG

12 Arg-1 reverse AGGAGCTGTCATTAGGGACATC

13 β-actin forward CGTTGACATCCGTAAAGACC

14 β-actin reverse TAGAGCCACCAATCCACACA
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intensity of Rhod-2 was recorded on Confocal microscopy (FV3000,

OLYMPUS, Tokyo, Japan) at 25�C (excitation 549 nm, emission

578 nm). Ionomycin (1 μM, no. S48414, Yuanye, Shanghai, China)

is used to get extracellular calcium into cells. Images were ana-

lyzed using the software Image Quant TL (GE Healthcare,

Chicago, IL).

2.10 | Statistical analysis

SPSS 21.0 (IBM SPSS Inc. Chicago, IL) statistical software was used to

analyze the data. The measurement data were expressed as mean

± standard deviation (error). The unpaired Student's t-test was used

to compare the data with normal distribution and variance

F IGURE 2 The effect of ESCI on the
culturing macrophages and fibroblasts.
(A) Schematic diagram of the experiment.
Electrical stimulation (ES) was performed
for 12 h/day until the cells filled the
chamber. (B) Representative photographs
show the Raw264.7 macrophages and
L929 fibroblasts before and after
electrical stimulation. Scale bar = 10 μm.
(C) Schematic of the stimulation
electrodes. The cell density was measured
from the CSe to the edge of the culture
chamber (n = 3 for each group). (D) The
distribution and density of macrophages
at different time after ESCI. (E) The
distribution and density of fibroblasts at
different time after ESCI (n = 3 for each
group). Data were present as mean ± SD.
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homogeneity between the two groups. The one-way analysis of vari-

ance (ANOVA) was utilized to analyze the data among multiple

groups, and the data at different time points were analyzed

by repeated ANOVA (Tukey's post hoc test). p < .05 indicates signifi-

cant difference. The diagram is drawn using GraphPad Prism

8 (San Diego, CA).

3 | RESULTS

To examine the possible impairment of ESCI on the inner ear cells, ES

converted from sound signals was delivered to cultured HEI-OC1 cells

through a human CI device (Figure 1A,B). The ES used in our experi-

ment was compared with the parameters used for CI patients. For

each microelectrode, the range of stimulus intensity level was set

between the threshold level (TL: the minimum value of stimulation

that elicited a very soft, but consistent, hearing sensation) and the

comfort level (CL: the maximum value of stimulation that did not pro-

duce uncomfortably loud sounds) (Figure 1C and Ref. [16]). The actual

current levels measured from our stimulus electrodes were coinciden-

tal with those of the levels measured from CI (Figure 1D). These

results indicate that the ES used in our experiment was comparable to

that in the cochlea of CI patients.

Under the ES, the cells grew well and filled the chamber within

72 h, without any obvious mortality and abnormal shapes were

observed (see Figure S1a). And the cell density and viability was not

affected by the presence of electrodes or ES (see Figure S1b,c).

Together with the measurements of electrical parameters, these data

suggest that the ES of the CI device is safe for the cells in our

experiments.

The macrophages and fibroblasts play major roles in the process

of fibrosis after CI. The effect of ESCI on cell growth was first exam-

ined for Raw264.7, a macrophage cell line, and L929, a fibroblast cell

line (Figure 2A,B, and see Figure S2a–c). As shown in Figure 2C, the

F IGURE 3 The effects of ESCI on
LPS-treated macrophages. (A) Schematic
diagram of the experiment.
(B) Representative photographs show the
macrophages in control, electrical
stimulation (ES) only, LPS treatment only,
and LPS and ES co-treatment group. Scale
bar = 10 μm. (C) Flow cytometry assay
shows quantitative changes of CD86
fluorescence in macrophages from each
group. MFI: mean fluorescence intensity
(n = 3 for each group). (D) Relative mRNA
levels of TNF-α, IL-6, and IL-12 in
macrophages from each group (n = 3 for
each group). Data were present as mean
± SD.***p < .001; **p < .01; *p < .05,
Student's t-test.
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possible migration of cells was determined by the cell distribution

along the axis from the central stimulating electrode to the edge of

the chamber (reference electrode). Compared with the controls, the

density and the distribution of the macrophages (Figure 2D) and fibro-

blasts (Figure 2E) were not disturbed by the presence of electrodes or

ES at all periods of ESCI. Thus, we conclude that ES does not affect

the proliferation and distribution of macrophages and fibroblasts in

the non-inflammatory state.

The surgical trauma and postoperative infection cause acute

inflammation in the cochlea after CI.17,18 The activities of immuno-

cytes, in particular with the M1 macrophages mediate the pro-

inflammatory effect.19 In the present study, LPS was added to mimic

acute postoperative inflammation in vitro (Figure 3A). In line with the

results of HEI-OC1 cells, ESCI only rarely changed the shape of cul-

tured macrophages, which showed round bodies and scarce dendrites

(Figure 3B, ES). Meanwhile, under the administration of LPS, some of

the macrophages showed ameboid deformations, indicating the

polarization to M1 (Figure 3C, LPS). Interestingly, in the presence of

LPS administration, obvious amoebic changes were observed in more

macrophages showing prominent pseudopodia (Figure 3C, LPS + ES)

under the ESCI. Flow cytometry data showed that the expression of

CD86, a typical M1 marker, was further increased by the co-treatment

of ES and LPS (Figure 3C). In addition, the expression of M1 pro-

inflammatory cytokines, such as tumor necrosis factor-α (TNF-α),

interleukin 6 (IL-6), and interleukin 12 (IL-12), was also further

increased by ESCI (Figure 3D). These results suggested that ES pro-

moted the activity of M1 and its pro-inflammatory function.

Because of the foreign body response elicited by CI electrodes in

the cochlea, chronic inflammation was usually observed after CI sur-

gery.17 The M2 of macrophage plays a role in tissue repair and anti-

inflammatory effect.19 To determine the effects of ESCI on M2, IL-4

was used to stimulate macrophages to the M2 (Figure 4A). In line with

previous study,20 we found that macrophages were elongated and

showed spindle shapes after IL-4 stimulation, indicating polarization

F IGURE 4 The effects of ESCI on IL-4
treated macrophages. (A) Schematic
diagram of the experiment.
(B) Representative photographs show the
macrophages in control, electrical
stimulation (ES) only, IL-4 treatment only,
and IL-4 and ES co-treatment group. Scale
bar = 10 μm. (C) Flow cytometry assay
shows quantitative changes in CD206
fluorescence in macrophages from each
group. MFI: mean fluorescence intensity
(n = 3 for each group). (D) Relative mRNA
levels of TGF-β, Arg-1, and IL-10 in
macrophages from each group (n = 3 for
each group). (E) ELISA assay shows the
concentration of TGF-β1 in the medium
from each group (n = 3 for each group).
Data were present as mean ± SD.
***p < .001; *p < .05, Student's t-test.
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to M2. With the application of IL-4, ESCI made more macrophages

showing M2 morphology with flattened cell bodies and elongated

pseudopodia (Figure 4B). We chose CD206, a classic M2 marker, to

quantify this change by flow cytometry assay. Data showed that ESCI

significantly increased the polarization of the M2 (Figure 4C). Func-

tionally, compared with the treatment of IL-4 only, co-treatment of

ESCI and IL-4 significantly increased the expression of anti-

inflammatory cytokines, such as TGF-β, arginase-1 (Arg-1), and inter-

leukin 10 (IL-10) (Figure 4D). Notably, more TGF-β1 was also detected

in the culture medium for the co-treatment of ESCI and IL-4

(Figure 4E).

Our previous study has confirmed that M2 secreted TGF-β1

results in the increasing formation of extracellular matrix.9 In most

cases, a fibrous sheath riching of extracellular matrix was formed

around the implanted electrode.21 As shown in Figure 5A, L929 cells

treated with TGF-β1 synthesized more collagen I compared with the

control, while ES alone did not affect the ability to synthesize collagen

I. Amazingly, the ability of L929 cells to synthesize collagen I was fur-

ther enhanced by ES under the administration of TGF-β1

(Figure 5B,C). Thus, we concluded that ES not only indirectly induced

fibroblast migration and activation by stimulating M2 to secrete TGF-

β1 but also directly stimulated L929 cells to synthesize more collagen,

thereby exacerbating fibrosis.

ESCI activates the voltage-gated sodium and potassium channels

of cochlear ganglion neurons, resulting in the excitation of the audi-

tory pathway. Meanwhile, such ES may also act on the ion channels,

for example, voltage-activated calcium channels, of other cells in the

cochlea. The calcium, which acts as a typical second messenger, has

been demonstrated to regulate the function of many cell types,

including macrophages22 and fibroblasts.23 To examine the role of

ESCI elicited calcium influx in the activities of macrophages and fibro-

blasts, the voltage-gated calcium channel blocker, nifedipine, was

applied after IL-4 or TGF-β1 treatment (Figure 6A). Administrated by

nifedipine alone, the cell viability, proliferation, and cell shapes of

macrophages and fibroblasts were not changed by a concentration

of 10 μg/mL (see Figure S3). As shown by the data of flow cytometry

assay in Figure 6B, compared with the IL-4 treated group, the mean

fluorescence intensity of CD206 labeled M2 increased by IL-4 and

ESCI co-treatment. However, the increase of M2 by ESCI was abol-

ished by nifedipine, while nifedipine treatment alone made no differ-

ence. Moreover, the increased expression of anti-inflammatory

cytokines, including TGF-β, Arg1, and IL-10, by ESCI and IL-4 co-

treatment was also reduced significantly by nifedipine (Figure 6C and

see Figure S4a). These results indicate that the promotion of M2

polarization by ESCI was significantly intercepted by nifedipine. Like-

wise, nifedipine reduced the increase of collagen I expression induced

by ES in fibroblasts (Figure 6D,E and see Figure S4b,c). These results

indicate that nifedipine can not only reduce the secretion of TGF-β of

M2 macrophages but also directly act on L929 cells to inhibit their

collagen synthesis function.

To further confirm the calcium influx, we used fluorescent probe

Rhod2-AM to examine the intracellular calcium level of IL-4 pre-

incubated Raw264.7 in response to ESCI. As shown in Figure 7A, ESCI

elicited a robust increase in intracellular calcium levels (red lines). In

line with the results shown in Figure 6, nifedipine almost abolished

this calcium influx (Figure 7B,C). A similar calcium influx elicited by

ESCI was also observed in TGF-β1 pretreated L929 cells

(Figure 7D–F). These results demonstrated that ESCI induced calcium

influx via the voltage-gated calcium channels on the macrophages and

fibroblasts.

4 | DISCUSSION

In the early stage after cochlear implantation, acute inflammation

often occurs due to surgical trauma and infection.24,25 Upon injury,

proteins near the surgical path adhere to the surface of the elec-

trode.26 Then, the inflammatory factors released from the dying cells

induce immunocytes to migrate around the electrode.27 Monocytes

are one of the immunocytes that are involved in these acute immune

responses.28 Infection caused monocytes to polarize into M1.29

M1 secrets IL-6/IL-12/TNF-α and so on and plays a major role in pro-

moting inflammation and phagocytosis.19 It can be also observed in

cultured cell lines treated by bacterial cell wall component LPS

F IGURE 5 The effects of ESCI on TGF-β1 treated fibroblasts.
(A) Schematic diagram of experiment. (B) The West-blotting bands
show the expression level of collagen I in control, electrical
stimulation (ES) only, TGF-βtreatment only, and TGF-βand ES co-
treatment group. (C) Normalized expression level of collagen I in each
group (n = 3 for each group). Data were present as mean ± SD.
*p < .05, Student's t-test.
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(Figure 3). Excessive acute inflammatory response results in damage

to cochlear cells and delays wound healing.30 Clinically, glucocorticoid

therapy is usually employed to reduce the acute inflammatory

responses after CI.31

In the presence of CI electrode, chronic inflammation is always

occurred in the cochlea.25 M1 transformed into the M2 gradually,32 and

newly migrated macrophages can be polarized to M2 by IL-4, which was

also used to induce M2 in our experiment. Cytokine including TGF-β and

IL-10 are secreted and act primarily as anti-inflammatory factors and pro-

mote tissue repair (Figure 4). Under the action of TGF-β1, the fibroblasts

are recruited and activated into myofibroblasts around the CI electrodes

(Figure 5). Large amounts of collagen and other extracellular matrix are

synthesized and secreted to repair damaged tissue.33 However,

overactivated fibroblasts can form a fibrous sheath around the CI elec-

trodes.34 In 90% of temporal bone specimens of patients receiving cochlear

implantation, fibrous tissue is found wrapping around the implanted elec-

trode.35,36 The fibrous sheath around the electrode leads to poor accuracy

of ES5 and a high possibility of reimplantation.37 At present, effective treat-

ment specialized for cochlear fibrous after CI is not well developed.

A distinct feature of cochlear implants is the ES following

cochlear implantation. The chronic effects of ES on inflammation and

intracochlear fibrosis remain debatable. In the research of cardiac

pacemakers and wound healing, ES is one of the independent factors

promoting fibrosis.12,15 There is thicker fibrous tissue in the discharge

part than in the other parts. Cochlear implants also work with electri-

cal impulses. By impedance measurement, the electrode functionality

F IGURE 6 Nifedipine abolished the
promoting effects of ESCI on treated
macrophages and fibroblasts.
(A) Schematic diagram of experiment.
(B) Flow cytometry assay shows
quantitative changes in CD206
fluorescence in macrophages from each
group. MFI: mean fluorescence intensity
(n = 3 for each group). (C) Relative mRNA

levels of TGF-β, Arg-1, and IL-10 in
macrophages from each group (n = 3 for
each group). (D) The West-blotting bands
show the expression level of collagen I
from fibroblasts in each group.
(E) Normalized expression level of
collagen I in each group (n = 3 for each
group). Data were present as mean ± SD.
ns, no statistical difference; ***p < .001;
**p < .01; *p < .05, Student's t-test.
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loss time of the ES group was shorter than that of a non-stimulation

group.38 In addition, in guinea pig cochlea, chronic ES at high charge

densities evoked a vigorous tissue response and increased Pt elec-

trode dissolution compared with Pt electrodes only.39 Conversely, it

has been reported that electric stimulation does not cause CX3CR1+

macrophages to migrate into the mouse cochlea.40 Our in vitro results

showed that electric stimulation did not induce migration and pro-

moted the activity of macrophage and fibroblasts in the absence of

inflammatory factors (Figures 2–5). However, in the presence of

inflammatory factors, our study indicates that ESCI leads to greater

early pro-inflammatory function and later pro-repair function by pro-

moting further polarization of macrophages (Figures 3 and 4).

Voltage-gated calcium channels are widespread in non-excitable cells

including macrophages and fibroblasts, serving as one of the effectors for

the perception of external ES in these cells.41,42 While exciting spiral gan-

glion neurons, ESCI is sufficient to open voltage-gated calcium channels

on macrophages and fibroblasts and cause calcium influx (Figure 7). As a

second messenger, intracellular calcium concentration is involved in the

activation of macrophages and fibrosis.43,44 Intracellular calcium regulates

the conformational state of calmodulin45 resulting in the polarization of

macrophages.46 Classical TGF-β signaling and the downstream transcrip-

tion factors such as Smad2/3 are phosphorylated, and then the genes

related to fibrosis are activated.47 Increased intracellular calcium activates

calmodulin binding with Smad2, thereby activating the pathway.48 In

addition, calcium can regulate other fibrosis-related pathways to play a

role in promoting repair directly.23 Therefore, we proposed a reasonable

conjecture that postimplantation fibrosis is promoted by the calcium

influx through the ESCI-activated calcium channels.

The limitation of this study is that it still stays in the cell experi-

ment stage and only uses a single stimulus factor to simulate different

stages after surgery. However, the internal environment of the

cochlea after surgery is complex and there are many influencing fac-

tors, and the impact of ES on the cells in the cochlea is still unknown.

Therefore, in vivo experiments should be supplemented in the future.

In addition, how ES opens voltage-gated calcium channels and the

effects of intracellular signaling pathways have not been explored,

and continued research may find more precise regulatory targets for

the prevention and treatment of fibrosis.

5 | CONCLUSION

According to the updated guidelines, the activation day of a cochlear

implant is recommended at 1–6 weeks (U.S. FDA and Ref. [49]) after

F IGURE 7 The effects of ESCI on calcium influx in macrophages and fibroblasts. (A) The intracellular calcium fluorescence of IL-4 treated
macrophages was measured in normal (red, n = 9) or Ca2+-free (n = 5) medium. The gray area shows the period of electrical stimulation.
Ionomycin, a calcium ionophore, was used as the positive control. (B) The intracellular calcium fluorescence of IL-4 treated macrophages under
the administration of nifedipine (n = 9). (C) The average fluorescence level in gray areas of A and B. (D) The intracellular calcium fluorescence of
TGF-β1 treated fibroblasts measured in normal (red, n = 7) or Ca2+-free (n = 6) medium. (E) The intracellular calcium fluorescence of TGF-β1
treated fibroblasts under the administration of nifedipine (n = 9). (F) The average fluorescence level in gray are of D and E. Data were present as
mean ± SD. ***p < .001, Student's t-test.
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surgery. Our in vitro results suggest that it may fully consider deter-

mining the activation time for individual CI recipients until the acute

inflammation subsides. In addition, long-term foreign body responses

and chronic inflammation should also be considered. ES, as an inde-

pendent physical factor, may promote chronic inflammation.
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