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Cisplatin is chemotherapy used for solid tumor treatment like lung, bladder, head and neck, ovarian and testicular cancers. However, cisplatin-induced ototoxicity limits the utility of this agent in cancer patients, especially when dose escalations are needed. Ototoxicity is associated with cochlear cell death through DNA damage, the generation of reactive oxygen species (ROS) and the consequent activation of caspase, glutamate excitotoxicity, inflammation, apoptosis and/or necrosis. Previous studies have demonstrated a role of CXC chemokines in cisplatin ototoxicity. In this study, we investigated the role of CXCL1, a cytokine which increased in the serum and cochlea by 24 h following cisplatin administration. Adult male Wistar rats treated with cisplatin demonstrated significant hearing loss, assessed by auditory brainstem responses (ABRs), hair cell loss and loss of ribbon synapse. Immunohistochemical studies evaluated the levels of CXCL1 along with increased presence of CD68 and CD45-positive immune cells in cochlea. Increases in CXCL1 was time-dependent in the spiral ganglion neurons and organ of Corti and was associated with progressive increases in CD45, CD68 and IBA1-positive immune cells. Trans-tympanic administration of SB225002, a chemical inhibitor of CXCR2 (receptor target for CXCL1) reduced immune cell migration, protected against cisplatin-induced hearing loss and preserved hair cell integrity. We show that SB225002 reduced the expression of CXCL1, NOX3, iNOS, TNF-α, IL-6 and COX-2. Similarly, knockdown of CXCR2 by trans-tympanic administration of CXCR2 siRNA protected against hearing loss and loss of outer hair cells and reduced ribbon synapses. In addition, SB225002 reduced the expression of inflammatory mediators induced by cisplatin. These results implicate the CXCL1 chemokine as an early player in cisplatin ototoxicity, possibly by initiating the immune cascade, and indicate that CXCR2 is a relevant target for treating cisplatin ototoxicity.
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Introduction

Cisplatin (cis-diamminedichloroplatinum II) is a major chemotherapeutic agent used in the treatment of a different solid tumors such as head, neck and ovarian cancers (1). However, cisplatin chemotherapy results in side effects including nephrotoxicity (2) and ototoxicity (3). Studies have reported the cytotoxic mechanisms of cisplatin including DNA damage (4, 5), production of reactive oxygen species (ROS) (6), cytoplasmic caspase activation (7) and mitochondrial dysfunction (8). Cisplatin ototoxicity involves damage or loss of the cells in the organ of Corti, stria vascularis and spiral ganglion neurons, mediated in part by ROS generation (9). Oxidative stress can produce lipid peroxidation, inflammation, DNA damage, and apoptosis or necrosis of cells in the cochlea (10).

Inflammation is being studied as an important component of hearing loss (11). Pro-inflammatory cytokines can stimulate spiral ligament fibrocytes and increase production or activation of inflammatory response mediators such as interleukin 6 (IL-6), tumor necrosis factor-α (TNF- α), chemokines such as CXCL1 and macrophage inflammatory peptide 2 (MIP-2), soluble intercellular adhesion molecule-1 (sICAM-1) and vascular endothelial growth factor (VEGF) (12, 13). These inflammatory mediators activate neutrophil migration to the sites of damage within the cochlea and initiate the inflammatory response, leading to either immune resolution or cell apoptosis and cochlear dysfunction (14). Cytokines are major mediators of cisplatin-induced ototoxicity (15).

Macrophages play an important role in the initiation, maintenance and resolution of the immune responses in the cochlea (16). Activation of cochlear CX3CR1 and CD45-positive macrophages has been demonstrated in the spiral ligament following noise exposure (17). Resident macrophages and supporting cells of the inner ear are implicated in this early immune response activation (16, 18). In addition, a recent study indicated the expression of immune cell markers on resident cells of the organ of Corti, which include supporting cells, and to a lesser extent, sensory cells (19). The close proximity of sensory and supporting cells suggest that stress signals from the former could be readily communicated to the latter to induce inflammatory mediators (20).

Chemokines have been shown to participate actively in the immune response in the cochlea which contributes to hearing loss (21). These include CCL2, CCL4 and CXCL12, which are induced within 6 to 24 h after damage to the cochlea (22, 23) and presumably derive from activation of resident macrophages in the cochlea. Subsequent migration of macrophages and monocytes into the cochlea occurs within 3-4 days which are CX3CR1 and CD45 positive (10, 24). The role of the chemokines, such as CXCL1 and CXCL2, in the recruitment of neutrophils to the site of inflammation or tissue damage has been well studied (25, 26). These chemokines are released by resident immune cells in response to “danger” molecules and serve as homing signals for neutrophil migration to the site of injury. In fact, these chemokines serve as early participants in the inflammatory process (26).

A preliminary cytokine array of the cochlea following cisplatin administration indicate that CXCL1 is increased by 24 h. In this study, we show that cisplatin produces rapid induction of CXCL1 gene by resident cells in the cochlea. We further examined the role of these chemokines and chemokines receptors as mediators of cochlea inflammation and as potential therapeutic targets for treating cisplatin-induced hearing loss.



Materials and methods




Drug and reagents

SB225002 was purchased from TOCRIS bioscience (#2725/10). Antibodies used in this study were purchased from different companies: anti-CtBP2 mouse IgG1 was purchased from BD Biosciences (#612044), Rabbit polyclonal Myosin-VIIa was obtained from Proteus Biosciences (#25-6790), Rabbit polyclonal IgG CXCL1 (ab269939), Rabbit monoclonal IBA1 (ab178846) and Mouse monoclonal IgG1 CD68 (ab31630) were purchased from Abcam, Mouse monoclonal IgG2a CD45 (05-1410) and anti-glutamate receptor 2 (GluR2) IgG2a were purchased from Millipore (#MAB397). Rhodamine (TRITC) AffiniPure Donkey Anti-Rabbit IgG secondary antibody was purchased from Jackson ImmunoResearch Laboratories (711-025-152). Secondary antibodies used were as follows: Alexa FluorTM 568 goat anti-mouse IgG1 (A-21124), Alexa FluorTM 488 goat anti-mouse IgG2a (A-21131) and Alexa FluorTM 647 donkey anti-goat IgG (A-21447) were purchased from Life Technologies. All primers were purchase from integrated DNA technologies (IDT DNA) (Iowa. USA). Normal Goat serum was purchased from SouthernBiotech (0060-01) (Alabama. USA).




Animal procedure

Male Wistar rats from Envigo (Indianapolis, IN, USA) weighing 200-250 gm were housed in the Division of Laboratory Animal Medicine (DLAM) facility of SIU School of Medicine. Rats were given free access to food and water and were housed in temperature-controlled room with a 12 h light/dark cycle. The total number of animals used in this project was 108 rats. Each group consist from 4-6 animals. All animal experiments were approved and monitored by Southern Illinois University School of Medicine, Laboratory Animal Care and Use Committee (LACUC). Animals were anesthetized with mixture of ketamine (90 g/kg) and xylazine (17mg/kg), administered intraperitoneally and the depth of anesthesia was determined by the absence of reflex to toe pinch within the duration of the experiment. If the depth of anesthesia was insufficient, rats were injected an additional dose of the mixture. Auditory brainstem responses (ABRs) were performed while animal was anesthetized in sound proof chamber. SB225002, siCXR2, scramble or vehicle were delivered via trans-tympanic injection into middle ear while cisplatin (11 mg/kg) or equivalent volumes of vehicle were administrated intraperitoneally and post ABRs were recorded 72 h later. Rats were then anesthetized using the same protocol mentioned previously prior to euthanization. One cochlea from each animal was fixed by perfusion of 4% paraformaldehyde for immunohistochemistry studies while the other cochlea was perfused with RNA Later (Thermo Fisher Scientific, Carlsbad CA).




Auditory brainstem responses

Auditory evoked potentials were recorded as described previously (27). Briefly, rats were anesthetized and placed in double-wall sound proof chamber and stainless steel electrodes were positioned as follow, subdermal electrodes were inserted in the hind flank muscles regions (ground), the positive electrode was inserted between two ears at vertex in the skull and negative electrodes were inserted under the pinna of each ear. Sound stimuli were provided by earphones placed into the ear and acoustic stimuli were generated and applied as tone bursts at 8, 16 and 32 kHz with a 5ms plateau and 1ms rise/fall time at a rate of 5/s. The stimulus intensity ranged from 10 dB sound pressure level (SPL) to 90 dB SPL, with 10 dB increment. ABR threshold was defined as the lowest intensity capable of evoking a reproducible and visually detectable response of Wave II/III complex. Threshold shift represents the difference in threshold recorded after treatment (post-treatment ABR) compared to those recorded on the same animal prior to treatment (pre-treatment ABR). Wave I amplitudes and latencies of ABR by 32KHz at 60, 70,80 and 90 dB SPL were compared between groups.




Trans-tympanic administration of SB225002 or CXCR2 siRNA

Rats were administrated trans-tympanically with single dose SB225002 (50 µl of 1.4 nmoles) or vehicle. Also, siCXCR2 (50 µl containing 0.9 µg) or a scramble was delivered via tympanic route according to Sheehan et al. (27). Briefly, rats were anesthetized with a mixture of ketamine/xylazine (as above). 50 µl aliquots of vehicle, and SB225002 or siCXCR2 were delivered to inner ear through middle anterior-inferior region on tympanic membrane using 28-30 gauge needle. The administration was monitored using a Zeiss operating microscope. siRNA or scrambled sequence were suspended in nuclease free water and sequentially applied to both ears, with 30 min waiting between each injection.The control animals were injected with scramble or vehicle.




siRNA sequences

The rat CXCR2 siRNA was purchased from Ambion by Life Technology (Carlsbad, CA, USA) (#siRNA ID 198228), which includes a mix of two siRNA sequences against CXCR2, the sequences of these mixture were 5’ GCGAACCUAGAUAUCAACAtt 3’ and 5’UGUUGAUAUCUAGGUUCGCtg 3’. A non-targeting sequence siRNA for target-specific knockdown (scramble) was purchased from Dharmacon (Lafayette, CO).




Cochlear whole mount preparation

Cochleae were isolated and perfused with 4% paraformaldehyde through the round and oval windows and kept overnight at 4°C in the same solution. Cochleae were decalcified in 120 mM EDTA (changed daily) for 3 weeks at room temperature, with constant stirring and followed by microdissection to isolate different turns for immunolabeling.




Hair cells and ribbon synapse count

Cochlear whole-mounts apical, middle and basal turns were imaged using a Zeiss confocal microscope. Microscopic settings were constant for all samples for OHCs and ribbon synapse counting. Samples were labeled with anti-bodies against myosin VIIa, CtBP2 and GluR2 for hair cells staining, presynaptic ribbon and postsynaptic glutamate receptor, respectively. DAPI was used for nuclear staining. Missing OHCs were counted manually for each cochlear turn, with 20X magnification, and presented as percent loss of total number of OHCs. Ribbon synapses from IHCs were imaged using 60X magnification to include at least 15 IHCs per image. Functional (paired) ribbon synapse were defined as those possessing both CtBP2 + GluR2 immunolabeling apposing to each other, whereas orphan (unpaired) synapses were defined as either CtBP2 or GluR2 puncta. The ribbon synapse counting was performed manually from three random microscopic fields for each turn and presented as the number of synapses per IHC.




RNA isolation and real-time PCR

Cochleae were isolated from treated rats, cleaned from extra tissue and each one was homogenized with 1ml of TRI reagent (Sigma-Aldrich) in DNase/RNase falcon tubes. Chloroform (200 µl) was added to the TRI reagent, the tube was shaken using vortex for 15 sec, and centrifuged at 1200 rpm for 15 min. The aqueous layer (RNA layer) was transferred to another tube. Ice-cold isopropanol (500 µl) was added and mixed by inverting to extract RNA, followed by centrifugation at 12,000 rpm for 10 min. The supernatant was removed carefully and the pellet was washed once with 100% ice-cold ethanol and twice with 75% ethanol in diethyl pyrocarbonate (DEPC)-treated H2O. The sample was then centrifuged again at 1,200 rpm for 15 min, the ethanol was removed, and the tube was air dried for 5-10 min. The RNA pellet was suspended in nuclease-free water and the purity of RNA was measured using Nanodrop® ND1000 spectrophotometer (Thermo Fisher, Wilmington DE).

Total RNA (1 µg) was reverse transcribed to cDNA using cDNA Synthesis Kit (Bio-rad, Hercules, CA). The reaction mixture was set up as follow, 1µg of total RNA, 4 µl of iScript reaction mix, 1µl of reverse transcriptase and nuclease free water to bring the volume to 20 µl. The reaction mix was incubated at 25°C for 5 min (priming), then 42°C for 30 min (reverse transcription reaction), followed by 85°C for 5 min (reverse transcription inhibition). The cDNA reaction mix was used for gene expression quantification by StepOne Plus™ real time PCR system (Applied Biosystems, Foster City CA). The real-time PCR procedure was set up as follow, 2 µl cDNA (20 ng), 0.4 µl of each primer (200 nM), 10 µl SYBR green master mix (Thermofisher Scientific) and nuclease-free water to bring the volume to 20 µl. The cycling reaction parameters were 95°C for 20 sec (hold), followed by 40 cycles at 95°C for 3 sec (denature) and 60°C for 30 sec (anneal/extend). Gene specific primer pairs were used for reactions and mRNA levels were normalized to the levels of GAPDH. The primer sets were purchased from Integrated DNA Technology (Saint Louis, MI) and include the following –

	Rodent Nox3 (sense): 5’-ACCAGGCAATTCACATAGCT-3’,

	(antisense): 5’CCACAGAAG AACACGCCAA-3’

	Rat iNOS:(sense):5’-AAGTACGAGTGGTTCCAGA-3’,

	(antisense): 5’-GCACAGCTGCATTGATCTCG-3’

	Rat CXCR2 (sense): 5’-CCCTGCCCATCTTCATTCTT-3’,

	(antisense): 5’-CACCCTCCACTTGGATGT ATTAT-3’

	Rat CXCR1 (sense): 5’-CCTACAATCTGGTTCTGCTCTC-3’,

	(antisense): 5’-AG CCCAGGATCTCGGTAATA-3’

	Rat CXCL1 (sense): 5’-ATCCCTCAAAGTTCAGTGT-3’

	(antisense): 5’-ACGGTTGAGGTAGTCTGA-3’

	Rat IL-6 (sense): 5’-ATGAAGTTTCTCTCCGCA-3’,

	(antisense): 5’-TATATACTGGTCTGTTGTGG-3’

	Rat IL-10 (sense):5’-GTGAAGACTTTCTTTCAAA-3’

	(antisense): 5’-TGATCAAGATGTCAAACTC-3’

	Rodent STAT1 (sense): 5’-CATGGAAATCAGACAGTACCT-3’,

	(antisense) 5’-TCTGTACGGGATCTTCTTGGA-3

	Rat STAT3 (Sense):5’-CAGCCAAACTCCCAGATCAT-3’,

	(antisense): 5-ACCCAGATTGCCCAAAGATAG-3’

	Rodent TNFα (sense):5’-CAGACCCTCACACTCAGATCA-3’,

	(antisense): 5’-TGAAGAGAACCTGGGAGTAGA-3’

	Rat COX2 (sense): 5’-TCATCGGTGGAGAGGTGTAT-3’,

	(antisense): 5’-CTCAGGATGCTCCTGTTTGAG-3’

	Rodent GAPDH (sense): 5’-ATGGTGAAGGTCGGTGTGAAC-3’,

	(antisense): 5’-TGTAGTTGAGGTCAATGAAGG-3’






Cell cultures

Immortalized OC cells derived from mouse, UB/OC-1 cells were provided by Dr. Mathew Holly (The University of Sheffield, UK) and cultured in RPMI-1640 media (Hyclone) supplemented with 10% fetal clone® II serum (Hyclone), pencillin-streptomycin (Invitrogen) and normocin (InvivoGen). These cells were grown at 33°C in humidified incubator with 10% CO2. Cells were cultured twice a week and all experiments were performed using sub-confluent monolayer of cells.




Immunohistochemistry

Immunolabeling whole mount sections were initiated by ice-cold 100% methanol for 10 min at -20°C. Sections were then blocked using blocking buffer (10% normal horse or goat serum, 1% BSA and 1% Triton X100) for 2 h at room temperature. The sections were then incubated with primary antibodies diluted with antibody dilution buffer (myosin VIIa 1:200, CtBP2 1:500, GluR2 1:200) overnight at 4°C. On the next day, sections were washed thrice with 1X PBS and incubated with secondary antibodies (1:1000) for 2.5 h. Sections were then counterstained with Hoechst (DAPI) (1:2000) at room temperature for 20 min and mounted with Prolong® Diamond Antifade Mountant (Invitrogen). All the sections were imaged using the same laser illumination settings for all the groups (n≥4 cochleae/group).

Immunohistochemistry for mid-modiolar sections was performed using Immunoperoxidase Secondary Detection System (Millipore USA) for the detection of CXCL1, CD45, CD68 and IBA1. The tissue sections were incubated with 3% H2O2 for 10 min at room temperature to block the endogenous peroxidase activity. The sections were then washed twice with 1X PBS and incubated in blocking buffer for 1 h at room temperature. The tissue sections were then incubated with 100 µl of the respective primary antibodies (dilutions: 1:50 for CD45, 1:100 for CD68, 1:200 for CXCL1 and 1:200 for IBA1) overnight at 4°C. On the next day, the sections were washed twice with 1X PBS and incubated with biotinylated secondary antibody for 30 min at room temperature. To identify the peroxidase activity, the sections were first incubated with streptavidin HRP for 10 min and then washed twice with 1X PBS. Sections were then incubated with chromogen reagent until the desired stain intensity develops. The sections were then washed in deionized water and counterstained with hematoxylin. The tissue sections were imaged using an Olympus light microscope (Olympus imaging America Inc), using Olympus DP controller software. Semi-quantitative measurement was performed using Image J software version/Fiji Briefly, the intensity was acquired by selecting the region of interest (ROI) for 3 samples per group. Next, the region closes to ROI that had no DAB staining was selected to obtain the background. This value was deducted from the ROI value to compute the intensity of DAB. The results were then plotted as percentage of control where control was considered as 100% (28).




Measurement proinflammatory CXCL1 levels

For measurement of cytokines and chemokines in cochlea, snap-frozen cochlea were transferred to liquid nitrogen cooled stainless steel tubes containing three 3.2 mm chrome steel beads. A room temperature silicone stopper was inserted into the tube and the stoppered microvial was quickly transferred to the mini-beadbeater-16 (BioSpec Products, Inc., Bartlesville, OK) and bead beat at maximum shaking speed for 15 sec. The vial with powdered tissue was transferred to dry ice to prevent thawing of the tissue and 500 µl of ice-cold sterile phosphate buffered saline containing Complete Protease Inhibitor Cocktail (Roche, Camarillo, CA) was added and the samples were bead beat two cycles x 1 minute with cooling on ice for 5 min between cycles. Homogenates were centrifuged at 13,700 x g at 4°C for 10 min. An aliquot of supernatant was removed and assayed for protein concentration using the BCA protein assay (Pierce Scientific, Rockford, IL). The remaining supernatant was stored in aliquots at -80 C until analysis. A panel of cytokines and chemokines were measured using a multiplex bead-based assay as described by the manufacturer (Bio-Plex Pro kit, Bio-Rad, Hercules, California). Cytokine concentrations that were below the assay limits of detection were assigned the minimal detectable concentration for purposes of statistical analysis.




Statistics

Data are presented as mean ± standard error of mean (SEM). Statistical significance of differences among groups were tested using t-test, one-way or two-way analysis of variance (ANOVA) depending upon experiments, followed by Bonferroni’s multiple comparison’s test using GraphPad Prism version 6.07 for Windows. P value <0.05 was considered significant.




Results




Cisplatin increased the levels of immune cell markers in the cochlea

Male Wistar rats were treated with cisplatin (11 mg/kg) and vehicle (n=6 for each group). Then, the levels of cytokines were determined in cochlear samples 24 h later. Cisplatin treated rats showed significant weight loss over a 3-day period averaging 15-20% body weight. We observed significant increases in several cytokines in the cisplatin treated group compared to vehicle-treated rats assessed at the same time. These include GM-CSF, IL-10, CXCL1, MCP-1, MIP-3a and Rantes. We focused on the neutrophil chemotactic chemokine, CXCL1 which showed significant increases in levels in the cochlea at 24 h (Figure 1A). Subsequently, we examined whether these increases were supported by increases in CXCL1 RNA and assessed the time course of induction in this gene. We observed significant increases in CXCL1 mRNA by 6 h following cisplatin injections, which remained elevated up to 72 h, the last time point examined (Figure 1B). We next examined the localization of CXCL1 in the naïve cochleae and at different times following administration of cisplatin by DAB-based immune-staining. We observed low expression of CXCL1 immunoreactivity, mainly to spiral ganglion and spiral limbus (SLi). Some labeling was observed in the organ of Corti (OC), where immunoreactivity was present in outer (OHCs), inner hair cells (IHCs) and supporting Deiters’ cells (DCs, see red arrows). Cochlear sections from rats treated for 24 h showed increases in staining in the spiral limbus (SLi) and organ of Corti (OC) (Figure 1C). Surprisingly, increases in labeling were also observed in non-immune cells such as the SG neurons and OC. By 72 h, labeling of CXCL1 in the SLi, auditory nerve and SG was further increased. Some intense labeling of cells is seen in the region of the SL/spiral prominence(SP) (Figure 1C). Quantification of CXCL1 immunolabeling is provided in Supplementary Figure 1.




Figure 1 | Cisplatin increases the levels and expression of CXCL1 in the cochlea. Male Wistar rats were treated with vehicle or cisplatin (11mg/kg) and sacrificed (A) 1 day later and cochleae extracted and processed for CXCL1 using ELISA. (B) Quantification of CXCL1 mRNA in the cochlea show significant elevations by 6 h and which remained elevated at least up to 72 h (P<0.0001, F(5,18)=23.20 and Degree of Freedom (D.F.)=23). (C) Mid-modiolar sections of cochleae showing CXCL1 immunolabeling over time. Prominent labeling was observed in the organ of Corti (OC) and spiral ganglion (SG). Increased labeling was also observed in the spiral limbus (SLi),spiral ganglion,organ of Corti and auditory nerve. CXCL1 staining was further increased in these regions by 48 h. By 72 h, labeling of CXCL1 in the spiral limbus, auditory nerve, spiral ganglion neurons and organ of Corti was further increased. Some intense labeling of cells is seen in the region of the spiral ligament/spiral prominence. Open arrows indicate OHCs and IHCs. Solid arrows show representative locations where increases in CXCL1 were observed. Asterisk (*) indicates statistical significance from vehicle-treated rats which was determined by analysis of variance (one-way ANOVA). The data is plotted as mean ± SEM (n ≥ 6). Scale bars – black = 50 µm, red = 20 µm.



CD68 is a lysosomal, oxidized low density lipoprotein (LDL), rat macrophage and microglia marker, presented in lysosomal associated membrane protein (a family of glycoprotein). CD68 antibody was further used to label immune cell population, mainly macrophages (29). Cisplatin treatment for 24 h labeling was observed in the SV SLi and regions surrounding the SG. These areas showed more intense labeling at 48 and 72h, especially the SLi and the SV. In the SV region, darker staining of CD68 was observed, where the antibody likely stains perivascular macrophages (shown in cross section) (Figure 2A). Quantification of CD68 immunolabeling for SG and SV in Figure 2A is provided in Supplementary Figure 2A.




Figure 2 | Cisplatin increases the cochlear migration of inflammatory cells. Male Wistar rats administrated with cisplatin (11mg/kg, i.p.) and the rats (n=6 in each group) were sacrificed 24, 48, and 72 h later. Mid-modiolar sections of cochleae were prepared to examine the migration of immune cells based on the expression of CD68 (mainly macrophage) and CD45 (neutrophils and other white cells). (A) CD68 labeling was observed in the stria vascularis, spiral ligament and spiral ganglion which was enhanced by cisplatin treatment for 24 h and was progressively increased over a 72h period, especially in the stria vascularis and spiral limbus. (B) CD45 labeling showed time-dependent increases starting at 24 h and becoming more intense by 72 h. Labeling was observed in the stria vascularis and spiral ligament, spiral limbus and in regions surrounding the spiral ganglion and auditory nerve. Labeling in the stria vascularis was substantially elevated by 48 and 72 h, especially in the marginal and deeper cell layers. Darker stained areas in the stria vascularis in (A, B) appear to be associated with perivascular macrophages. Red arrows indicate regions showing increases in CD68 and CD45 immunolabeling. Scale bars – black = 50 µm, red = 20 µm.



CD45 (leukocyte common antigen) is a receptor tyrosine phosphatase which is expressed on white blood cells. It is important for the function of neutrophils (30) and essential for T lymphocyte activation via the T cell receptor (31) and in integrin-mediated adhesion of macrophages (32). CD45 antibody was used to label the cisplatin-induced accumulation of the immune cell population in the cochlea, as previously described (24, 33–35). Similar to CD68, we observe time-dependent increases in CD45 immunolabeling starting at 24 h and becoming more intense by 72 h (n=6 for each group). Labeling was especially prominent in the SV and SL. Increased labeling was also observed in the SLi and in regions surrounding the SG and auditory nerve. Labeling in the SV was especially intense by 72 h. (Figure 2B). Quantification of CD45 immunolabeling in Figure 2B is provided in Supplementary Figure 2B.

We next examined the expression of several relevant inflammatory genes in a similar time period (as above) in vehicle- and cisplatin-treated Wistar rats. The expression of these mRNAs was low in the vehicle-treated rats but increased substantially following exposure to cisplatin, with different temporal profiles over 3 days. Increases in CXCR2 and CXCR1 (receptor targets for CXCL1) were significantly elevated by 12 h and maintained at these levels up to 72 h. The levels of TNFα and COX2 showed increases by 6 h and these levels were maintained up to 72 h. The levels of the transcription factors, STAT1 and STAT3 (which are associated with cisplatin-induced hearing loss) showed differential regulation, with the levels of STAT1 showing peak increases in 12 h, which diminished over 72 h. In contrast, the levels of STAT3 were suppressed by 12 h and remained reduced over 72 h (Figure 3).




Figure 3 | Cisplatin increases the expression of chemokine/chemokine receptors and other inflammatory markers in the cochlea. Male Wistar rats were administered intraperitoneal cisplatin (11mg/kg) and the induction of inflammatory genes were assessed using time course studies for 6, 12, 24, 48, 72 h. The expression of cochlear CXCR2, CXCR1, CXCL1, TNFα and COX2 genes were determined by q-PCR using GAPDH as an internal control (housekeeping gene) for normalization. Cisplatin significantly increased CXCR2, CXCR1, CXCL1, TNFα and COX2 expression after 6 h while STAT1 was increased only after 12 h of treatment (P<0.0003, F(5,25)=7.273 D.F. = 35). The level of STAT3 expression showed no change after 6 h of cisplatin treatment, but was significantly decreased by 12 h. Asterisk (*) indicates statistical significance from vehicle-treated rats which was determined by analysis of variance (one-way ANOVA). The data is plotted as mean ± SEM (n ≥ 6).



To determine a functional role of CXCL1 and its receptor targets in the cochlea, we used the drug SB225002 to block the CXCR2 target of this chemokine (36). In Figure 4A, we show that cisplatin treatment produced significant increases in the expression of CXCR2, CXCR1 and CXCL1 by 2.8 ± 0.3, 2.6 ± 0.1 and 1.7 ± 0.1-fold, respectively, by 72 h. Other inflammatory genes such as IL-6, IL-10, and STAT1 were also increased by 3.1 ± 0.1, 2.7 ± 0.2, and 2.6 ± 0.1-fold, respectively (Figure 4A). The expression of these genes in rats pretreated (trans-tympanically) with SB225002 (1.4 nmoles/ear) followed by cisplatin were significantly reduced for CXCR2, CXCR1, CXCL1, IL-6, IL-10, and STAT1 to 1.0 ± 0.2, 1.0 ± 0.1, 1.0 ± 0.1, 2.0 ± 0.1, 1.2 ± 0.1 and 1.1 ± 0.1-fold, respectively (Figure 4A). STAT1-regulated genes such as NOX3, iNOS, TNFα and COX2 were also up regulated by cisplatin by 3.2 ± 0.2, 3.1 ± 0.2, 4.1 ± 0.1 and 1.4 ± 0.1-fold, respectively. Inhibition of CXCR2 by SB225002 reduced the expression for these genes to 1.6 ± 0.4, 1.6 ± 0.2, 1.0 ± 0.1 and 0.8 ± 0.1 respectively. We examined the ratio of STAT3/STAT1, a marker of cell stress (as above). Interestingly, we observed that while cisplatin decreased this ratio (by increasing STAT1 and decreasing STAT3), trans-tympanic administration of SB225002, not only restored this ratio but increased it to ~2-fold (Figure 4B).




Figure 4 | SB225002 suppresses cisplatin modulation of pro-inflammatory genes. (A) Cisplatin induced inflammatory genes were assessed 72 h following cisplatin treatment. The expression of cochlear CXCR2, CXCR1, CXCL1, NOX3, iNOS, TNFα, IL-6, IL-10, STAT1 and COX2 genes were significantly increased by cisplatin. In rats treated with SB225002 (1.4 nmoles/ear) the response to cisplatin was attenuated (P>0.0008, F(3,40)=6.8 and D.F. = 43) (B) The ratios of STAT3:STAT1, derived from (A), were suppressed by cisplatin, normalized in the SB225002 + cisplatin group but significantly enhanced by SB225002 alone. Asterisk, (*) indicates significant difference from vehicle group while (**) indicate statistically significant difference from cisplatin-treated group. Statistical significance from vehicle-treated rats which was determined by analysis of variance (one-way ANOVA).



We next examined the effect of SB225002 on CXCL1 immunolabeling in the cochlea and migration of immune cells in rats treated with cisplatin. We observed that while cisplatin increased the levels of CXCL1 (as above), pretreatment with SB225002 attenuated these increases in the OC and SG (Figure 5A). Quantification of CXCL1 immunolabeling in SG and SV is presented in Supplementary Figure 3A. Similarly, we noticed that the observed increase in CD68 immunolabeling in the SV, SG, SL which were suppressed by SB225002 (Figure 5B). Increased immunolabeling of other immune cell markers, such as CD45 (Figure 5C) and IBA1 (Figure 5D) were also suppressed by SB225002. These data suggest that blockade of CXCR2 reduces cochlear inflammatory gene expression, CXCL1 immunolabeling and the entry of CD68 and CD45 immune cells into the cochlea. Quantification of CD68, CD45 and IBA1 immunolabeling for SG and SV in Figures 5B–D are provided in Supplementary Figures 3B–D respectively.




Figure 5 | Trans-tympanic administration of SB22500 reduced inflammatory cell markers in the cochlea induced by cisplatin. (A) Wistar rats were administered vehicle or SB225002 in both ears, followed by cisplatin (11 mg/kg) 30 min later. Rats were sacrificed 72 h later and cochleae were processed for mid-modiolar sectioning. The level of CXCL1, CD68, CD45 and IBA1 was detected by diaminobenzidine tetrahydrochloride (DAB) staining while cell nuclei were stained with hematoxylin stain. DAB staining revealed in high levels of CXCL1 (dark-brown labeling) in OC, SG, SLi and in cisplatin-treated rat cochleae over that obtained in vehicle-treated controls. Blockade of CXCR2 by SB225002 attenuated the increases in CXCL1 immunoreactivity compared to the rats treated with vehicle plus cisplatin. (B) Immunolabeling for CD68 showed increased number of dark brown stained cells in the different region of SVA, SL and in areas surrounding the SG neurons. Inhibition of CXCR2 by SB225002 reduced the number of cells in the SVA. Dark brown staining in the intermediate layer likely represent staining of perivascular macrophage. (C, D), CD45 and IBA1 immunolabeling were increased in SVA, SL and SLi following cisplatin treatment. Lower levels of immunolabeling were observed in the animals pretreated with SB225002, followed by cisplatin. Figures shown are a representative of similar obtained in six independent animals per treatment group. Open arrows in (A) indicate hair cells while solid arrows represent labeling of SG neurons and SV. Solid arrows in panels b-d represent labeling of immune cells in the SG, SV and SL regions of the cochlea. Increased labeling of immune cells in the SV and SL was observed following cisplatin administration. Scale bars – black = 50 µm, red = 20 µm.






Inhibition of CXCR2 protects against cisplatin-induced hearing loss

In order to determine whether CXCL1 is implicated in cisplatin-induced hearing loss, we performed functional studies in rats treated with cisplatin, as described above. CXCR2 is a target of CXCL1 (37). Pre-treatment ABRs were obtained from all rats (n=4) which were then treated with trans-tympanic vehicle or SB225002 (1.4 nmoles/ear), followed by intraperitoneal vehicle or cisplatin (11 mg/kg) injection 30 min later. Post-treatment ABRs were measured 72 h following vehicle or cisplatin administration (Figure 6A). Vehicle administration alone produced small changes in ABRs, but were comparable to the pre-treatment ABRs. Cisplatin significantly increased ABRs threshold shifts to 17.5 ± 4.1, 22.5 ± 5.3 and 32.5 ± 5.3 dB at 8, 16, and 32 kHz, respectively. Pretreatment with SB225002 significantly attenuated the elevations in ABR threshold shifts at all frequencies tested, with these values being 6.0 ± 3.2, 3.3 ± 1.8 and 10.0 ± 4.8, respectively (Figure 6B) The administration of SB225002 alone produced some ABR shifts, but these were below 5 dB at all frequencies tested. Cisplatin-induced hearing loss was associated with the loss of OHCs in the apical, middle and basal turns of the cochlea. Manual counting of OHCs in whole-mount preparations (using myosin VIIa labeling) in cisplatin-treated group showed loss of OHCs in the apical, middle and basal turns averaging 3.9 ± 0.6, 6.0 ± 0.2 and 21.4 ± 2.1%, respectively. SB225002 significantly reduced these losses to 1.0 ± 0.2, 1.3 ± 0.2 and 6.2 ± 0.9% in the apical, middle and basal turns, respectively. Administration of SB225002 alone had no significant effect on OHCs (Figures 6C, D). As expected, we did not observe any loss of IHCs with cisplatin or with cisplatin plus SB225002 within the 3-day time period. These results suggest that blocking CXCR2 by SB225002 using the trans-tympanic route can effectively reduce cisplatin ototoxicity in the rat model, assessed at 72 h post-treatment.




Figure 6 | Trans-tympanic delivery of SB225002 attenuated cisplatin-induced hearing loss. (A) Figure depicts experimental procedure that describes the dosage and route of administration for SB225002 (1.4 nmoles/ear) and cisplatin (11mg/kg). (B) ABR thresholds were recorded in Wistar rats which were then treated trans-tympanically with vehicle or SB225002 in both ears. Rats were then administered with vehicle or cisplatin (11 mg/kg) and ABRs were recorded 72 h later. Cisplatin produced a significant increase in ABR thresholds at 8,16 and 32 KHz frequencies which were attenuated by SB225002 at all frequencies tested. Data represent mean ± SEM of four rats (P<0.0001 between vehicle, cisplatin and SB225002+cisplatin, F(3,62)=19.89 and DF=62). (C) Cochleae were isolated, decalcified for 21 days with 120 mM EDTA (daily changed) and used for preparing whole mounts. Basal, middle and apex turns were stained with Myosin VIIa (magenta) to visualize OHCs and IHCs. Representative whole-mount images showed significant OHCs damage (white arrow) by cisplatin, while trans-tympanic pretreatment with SB225002 protected OHCs. Scale bar represent 20 µm. (D) Percentage missing OHCs in basal, middle and apex turns of cochlea were significantly decreased by pretreatment with SB225002 compared with cisplatin treated group. No loss of hair cells was observed in the vehicle or SB225002-treated cochleae (P<0.0001 between vehicle cisplatin and SB225002+cisplatin, F(3,12)=71.13 and DF=15) Data indicates mean ± SEM. Asterisks, (*) indicates significant difference from vehicle group, while (**) indicate significant difference form cisplatin group (n=4), (#) Indicate statistically significant difference from the cisplatin-treated group and from vehicle group. Statistical analyses among groups were tested using one-way analysis of variance (ANOVA).






CXCR2 antagonist reduces cisplatin-induced cochlear synaptopathy in rats

Acoustic trauma, aging, and ototoxic drugs contribute to loss of ribbon synapses and SG (38–42). Cochlear synapse pathology is defined as loss of synapses between type I SG afferents and IHCs which results in deficiency in signal coding, atrophy and decreases in supra-threshold ABR wave I amplitudes and increased latencies (21). Cisplatin significantly decreased wave I amplitudes at 60, 70, 80, and 90 dB SPL intensities to 0.16 ± 0.09, 0.36 ± 0.03, 0.57 ± 0.04 and 0.89 ± 0.1 µV, respectively, compared to the respective values in the vehicle-treated group which were 0.73 ± 0.09, 1.12 ± 0.11, 1.71 ± 0.22 and 2.01 ± 0.18 µV. Trans-tympanic injection of SB225002 decreased the extent of the reductions in wave I amplitudes at intensities 70, 80, and 90 dB SPL by cisplatin to 1.01 ± 0.04, 1.3 ± 0.08 and 1.62 ± 0.12 µV, respectively (Figure 7A).




Figure 7 | SB225002 reduces cisplatin-induced loss of synaptic function and ribbon synapses. ABR Wave 1 amplitudes (A) and latencies (B) were collected from all treatment groups at 60, 70, 80, 90, dB SPL (32 KHz). (A) Cisplatin significantly decreases supra-threshold amplitudes while SB225002 (1.4 nmoles/ear) protected against cisplatin effects (P<0.0001 between vehicle cisplatin and SB225002+cisplatin, F(3,86)=74.39 and DF=86). Data represent mean ± SEM of four rats. Statistical analyses were performed using two-way analysis of variance (ANOVA). (B) Cisplatin significantly increased supra-threshold Wave 1 latencies which were reduced by SB225002 (P<0.0001 between vehicle cisplatin and SB225002+cisplatin, F(3,88)=43.43 and DF= 88). Statistical analyses were performed using two-way analysis of variance (ANOVA). (C) Male Wistar rats were pretreated with vehicle or SB225002 30 min later, cochleae were collected and subjected to whole-mount dissection to isolate basal, middle and apex turns. turns sections were stained with hair cell marker, myosin VIIa (blue), CtBP2 pre-synaptic marker (red) and GluR2 post-synaptic marker (green). Representative whole-mount images from turns showed that cisplatin reduced the number of ribbon synapse per IHC which was blunted by trans-tympanic SB225002. Orphan synapses represent staining by either GluR2 or CtBP2 alone which were not paired (indicated by white arrows). (D) The number of synaptic ribbons per IHC in the basal turn was reduced by cisplatin, but this response was attenuated by SB225002 (P<0.0001 between vehicle cisplatin and SB225002+cisplatin, F(3,28)=138 and DF=31). (E) Cisplatin significantly induce the number of orphan synapses per IHC which was protected by SB225002 (P<0.0001 between vehicle cisplatin and SB225002+cisplatin, F(3,28)=47.8 and D.F equals 31). Asterisks, (*) indicates significant difference from vehicle group, while (**) indicate significant difference form cisplatin group. Statistical analyses among groups were tested using one-way analysis of variance (ANOVA). Data indicates mean ± SEM.



Wave I latencies were analyzed for 60, 70, 80, and 90 dB SPL sound intensities at 32 KHz. Cisplatin significantly increased wave I latencies at 60, 70, 80, and 90 dB SPL intensities to 4.12 ± 0.22, 3.78 ± 0.16, 3.6 ± 0.08 and 3.36 ± 0.03 ms, respectively, compared to vehicle-treated controls which were 3.02 ± 0.08, 2.85 ± 0.04, 2.66 ± 0.05 and 2.63 ± 0.07 respectively. Pretreatment with SB225002 diminish cisplatin-induced prolongation of latencies which were 3.20 ± 0.14, 3.01 ± 0.09 and 2.84 ± 0.15 ms, respectively, at 60, 70 and 80 dB. No significant change was observed at 90 dB SPL, even though a similar trend was observed (p=0.11) (Figure 7B).

Loss of ribbon synapse was reported following noise exposure (43), cisplatin administration (44–46), aminoglycoside (47) and aging (41). We examined the pre-synaptic ribbons, which are labeled by an antibody against C terminal protein 2 (CtBP2), and the post-synaptic glutamate receptor, labeled by antibody for GluR2. The loss of synapse were validated by immunolabeling of whole-mount sections with antibodies against these synaptic proteins. IHCs were labeled with antibodies against myosin VIIa (blue). We observed that the average number of paired synapses, identified by co-labeling of both CtBP2 (red fluorescence) and GluR2 (green fluorescence) per IHC in the basal turn of vehicle was 19.5 ± 0.2, which was significantly decreased to 10.7 ± 0.2 following cisplatin treatment. Paired synapses were detected as yellow fluorescence (combination of red plus yellow). Trans-tympanic injection of SB225002 significantly rescued the loss of paired synapses observed with cisplatin to 17.9 ± 0.5 (Figures 7C, D). The number of orphan synapse (CtBP2 or GluR2 staining not paired with each other) was increased from 0.8 ± 0.1 per IHC in vehicle treated rats to 2.0 ± 0.2 by cisplatin. Pretreatment with SB225002 protected against the increases in orphan synapses by cisplatin, which averaged 0.9 ± 0.1 (Figures 7C, E). Overall, these findings indicate that SB225002 can reduce cisplatin-mediated cochlear synaptopathy.

No loss of OHC was observed following 24 h of cisplatin administration (Supplementary Figure 4) and this correlated with the lack of ABR shifts in the cisplatin-treated rats (n=4) measured at this time (data not shown). However, we observed significant loss in paired ribbon synapses at this time which averaged ~20% and a significant increase in orphan synapses. These changes were reduced by pretreatment with SB225002. These data implicate CXCR2 activation in cisplatin-induced loss of ribbon synapses and indicate that cisplatin-induced loss of ribbon synapses precedes ABR shifts and loss of OHCs in the cochlea.




Knockdown of CXCR2 in the cochlea reduces cisplatin-induced hearing loss, synaptopathy and pro-inflammatory genes

To better establish a role of CXCR2 in mediating cisplatin-induced hearing loss, we examined whether knockdown of CXCR2 mRNA protects against cisplatin-induced hearing loss. CXCR2 is a prime target for knockdown as it is activated by CXCL1 and macrophage inflammatory protein-2, cytokines which promote neutrophil recruitment to sites of inflammation (48). Rats were administered scramble siRNA or siRNA for CXCR2 gene (siCXCR2) via the trans-tympanic route, followed by intraperitoneal vehicle or cisplatin (11mg/kg) 48 h later (Figure 8A). siCXCR2 (0.9 µg/ear) produced ~70% knockdown of CXCR2 mRNA when compared animals injected with scramble siRNA. Post-treatment ABRs were assessed 72 h following vehicle/cisplatin administration (Figure 8B). ABRs recorded from animals administered siCXCR2 alone showed slight changes in thresholds when compared to the pre-treatment values. Cisplatin at all three frequencies increased ABR threshold shifts to 11.8 ± 3.1, 24.3 ± 4.3 and 40.6 ± 3.5 dB at 8, 16, and 32 KHz, respectively. Knockdown of CXCR2 decreased the respective threshold shifts significantly to 3.3 ± 2.1, 7.5 ± 3.5 and 20.0 ± 3.0 (Figure 8B).




Figure 8 | CXCR2 knockdown attenuated cisplatin-induced hearing loss. (A) A diagram represents experimental procedure that describes the dosage and route of administration for CXCR2 siRNA (siCXCR2) and cisplatin (11mg/kg). (B) Pretreatment ABR thresholds were recorded in rats, which were then injected by the trans-tympanic route with vehicle or siCXCR2 (0.9 µg) in both ears. Rats were then administered cisplatin 48 h later by intraperitoneal injections. Post-treatment ABRs were recorded 72 h following cisplatin administration. Cisplatin increased ABR thresholds for all frequencies while knockdown of CXCR2 attenuated this response (P<0.0001 between vehicle cisplatin and siCXCR2+cisplatin, F(10,132)=24.29 and DF=132). (C) Cochleae were collected and prepared, as described in Methods, and whole-mount sections were dissection to isolate the three different turns of the cochlea. Sections were stained for myosin VIIa (magenta). Representative whole-mount images show significant OHCs damage (white arrow) by cisplatin, while trans-tympanic siRNA (0.9 µg) protects OHCs damaging caused by cisplatin. Scale bar represent 20 µm. (D) Percentage of missing OHCs in basal, middle and apex turns of cochlea which was significantly attenuated by siCXCR2 (P<0.0001 between vehicle cisplatin and siCXCR2+cisplatin, F(3,42)=103.5 and DF=45) Data are presented as the mean ± SEM. Asterisks (*) indicates significant difference from vehicle group, while (**) indicate significant difference form cisplatin. (#) Indicate statistically significant difference from the cisplatin-treated group and from vehicle group (n=4). Statistical analyses among groups were tested using one-way analysis of variance (ANOVA).



Manual counting of OHCs in whole-mount preparations of cisplatin-treated mice indicated 3.1 ± 0.2, 6.7 ± 0.3 and 22.2 ± 2.3% loss of OHCs from apical, middle and basal turns, respectively, while knockdown of CXCR2 gene significantly reduced this effect of cisplatin to 1.9 ± 0.2, 2.1 ± 0.5 and 6.4 ± 0.4% loss of OHCs from these respective regions, without altering IHC number. Similar to inhibition of CXCR2, these results suggested that knockdown of CXCR2 can also reduce cisplatin ototoxicity (Figures 8C, D).

Wave 1 amplitudes of ABR induced by 32 kHz tone at 70, 80, and 90 dB SPL in the scramble siRNA-treated rats were 0.48 ± 0.08, 1.05 ± 0.12, 1.66 ± 0.17 and 2.27 ± 0.13 µV respectively. Wave 1 amplitudes observed 72 h following cisplatin administration were significantly reduced to 0.31 ± 0.08, 0.71 ± 0.11 and 1.07 ± 0.15, respectively, with no significant effect observed at 60 dB SPL intensity. Knockdown of CXCR2, followed by cisplatin, led to significantly increased wave I amplitudes at intensities 70, 80, and 90 dB SPL to 1.08 ± 0.05, 1.44 ± 0.11 and 1.97 ± 0.12, while no significant change was showed at 60 dB SPL (p=0.87) (Figure 9A). Wave I latencies measured at 60, 70, 80, and 90 dB SPL intensities at 32 KHz, were 4.2 ± 0.2, 3.8 ± 0.1, 3.6 ± 0.1 and 3.3 ± 0.1 msec, respectively. Knockdown of CXCR2 significantly abolish cisplatin-induced increases in wave 1 latencies at 60, 70, 80 and 90dB SPL to 3.4 ± 0.2, 3.1 ± 0.1 and 3.0 ± 0.1, 2.8 ± 0.13 msec, respectively (Figure 9B).




Figure 9 | CXCR2 knockdown attenuates cisplatin-induced loss of ribbon synapses. ABR Wave I amplitude (A) and latency (B) for all treatment groups at 60, 70, 80, 90, dB SPL (32 KHz) were collected from ABR wave forms. (A) Cisplatin significantly decreases supra-threshold Wave I amplitudes for 70, 80 and 90 dB SPL intensities but not at 60 dB SPL. Knockdown of CXCR2 significantly protects against cisplatin the cisplatin response and increased Wave I amplitudes (P<0.0001 between vehicle cisplatin and siCXCR2+cisplatin, F(3,104)=41.1 and DF=104). Data represent mean ± SEM of four rats. Statistical analyses were performed using two-way analysis of variance (ANOVA). (B) Cisplatin-induced delay in Wave I latencies was reduced by knockdown of CXCR2 (P<0.0021 between vehicle cisplatin and siCXCR2+cisplatin, F(3,120)=120 and DF=120) Statistical analyses were performed using two-way analysis of variance (ANOVA). (C) Cochlear turns sections were stained with hair cell marker, myosin VIIa (blue), CtBP2 pre-synaptic marker (red) and GluR2 post-synaptic marker (green). Representative whole-mount images from turns showed that cisplatin reduced the number of ribbon synapse per IHC, whereas these effects was abolished by siCXCR2. Orphan synapses were depicted as staining with either GluR2 or CtBP2 alone, but not both (indicated by white arrows). Scale bar represent 10 µm. (D) Graph shows the number of synaptic ribbons per IHC which were substantially preserved by siCXCR2 (P<0.0001 between vehicle cisplatin and siCXCR2+cisplatin, F(3,10)=28.35 and DF=13). (E) Cisplatin significantly induced orphan synapses per IHC which were reduced by siCXCR2 (P<0.0001 between vehicle cisplatin and siCXCR2+cisplatin, F(3,10)=29.57 and DF=13). Data are presented as the mean ± SEM of four animals. Asterisks, (*) indicates significant difference from vehicle group, while (**) indicate significant difference form cisplatin group. # indicates statistically significant increase from siCXCR2 group.



Manual counts of ribbon synapses show that the average number of paired synapses per IHC in the basal turns of control cochleae were 18.2 ± 0.8 per IHC. Cochleae from cisplatin-treated rats (assessed 3 days following cisplatin administration) showed significantly decreased number of paired synapses (11.0 ± 0.6 per IHC). Knockdown of cochlear CXCR2 significantly reduce cisplatin-mediated loss of paired synapses which averaged 15.8 ± 0.3 (Figures 9C, D). The number of orphan (unpaired) synapse was significantly increased from 0.5 ± 0.1 per IHC in vehicle treated rats to 3.4 ± 0.4 after cisplatin treatment. Pretreatment of rats with siCXCR2 significantly protected against the increase in orphan synapses obtained with cisplatin, with the number of orphan synapses averaging 1.3 ± 0.2 (Figures 9C, E).

As observed previously, cisplatin significantly enhanced the expression of cochlear genes linked to inflammation, including CXCR2, CXCR1 and CXCL1. The fold changes were 2.2 ± 0.2, 2.3 ± 0.1 and 2.8 ± 0.1 respectively, which were significantly reduced by siCXCR2 to 0.29 ± 0.02, 0.38 ± 0.03 and 0.38 ± 0.01 respectively. In addition, the expression of STAT1-regulated genes, such as NOX3, iNOS, TNFα and COX2 were upregulated by cisplatin to 2.1 ± 0.1, 2.1 ± 0.1, 5.5 ± 0.2, and 2.4 ± 0.1-fold, respectively, compared to the vehicle-treated animals. These latter genes were significantly reduced in siCXCR2 + cisplatin-treated rats to 1.2 ± 0.1, 0.8 ± 0.2, 2.2 ± 0.1 and 1.2 ± 0.4-fold, respectively (Figure 10A). Cisplatin also increased the expression of IL-6, IL-10, and STAT1 by 3.1 ± 0.3, 3.0 ± 0.3, and 3.0 ± 0.1-fold, respectively, while the expression level of these genes in siCXCR2 + cisplatin-treated group were significantly reduced to 1.4 ± 0.1, 1.4 ± 0.1 and 1.4 ± 0.1-fold, respectively (Figure 10A). In contrast to other genes, the level of STAT3, a transcription factor associated with cell survival (49), was significantly reduced by cisplatin and restored in the siCXCR2 + cisplatin group. This overexpression of STAT3 in the siCXCR2 + cisplatin group is similar to that observed in the SB225002 + cisplatin group (Figure 10B) and further support a role of CXCR2 in mediating cisplatin suppression of STAT3 expression. The expression of STAT3 was suppressed by cisplatin, while this suppression was reversed and significantly enhanced by trans-tympanic siCXCR2 (0.9µg). Therefore, we assessed the ratios of STAT3:STAT1 following siCXCR2 administration. (Figure 10B) shows that cisplatin reduced the STAT3:STAT1 ratio, while siCXCR2 blocked this reduction and even enhanced this ratio when added alone. These data support a role of CXCR2 in induction of STAT1 and in suppressing STAT3 expression. They further indicate a tonic regulation of STAT3 by CXCR2.




Figure 10 | CXCR2 knockdown inhibits cisplatin-mediated expression of inflammatory genes response in rat cochlea. Male Wistar rats were injected with scramble or CXCR2 siRNA (siCXCR2 0.9 µg) by the trans-tympanic route, 48 h later animals followed by cisplatin (11mg/kg). Rats were sacrificed 72 h later, and their cochleae collected for RNA preparation. The expression levels of CXCR2, CXCR1, CXCL1, NOX3, iNOS, TNFα, IL-6, IL-10, STAT1, STAT3, COX2 genes are presented following normalization with GAPDH. Cisplatin induced inflammatory genes response, whereas knockdown of CXCR2 reduced cisplatin-induced response. The exception is STAT3 which was reduced by cisplatin and recovered in the CXCR2 knockdown group (P<0.0001 between vehicle cisplatin and siCXCR2+cisplatin, F(30,132)=28.97 and DF=132). (B) The ratio of STAT3:STAT1, derived from (A) was suppressed by cisplatin, normalized in the siCXCR2 + cisplatin group but significantly enhanced by siCXCR2. Data were presented as fold change mean ± SEM (n=4). Asterisks (*) indicate significant difference from vehicle group while (**) indicate significant difference form cisplatin group (n=4). Statistical analyses among groups were tested using one-way analysis of variance (ANOVA).






Examination of CXCL1-CXCR2 signaling in vitro

In an organ of Corti-derived cell line, UB/OC-1, which has previously been used in auditory research (50), we examined whether cisplatin could also regulate inflammatory genes in these cells and whether SB225002 could directly influence this action. Treatment with cisplatin for 24 h significantly increased the expression of CXCR2, CXCR1, CXCL1, TNF-α and COX2 by 2.9 ± 0.1, 1.9 ± 0.2 and 4.1 ± 0.2-fold, 2.7 ± 0.1 and 1.6 ± 0.1-fold, respectively. The expression of these genes was significantly reduced in cells pretreated with SB225002 (300 nM), suggesting tonic activation of CXCR2 by its endogenous ligands (such as CXCL1 and IL-8) in presence of cisplatin. This concentration of SB225002 did not affect the viability of these cells, measured by the MTS assay (data not shown). The levels of these genes by cisplatin in presence of SB225002 were 1.3 ± 0.2, 1.2 ± 0.1, 2.6 ± 0.1, 1.1 ± 0.1 and 0.5 ± 0.03-fold, respectively, for CXCL1, CXCL2, CXCR2, TNF-α and COX2 (Figure 11A). These data indicate that in this cell line, tonic activation of CXCR2 exists, which serves a positive feedback loop for regulation of these chemokines/chemokine receptors and other inflammatory mediators.




Figure 11 | SB225002 and EGCG modulate cisplatin-induced inflammatory gene in UB/OC-1. (A) UB/OC-1 cells were pretreated with vehicle or SB225002 (300 nm) for 30 min, followed by cisplatin treatment (2.5 µM) for 24 hand RNA was isolated. The expression of the inflammatory genes CXCR2, CXCR1, CXCL1, TNFα and COX2 were determined by q-PCR using GAPDH as an internal control (housekeeping gene) for normalization. Cisplatin increased the expression of these genes while SB225002, an inhibitor of CXCR2, significantly reduced the induction of these genes (P<0.0009, F(3,16)=9.195 and DF=19). Data are presented as the mean fold change ± SEM (n=4). Asterisk, (*) indicates significant difference (p<0.05) from vehicle group while (**) indicate statistically significant difference from cisplatin-treated group. Statistical analyses among groups were tested using one-way analysis of variance (ANOVA). (B) UB/OC-1 cells were treated with vehicle or EGCG (100 µM) for 30 min followed by cisplatin (2.5 µM) for 24 h. and RNA was isolated using TRI reagent. The expression level of the inflammatory genes CXCR2, CXCR1, CXCL1, TNFα, and COX2 were determined by qRT-PCR, GAPDH was used as internal control (housekeeping gene) for gene expression normalization. Cisplatin was increased expression of inflammatory genes while EGCG showed significant protection against cisplatin effects (P<0.0007, F(3,16)=11.1 and DF=19). Data were presented fold change mean ± SEM (n≥3). (C) UB/OC-1 cells were treated with vehicle or celecoxib (50 µM) for 30 min followed by cisplatin (2.5 µM) for 24 h, RNA was isolated using TRI reagent. The expression level of the inflammatory genes CXCR2, CXCR1, CXCL1, TNFα and COX2 were determined by qRT-PCR, GAPDH was used as internal control (housekeeping gene) for gene expression normalization. Cisplatin was increased expression of inflammatory genes while Celecoxib showed significant protection against cisplatin effects (P<0.0001, F(3,16)=80.1 and DF=19). Data were presented fold change mean ± SEM (n≥3). Asterisks, (*) indicates significant difference (p<0.05) from vehicle group, while (**) indicate significant difference (p<0.05) form cisplatin group. Statistical significance of differences among groups were tested using one -way analysis of variance (ANOVA).



Previous studies have demonstrated that noise exposure induces expression of NF-κB in the lateral wall of the cochlea (51). NF-κB and STAT1 up-regulate CXCL1 gene expression, while knockdown of STAT1 by siRNA resulted in down-regulation of CXCL1 and CXCL2 genes (52). We have previously shown that EGCG down-regulates STAT1 gene expression in the cochlea and UB/OC-1cells along with pro-inflammatory genes (44). Therefore, we predicted that EGCG could also regulate the expression of these chemokines/chemokine receptors. We show that cisplatin significantly increased the expression of CXCR2, CXCR1, CXCL1 TNFα and COX2 by 2.8 ± 0.3, 1.8 ± 0.1, 3.5 ± 0.1, 2.7 ± 0.1 and 1.9 ± 0.2-fold, respectively, compared to the vehicle group. In UB/OC-1 cells pretreated with EGCG, the cisplatin-induced expression of these genes was significantly decreased. The fold expression was 0.5 ± 0.2, 0.8 ± 0.1, 1.8 ± 0.1, 0.6 ± 0.1 and 0.9 ± 0.1 respectively (Figure 11B). These results indicate a possible role of STAT1 in the induction of these inflammatory genes and suggest that the otoprotective actions of EGCG observed previously derives, at least in part, by suppressing the expression of these immune regulatory genes.




Role of COX2 in the regulation of CXCR2 genes

Prostaglandin E2 (PGE2) is produced by cyclooxygenases, COX1 and 2, which represent constitutive and inducible isoforms of this enzyme. PGE2 is released in response to cellular stress (53) and serves as an autocrine/paracrine factor to regulate various cellular functions, such as cell proliferation, immunosuppression and survival (54). We previously showed that cisplatin increased the expression of COX2 in the cochlea (44, 50). Studies have shown that PGE2 serves as an inhibitory damage-associated molecular patterns (DAMP) to reduce the extent of inflammation induced by trauma and cell apoptosis (53). We examined the possibility that PGE2 serves as a DAMP which is released early in the cochlea in response to cisplatin and which then initiates the expression of CXCR2, CXCR1, CXCL1, TNFα and COX2 genes. For these studies, we treated UB/OC-1 cells with celecoxib, a COX2 inhibitor, before administering cisplatin. Exposure of UB/OC-1 cells to celecoxib reduced the expression of CXCR2, CXCR1, CXCL1, TNFα and COX2 to 0.6 ± 0.2, 0.8 ± 0.3, 0.7 ± 0.1, 0.8 ± 0.1 and 1.0 ± 0.1 respectively (Figure 11C), compared to the cisplatin-treated group which were 1.8 ± 0.1, 1.6 ± 0.2, 1.5 ± 0.1, 1.9 ± 0.2 and 1.9 ± 0.1, respectively, suggesting that PGE2 (released from cochlear cells as a DAMP) could serve as an early regulator of chemokine-induced inflammation in the cochlea. Interesting, PGE2 has been shown to activate STAT1 serine phosphorylation to enable maturation of dendritic cells (55), suggesting a potential pathway for induction of chemokines/chemokine receptors.




Discussion

This study provides evidence implicating CXCR2 in cisplatin-induced hearing loss. We show that this chemokine/receptor system is rapidly activated in the cochlea following cisplatin administration orchestrating the events which culminate into cochlear inflammation, pathology and hearing loss. Furthermore, inhibition of CXCR2, or reducing its expression, protected against cisplatin-induced inflammation, pathology and hearing loss. An important finding from this study is that CXCR2-mediated processes are linked to the loss of OHCs and IHC ribbon synapses, as inhibition and/or knockdown of this receptor mitigates synaptopathy and hearing loss. CXCR2 appears to play a permissive role in the cochlear inflammatory process, since inhibition of this receptor attenuated the expression of inflammatory mediators, such as TNF-α, iNOS and COX2, and reduced the levels of CD68 and CD45 positive immune cells detected in the cochlea. Importantly, CXCR2 activation positively regulates the production of CXCL1 in the cochlea. Overall, these studies highlight CXCR2 as novel therapeutic targets for treating cisplatin toxicity.

CXCL1 the major chemoattractant involved in the recruitment of neutrophils to the site of injury (48). This chemokine can bind to the chemokine receptor, CXCR2, present on migrating neutrophils and direct these immune cells to the appropriate target (56). Resident tissue macrophages are the major source of these chemokines, which are synthetized in response to their activation (48). We show that these chemokines are induced early (within 6 h) of cisplatin administration and precede the onset of cochlear pathology and hearing loss (usually evident by 24 h, data not shown). These temporal changes are consistent with the induction of CXCL1 by resident macrophages which stimulate the subsequent recruitment of neutrophils into the cochlea from the peripheral circulation. A similar temporal profile of induction of CXCL1 in the hippocampus was observed following administration of LPS (57) and in the spinal cord following paclitaxel treatment in mice (58). CXCL1 immunoreactivity was increased in non-immune cells such as SGs, OHCs and Deiters’ cells which could serve as additional sources of this chemokine for attracting immune cells.

Cisplatin administration induced damage to the cochlea especially in the basal region, which progressed to the apex. We observed reductions in OHC counts in the basal region of cochlea which were attenuated by trans-tympanic administration of agents targeting CXCR2, either the antagonist SB225002 or siRNA against CXCR2. The benefits achieved following administration of these agents support the utility of this drug treatment route for delivering therapeutics to the inner ear and suggest that these molecules can enter the cochlea via the round window and scala tympani. These benefits are achieved through suppression of the inflammatory component of cisplatin’s cellular actions which involves STAT1-dependent processes (45). While the SV is a site of increased inflammation induced by cisplatin, the present study did not address the possibility that dysfuntion of the stria contributed to hearig loss. We hope to address this issue in a future study. It is not clear what the potential immune cell targets for mediating the anti-inflammatory actions of these agents are. One potential target are infiltrating neutrophils and macrophages whose migration into the cochlea might be reduced by blockade of their homing receptor CXCR2 by the antagonist. This possibility is supported by our data showing that SB225002 blocked the early entry of immune cells (within 24 h) into the cochlea via the stria vascularis. Another potential target is resident immune and non-immune cells of the cochlea which express CXCL1 early following cisplatin treatment. Blockade of CXCR2 on immune cells should impede their ability to enter the cochlea. CXCR2 is expressed on resident macrophages which are distributed among the spiral ligament fibrocytes and SG (59). These cells serve as key sentinels of tissue injury and are activated by stimulation of immune receptors such as toll-like receptors, Fc receptors and scavenging receptors present on their cell membranes (60). CXCL1 is expressed by pericytes, perivascular macrophages and perivascular mast cells which could provide the earliest signal for neutrophil migration into the cochlea. As such, inhibition of CXCR2 in the vascular and perivascular space in the strial vasculature is expected to reduce transcytosis of immune cells across the vascular endothelium into the spiral ligament and thereby reduce the migration of immune cells derived from the peripheral circulation into the cochlea. Increases in CXCL1 were observed in these regions within 24 h of cisplatin administration and persisted over the 72h observation period. An interesting finding is that the levels of CXCL1 are also increased in the spiral ganglion neurons and auditory nerve fibers, which persisted over 72 h. This labeling is likely intrinsic to neuronal cells in these regions and could represent a stress marker to stimulate migration of immune cells to the site, as described previously (58).

The trigger for the induction of CXCL1 and immune cell migration could be danger associated molecular patterns (DAMPs), such as high mobility group box 1 protein HMGB1 and S100 proteins, which are rapidly released from stressed or damaged cells (61). HMGB1 can initiate macrophage activation by interacting with cells surface receptors, such as receptor for advanced glycation end products (RAGE), TLR2 and TLR4 (62), and by activating nuclear factor kappa B (NF-κB) and STAT1 transcription factors (63). Another potential DAMP is ATP (64) (65), which is released by stressed or damaged cells in the cochlea. ATP could act on cell surface receptors (such as P2X7) on resident cells to stimulate release of inflammatory cytokines and chemokines in order to initiate and maintain the inflammatory response (66). We speculate that the release of CXCL1 is one of these early responses produced by engagement of ATP with cell surface purinergic receptors, such as P2X7 receptors. P2 receptors are on resident immune cells and on sensory and non-sensory epithelia of the OC, SG and SV where they could protect the cochlea from overstimulation but could also initiate apoptotic and repair processes (67). ATP is rapidly metabolized to adenosine through the action of cell surface ectonucleotidases (such as CD39 and CD73). Adenosine could protect the cochlea by suppressing the activation of resident macrophages (68) in addition to protecting the cochlea through its antioxidant properties (50).

An interesting finding derived from this study is that CXCR2 is tonically active, as knockdown or inhibition of this receptor significantly reduced the expression of some cytokines and inflammatory mediators. This activation could reflect activation of the receptor by CXCL1 present in the extracellular environment under normal conditions, in addition to the contribution of IL-8, another activator of CXCR2. Tonic activation of the receptor could also lead to tonic suppression of STAT3 expression, which was significantly increased by inhibition or knockdown of CXCR2.

Our data show that cisplatin stimulates the expression of prostaglandin E2 (PGE2), a factor which also serves as an inhibitory DAMP released from damaged of dying cells (53). We showed that cisplatin can increase PGE2 expression in vitro via a CXCL1/CXCR2 pathway, which in turn, can positively regulate the expression of CXCL1, CXCR1 and CXCR2. Interestingly, while celecoxib inhibits COX2 and decreases PGE2 production it also decreased PGE2 expression and the expression of CXCL1, CXCR1 and CXCR2, indicating that these factors are positively regulated by PGE2 in the cochlea. However, PGE2 can also serve additional (beneficial) roles in the immune system, as it has been shown to promote a regulatory type (M2) phenotype in macrophage by stimulating protein kinase A-salt-inducible kinase (SIK)-CREB-regulated transcription coactivator (CRTC)3 (69).

CXCR2 ligation appears essential for mediating cisplatin-induced decrease of IHC ribbon synapses, leading to reduction in wave I amplitude and latency prolongation. This likely involves increased localized inflammatory response in the cochlea. We have previously shown that EGCG, which possesses both antioxidant and anti-inflammatory properties, can protect against cisplatin induced-hearing loss and IHCs synaptopathy (44). Similarly, activation of cannabinoid 2 (CB2) receptor, linked to antioxidant and anti-inflammatory actions in the cochlea, protects against cisplatin-induced cochlear synaptopathy (70), linking these properties in the regulation of ribbon synapses. It is possible that “protective” treatments could regulate the function of classical immune cells such as astrocytes or microglia which target synapse loss through the process of synaptic pruning. In the central nervous system, this process could require the additional involvement of components of the complement system. For example, the elimination of retinal ganglion cells inputs into the brain by microglia is dependent on neural activity and complement receptor 3 and its ligand C3 (71). Synapse elimination is also dependent on transforming growth factor (TGF-β) and the expression of phagocytic receptors, such as mer tyrosine kinase (MERTK) and multiple EGF like domains 10 (MEGF10) (72). In addition, synapses with reduced activity such as those possessing silent α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors are also tagged for elimination (73). The availability of trophic support could also contribute to synaptic integrity. Acoustic trauma induced by noise or aminoglycoside produces a deficit in neurotrophin-3 (NT-3) and brain-derived neurotrophic factor (BDNF) which are important for maintaining synaptic integrity. Administration of NT-3 stimulates synapse regeneration in vivo (74, 75) and in vitro (76). We speculate that, like aminoglycoside, cisplatin could reduce NT-3 and BDNF levels and thereby promote loss of ribbon synapses. In this regard, NT-3 has been shown to reduce cisplatin-induced damage to SG neurons (77). The finding that blockade of CXCR2 protected against synaptic loss suggests that inflammation might reduce the levels of the trophic factors at these synapses (78, 79). Inflammation-induced synaptic loss has been previously described (80).

In summary, we show that the CXCL1 is important for the early activation of pro-inflammatory signaling leading to cisplatin-induced hearing loss. Cisplatin administration increases in CXCL1 mainly in the organ of Corti, spiral limbus and spiral ganglion neurons. Inhibition of this pathway reduced immune cell migration through the stria vascularis and spiral ligament and reduced cisplatin-induced synaptopathy and hearing loss (see Figure 12). Thus, inhibiting CXCR2 could serve as a novel method for treating cisplatin-induced hearing loss.




Figure 12 | Scheme show the hypothesis of cisplatin effect on cochlea. (A) Cisplatin administration up regulates CXCL1 levels, especially in SG, and recruit immune cells migration to cochlea through spiral ligament and stria vascularis. Pretreatment with trans-tympanic SB225002 (B) followed by cisplatin administration down regulates CXCL1 expression in SG neurons, SV and SL and inhibit immune cell migration to cochlea.
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Supplementary Figure 1 | Quantification of image intensities for . Immunolabeling for CXCL1 was analyzed by Image J and presented as the normalized intensities versus vehicle-treated cochlea (p < 0.05, N=4) using one-way ANOVA.

Supplementary Figure 2 | Quantification of image intensities for . (A) CD68 labeling was enhanced by cisplatin treatment for 24 h and was progressively increased over a 72 h period. (B) CD45 labeling increases starting at 24 h and becoming more intense by 72 h. Protein expression quantity for CD68 and CD45 were analyzed by Image J and presented as the normalized intensities versus vehicle-treated cochlea. (p < 0.05, N=4) using one-way ANOVA. Asterisk (*) indicate statistically significant from vehicle (p < 0.05, N=4).

Supplementary Figure 3 | Quantification of image intensities for . (A, B) CXCL1 and CD68 protein expression levels were increased by cisplatin treatment, whereas SB225006 abolished the effect of cisplatin. The levels of CXCL1 and CD68 were analyzed by Image J and presented as the normalized intensities versus vehicle-treated cochlea. (C, D), CD45 and IBA1 immunolabeling were increased in SG and SVA following cisplatin treatment. The levels of these marker were decreased in the animals pretreated with SB225002, followed by cisplatin. Asterisk (*) indicate statistically significant from vehicle (p < 0.05, N=4) while (**) indicate statistically significant difference from cisplatin-treated group (p < 0.05, N=4) using one-way ANOVA.

Supplementary Figure 4 | Trans-tympanic delivery of SB225002 attenuated cisplatin ototoxicity. Wistar rats were administration trans-tympanically with vehicle or SB225002 (1.4 nmoles/ear) and cisplatin (11mg/kg) for 24 hr. (A) Basal, middle was stained with Myosin VIIa (magenta) to visualize OHCs and IHCs. Representative whole-mount images showed no damage of OHCs or IHC by cisplatin. Scale bar represent 20 µm. (B) Cochlear basal turn sections were stained with myosin VIIa (blue), CtBP2 pre-synaptic marker (red) and GluR2 post-synaptic marker (green). Representative whole-mount images from turns showed that cisplatin reduced the number of ribbon synapse per IHC, whereas these effects was abolished by SB225002. Orphan synapses were depicted as staining with either GluR2 or CtBP2 alone, but not both (indicated by white arrows). Scale bar represent 10 µm. (C) Graph shows the number of synaptic ribbons per IHC which were substantially preserved by SB225002. (D) Cisplatin significantly induced orphan synapses per IHC which were reduced by SB225002. Data are presented as the mean ± SEM of four animals. Asterisks, (*) indicates significant difference (p<0.05) from vehicle group, while (**) indicate significant difference (p<0.05) form cisplatin group.



References

1. Fram, RJ. Cisplatin and platinum analogues: recent advances. Curr Opin Oncol (1992) 4:1073–9. doi: 10.1097/00001622-199212000-00012

2. Koike, N, Sasaki, A, Murakami, T, and Suzuki, K. Effect of edaravone against cisplatin-induced chronic renal injury. Drug Chem Toxicol (2019) 44:1–10. doi: 10.1080/01480545.2019.1604740

3. Choi, MJ, Kang, H, Lee, YY, Choo, O-S, Jang, JH, Park, S-H, et al. Cisplatin-induced ototoxicity in rats is driven by RIP3-dependent necroptosis. Cells (2019) 8(5):409. doi: 10.3390/cells8050409

4. Leibbrandt, ME, Wolfgang, GH, Metz, AL, Ozobia, AA, and Haskins, JR. Critical subcellular targets of cisplatin and related platinum analogs in rat renal proximal tubule cells. Kidney Int (1995) 48:761–70. doi: 10.1038/ki.1995.348

5. Ries, F, and Klastersky, J. Nephrotoxicity induced by cancer chemotherapy with special emphasis on cisplatin toxicity. Am J Kidney Dis Off J Natl Kidney Foundation (1986) 8:368–79. doi: 10.1016/S0272-6386(86)80112-3

6. Matsushima, H, Yonemura, K, Ohishi, K, and Hishida, A. The role of oxygen free radicals in cisplatin-induced acute renal failure in rats. J Lab Clin Med (1998) 131:518–26. doi: 10.1016/S0022-2143(98)90060-9

7. Kaushal, GP, Kaushal, V, Hong, X, and Shah, SV. Role and regulation of activation of caspases in cisplatin-induced injury to renal tubular epithelial cells. Kidney Int (2001) 60:1726–36. doi: 10.1046/j.1523-1755.2001.00026.x

8. Sugiyama, S, Hayakawa, M, Kato, T, Hanaki, Y, Shimizu, K, and Ozawa, T. Adverse effects of anti-tumor drug, cisplatin, on rat kidney mitochondria: disturbances in glutathione peroxidase activity. Biochem Biophys Res Commun (1989) 159:1121–7. doi: 10.1016/0006-291X(89)92225-0

9. Rybak, LP, Whitworth, C, and Somani, S. Application of antioxidants and other agents to prevent cisplatin ototoxicity. Laryngoscope (1999) 109:1740–4. doi: 10.1097/00005537-199911000-00003

10. Kaur, T, Zamani, D, Tong, L, Rubel, EW, Ohlemiller, KK, Hirose, K, et al. Fractalkine signaling regulates macrophage recruitment into the cochlea and promotes the survival of spiral ganglion neurons after selective hair cell lesion. J Neurosci Off J Soc Neurosci (2015) 35:15050–61. doi: 10.1523/jneurosci.2325-15.2015

11. Ciorba, A, Corazzi, V, Bianchini, C, Aimoni, C, Pelucchi, S, Skarżyński, P, et al. Autoimmune inner ear disease (AIED): A diagnostic challenge. Int J immunopathology Pharmacol (2018) 32:2058738418808680. doi: 10.1177/2058738418808680

12. Yoshida, K, Ichimiya, I, Suzuki, M, and Mogi, G. Effect of proinflammatory cytokines on cultured spiral ligament fibrocytes. Hearing Res (1999) 137:155–9. doi: 10.1016/S0378-5955(99)00134-3

13. Fujioka, M, Okano, H, and Ogawa, K. Inflammatory and immune responses in the cochlea: potential therapeutic targets for sensorineural hearing loss. Front Pharmacol (2014) 5:287. doi: 10.3389/fphar.2014.00287

14. Keithley, EM, Wang, X, and Barkdull, GC. Tumor necrosis factor alpha can induce recruitment of inflammatory cells to the cochlea. Otology neurotology Off Publ Am Otological Society Am Neurotology Soc [and] Eur Acad Otology Neurotology (2008) 29:854–9. doi: 10.1097/MAO.0b013e31818256a9

15. Sheth, S, Mukherjea, D, Rybak, LP, and Ramkumar, V. Mechanisms of cisplatin-induced ototoxicity and otoprotection. Front Cell Neurosci (2017) 11:338. doi: 10.3389/fncel.2017.00338

16. Hirose, K, Rutherford, MA, and Warchol, ME. Two cell populations participate in clearance of damaged hair cells from the sensory epithelia of the inner ear. Hearing Res (2017) 352:70–81. doi: 10.1016/j.heares.2017.04.006

17. Sato, E, Shick, HE, Ransohoff, RM, and Hirose, K. Expression of fractalkine receptor CX3CR1 on cochlear macrophages influences survival of hair cells following ototoxic injury. J Assoc Res Otolaryngol JARO (2010) 11:223–34. doi: 10.1007/s10162-009-0198-3

18. Okano, T. Immune system of the inner ear as a novel therapeutic target for sensorineural hearing loss. Front Pharmacol (2014) 5:205. doi: 10.3389/fphar.2014.00205

19. Cai, Q, Vethanayagam, RR, Yang, S, Bard, J, Jamison, J, Cartwright, D, et al. Molecular profile of cochlear immunity in the resident cells of the organ of corti. J Neuroinflamm (2014) 11:173. doi: 10.1186/s12974-014-0173-8

20. Bird, JE, Daudet, N, Warchol, ME, and Gale, JE. Supporting cells eliminate dying sensory hair cells to maintain epithelial integrity in the avian inner ear. J Neurosci Off J Soc Neurosci (2010) 30:12545–56. doi: 10.1523/jneurosci.3042-10.2010

21. Wood, MB, and Zuo, J. The contribution of immune infiltrates to ototoxicity and cochlear hair cell loss. Front Cell Neurosci (2017) 11:106. doi: 10.3389/fncel.2017.00106

22. Tan, WJ, Thorne, PR, and Vlajkovic, SM. Characterisation of cochlear inflammation in mice following acute and chronic noise exposure. Histochem Cell Biol (2016) 146:219–30. doi: 10.1007/s00418-016-1436-5

23. Dai, M, Yang, Y, Omelchenko, I, Nuttall, AL, Kachelmeier, A, Xiu, R, et al. Bone marrow cell recruitment mediated by inducible nitric oxide synthase/stromal cell-derived factor-1alpha signaling repairs the acoustically damaged cochlear blood-labyrinth barrier. Am J Pathol (2010) 177:3089–99. doi: 10.2353/ajpath.2010.100340

24. Hirose, K, Discolo, CM, Keasler, JR, and Ransohoff, R. Mononuclear phagocytes migrate into the murine cochlea after acoustic trauma. J Comp Neurol (2005) 489:180–94. doi: 10.1002/cne.20619

25. Rajarathnam, K, Schnoor, M, Richardson, RM, and Rajagopal, S. How do chemokines navigate neutrophils to the target site: Dissecting the structural mechanisms and signaling pathways. Cell signalling (2019) 54:69–80. doi: 10.1016/j.cellsig.2018.11.004

26. Sadik, CD, Kim, ND, and Luster, AD. Neutrophils cascading their way to inflammation. Trends Immunol (2011) 32:452–60. doi: 10.1016/j.it.2011.06.008

27. Sheehan, K, Sheth, S, Mukherjea, D, Rybak, LP, and Ramkumar, V. Trans-tympanic drug delivery for the treatment of ototoxicity. J Vis Exp (2018) 32:452–60. doi: 10.3791/56564

28. Crowe, AR, and Yue, W. Semi-quantitative determination of protein expression using immunohistochemistry staining and analysis: An integrated protocol. Bio-protocol (2019) 9:24. doi: 10.21769/BioProtoc.3465

29. Chistiakov, DA, Killingsworth, MC, Myasoedova, VA, Orekhov, AN, and Bobryshev, YV. CD68/macrosialin: not just a histochemical marker. Lab Invest (2017) 97:4–13. doi: 10.1038/labinvest.2016.116

30. Yu, CL, Yu, HS, Sun, KH, Hsieh, SC, and Tsai, CY. Anti-CD45 isoform antibodies enhance phagocytosis and gene expression of IL-8 and TNF-alpha in human neutrophils by differential suppression on protein tyrosine phosphorylation and p56lck tyrosine kinase. Clin Exp Immunol (2002) 129:78–85. doi: 10.1046/j.1365-2249.2002.01907.x

31. Trowbridge, IS, and Thomas, ML. CD45: an emerging role as a protein tyrosine phosphatase required for lymphocyte activation and development. Annu Rev Immunol (1994) 12:85–116. doi: 10.1146/annurev.iy.12.040194.000505

32. Pfau, JC, Walker, E, and Card, GL. Monoclonal antibodies to CD45 modify LPS-induced arachidonic acid metabolism in macrophages. Biochim Biophys Acta (BBA) - Mol Cell Res (2000) 1495:212–22. doi: 10.1016/S0167-4889(99)00171-8

33. Kurtin, PJ, and Pinkus, GS. Leukocyte common antigen–a diagnostic discriminant between hematopoietic and nonhematopoietic neoplasms in paraffin sections using monoclonal antibodies: correlation with immunologic studies and ultrastructural localization. Hum Pathol (1985) 16:353–65. doi: 10.1016/S0046-8177(85)80229-X

34. Okano, T, Nakagawa, T, Kita, T, Kada, S, Yoshimoto, M, Nakahata, T, et al. Bone marrow-derived cells expressing Iba1 are constitutively present as resident tissue macrophages in the mouse cochlea. J Neurosci Res (2008) 86:1758–67. doi: 10.1002/jnr.21625

35. Tornabene, SV, Sato, K, Pham, L, Billings, P, and Keithley, EM. Immune cell recruitment following acoustic trauma. Hearing Res (2006) 222:115–24. doi: 10.1016/j.heares.2006.09.004

36. Bento, AF, Leite, DFP, Claudino, RF, Hara, DB, Leal, PC, and Calixto, JB. The selective nonpeptide CXCR2 antagonist SB225002 ameliorates acute experimental colitis in mice. J Leukoc Biol (2008) 84:1213–21. doi: 10.1189/jlb.0408231

37. Savarin-Vuaillat, C, and Ransohoff, RM. Chemokines and chemokine receptors in neurological disease: raise, retain, or reduce? Neurother J Am Soc Exp Neurother (2007) 4:590–601. doi: 10.1016/j.nurt.2007.07.004

38. Chen, L, Xiong, S, Liu, Y, and Shang, X. Effect of different gentamicin dose on the plasticity of the ribbon synapses in cochlear inner hair cells of C57BL/6J mice. Mol Neurobiol (2012) 46:487–94. doi: 10.1007/s12035-012-8312-7

39. Kujawa, SG, and Liberman, MC. Adding insult to injury: cochlear nerve degeneration after "temporary" noise-induced hearing loss. J Neurosci Off J Soc Neurosci (2009) 29:14077–85. doi: 10.1523/jneurosci.2845-09.2009

40. Puel, JL, Ruel, J, Gervais d'Aldin, C, and Pujol, R. Excitotoxicity and repair of cochlear synapses after noise-trauma induced hearing loss. Neuroreport (1998) 9:2109–14. doi: 10.1097/00001756-199806220-00037

41. Sergeyenko, Y, Lall, K, Liberman, MC, and Kujawa, SG. Age-related cochlear synaptopathy: an early-onset contributor to auditory functional decline. J Neurosci Off J Soc Neurosci (2013) 33:13686–94. doi: 10.1523/jneurosci.1783-13.2013

42. Zhang, JH, Lai, FJ, Chen, H, Luo, J, Zhang, RY, Bu, HQ, et al. Involvement of the phosphoinositide 3-kinase/Akt pathway in apoptosis induced by capsaicin in the human pancreatic cancer cell line PANC-1. Oncol Lett (2013) 5:43–8. doi: 10.3892/ol.2012.991

43. Gratton, MA, Eleftheriadou, A, Garcia, J, Verduzco, E, Martin, GK, Lonsbury–Martin, BL, et al. Noise-induced changes in gene expression in the cochleae of mice differing in their susceptibility to noise damage. Hearing Res (2011) 277:211–26. doi: 10.1016/j.heares.2010.12.014

44. Borse, V, Al Aameri, RFH, Sheehan, K, Sheth, S, Kaur, T, Mukherjea, D, et al. Epigallocatechin-3-gallate, a prototypic chemopreventative agent for protection against cisplatin-based ototoxicity. Cell Death Dis (2017) 8:e2921. doi: 10.1038/cddis.2017.314

45. Kaur, T, Mukherjea, D, Sheehan, K, Jajoo, S, Rybak, LP, and Ramkumar, V. Short interfering RNA against STAT1 attenuates cisplatin-induced ototoxicity in the rat by suppressing inflammation. Cell Death Dis (2011) 2:e180. doi: 10.1038/cddis.2011.63

46. So, H, Kim, H, Lee, JH, Park, C, Kim, Y, and Kim, EKK. Cisplatin cytotoxicity of auditory cells requires secretions of proinflammatory cytokines via activation of ERK and NF-kappaB. J Assoc Res Otolaryngol JARO (2007) 8:338–55. doi: 10.1007/s10162-007-0084-9

47. Jiang, M, Taghizadeh, F, and Steyger, PS. Potential mechanisms underlying inflammation-enhanced aminoglycoside-induced cochleotoxicity. Front Cell Neurosci (2017) 11:362. doi: 10.3389/fncel.2017.00362

48. De Filippo, K, Henderson, RB, Laschinger, M, and Hogg, N. Neutrophil chemokines KC and macrophage-inflammatory protein-2 are newly synthesized by tissue macrophages using distinct TLR signaling pathways. J Immunol (2008) 180:4308–15. doi: 10.4049/jimmunol.180.6.4308

49. Levy, DE, and Lee, CK. What does Stat3 do? J Clin Invest (2002) 109:1143–8. doi: 10.1172/jci15650

50. Kaur, T, Borse, V, Sheth, S, Sheehan, K, Ghosh, S, Tupal, S, et al. Adenosine A1 receptor protects against cisplatin ototoxicity by suppressing the NOX3/STAT1 inflammatory pathway in the cochlea. J Neurosci (2016) 36:3962–77. doi: 10.1523/jneurosci.3111-15.2016

51. Masuda, M, Nagashima, R, Kanzaki, S, Fujioka, M, and Ogawa, KOK. Nuclear factor-kappa b nuclear translocation in the cochlea of mice following acoustic overstimulation. Brain Res (2006) 1068:237–47. doi: 10.1016/j.brainres.2005.11.020

52. Burke, SJ, Lu, D, Sparer, TE, Masi, T, Goff, MR, Karlstad, MD, et al. NF-kappaB and STAT1 control CXCL1 and CXCL2 gene transcription. Am J Physiol Endocrinol Metab (2014) 306:E131–149. doi: 10.1152/ajpendo.00347.2013

53. Hangai, S, Ao, T, Kimura, Y, Matsuki, K, Kawamura, T, Negishi, H, et al. PGE2 induced in and released by dying cells functions as an inhibitory DAMP. Proc Natl Acad Sci USA (2016) 113:3844–9. doi: 10.1073/pnas.1602023113

54. Renner, U, Pagotto, U, Arzt, E, and Stalla, GK. Autocrine and paracrine roles of polypeptide growth factors, cytokines and vasogenic substances in normal and tumorous pituitary function and growth: a review. Eur J Endocrinol (1996) 135:515. doi: 10.1530/eje.0.1350515

55. Hu, Y, Park-Min, K-H, Yarilina, A, and Ivashkiv, LB. Regulation of STAT pathways and IRF1 during human dendritic cell maturation by TNF-alpha and PGE2. J Leukoc Biol (2008) 84:1353–60. doi: 10.1189/jlb.0107040

56. Zarbock, A, and Stadtmann, A. CXCR2: From bench to bedside. Front Immunol (2012) 3:263. doi: 10.3389/fimmu.2012.00263

57. Mastronardi, CA, Paz-Filho, G, Zanoni, M, Molano-González, N, Arcos-Burgos, M, Licinio, J, et al. Temporal gene expression in the hippocampus and peripheral organs to endotoxin-induced systemic inflammatory response in caspase-1-deficient mice. Neuroimmunomodulation (2015) 22:263–73. doi: 10.1159/000368310

58. Manjavachi, MN, Passos, GF, Trevisan, G, Araújo, SB, Pontes, JP, Fernandes, ES, et al. Spinal blockage of CXCL1 and its receptor CXCR2 inhibits paclitaxel-induced peripheral neuropathy in mice. Neuropharmacology (2019) 151:136–43. doi: 10.1016/j.neuropharm.2019.04.014

59. Shi, X. Resident macrophages in the cochlear blood-labyrinth barrier and their renewal via migration of bone-marrow-derived cells. Cell Tissue Res (2010) 342:21–30. doi: 10.1007/s00441-010-1040-2

60. Kim, ND, and Luster, AD. The role of tissue resident cells in neutrophil recruitment. Trends Immunol (2015) 36:547–55. doi: 10.1016/j.it.2015.07.007

61. Calfee, CS, and Matthay, MA. Clinical immunology: Culprits with evolutionary ties. Nature (2010) 464:41–2. doi: 10.1038/464041a

62. Park, JS, Svetkauskaite, D, He, Q, Kim, JY, Strassheim, D, Ishizaka, A, et al. Involvement of toll-like receptors 2 and 4 in cellular activation by high mobility group box 1 protein. J Biol Chem (2004) 279:7370–7. doi: 10.1074/jbc.M306793200

63. Lotze, MT, and Tracey, KJ. High-mobility group box 1 protein (HMGB1): nuclear weapon in the immune arsenal. Nat Rev Immunol (2005) 5:331–42. doi: 10.1038/nri1594

64. Trautmann, A. Extracellular ATP in the immune system: more than just a "danger signal". Sci Signaling (2009) 2:pe6. doi: 10.1126/scisignal.256pe6

65. Zhang, X, and Mosser, DM. Macrophage activation by endogenous danger signals. J Pathol (2008) 214:161–78. doi: 10.1002/path.2284

66. Pelegrin, P, and Surprenant, A. Dynamics of macrophage polarization reveal new mechanism to inhibit IL-1beta release through pyrophosphates. EMBO J (2009) 28:2114–27. doi: 10.1038/emboj.2009.163

67. Lin, SCY, Thorne, PR, Housley, GD, and Vlajkovic, SM. Purinergic signaling and aminoglycoside ototoxicity: The opposing roles of P1 (Adenosine) and P2 (ATP) receptors on cochlear hair cell survival. Front Cell Neurosci (2019) 13:207. doi: 10.3389/fncel.2019.00207

68. Burnstock, G, and Boeynaems, JM. Purinergic signalling and immune cells. Purinergic signalling (2014) 10:529–64. doi: 10.1007/s11302-014-9427-2

69. MacKenzie, KF, Clark, K, Naqvi, S, McGuire, VA, Nöehren, G, Kristariyanto, Y, et al. PGE(2) induces macrophage IL-10 production and a regulatory-like phenotype via a protein kinase a-SIK-CRTC3 pathway. J Immunol (Baltimore Md. 1950) (2013) 190:565–77. doi: 10.4049/jimmunol.1202462

70. Ghosh, S, Sheth, S, Sheehan, K, Mukherjea, D, Dhukhwa, A, Borse, V, et al. The Endocannabinoid/Cannabinoid receptor 2 system protects against cisplatin-induced hearing loss. Front Cell Neurosci (2018) 12:271. doi: 10.3389/fncel.2018.00271

71. Schafer, DP, Lehrman, EK, Kautzman, AG, Koyama, R, Mardinly, AR, Yamasaki, R, et al. Microglia sculpt postnatal neural circuits in an activity and complement-dependent manner. Neuron (2012) 74:691–705. doi: 10.1016/j.neuron.2012.03.026

72. Chung, WS, Clarke, LE, Wang, GX, Stafford, BK, Sher, A, Chakraborty, C, et al. Astrocytes mediate synapse elimination through MEGF10 and MERTK pathways. Nature (2013) 504:394–400. doi: 10.1038/nature12776

73. Hanse, E, Seth, H, and Riebe, I. AMPA-silent synapses in brain development and pathology. Nat Rev Neurosci (2013) 14:839–50. doi: 10.1038/nrn3642

74. Suzuki, J, Corfas, G, and Liberman, MC. Round-window delivery of neurotrophin 3 regenerates cochlear synapses after acoustic overexposure. Sci Rep (2016) 6:24907. doi: 10.1038/srep24907

75. Wan, G, Gomez-Casati, ME, Gigliello, AR, Liberman, MC, and Corfas, G. Neurotrophin-3 regulates ribbon synapse density in the cochlea and induces synapse regeneration after acoustic trauma. eLife (2014) 3:e03564. doi: 10.7554/eLife.03564

76. Wang, Q, and Green, SH. Functional role of neurotrophin-3 in synapse regeneration by spiral ganglion neurons on inner hair cells after excitotoxic trauma in vitro. J Neurosci Off J Soc Neurosci (2011) 31:7938–49. doi: 10.1523/jneurosci.1434-10.2011

77. Bowers, WJ, Chen, X, Guo, H, Federoff, DRFH, and Frisina, RD. Neurotrophin-3 transduction attenuates cisplatin spiral ganglion neuron ototoxicity in the cochlea. Mol Ther J Am Soc Gene Ther (2002) 6:12–8. doi: 10.1006/mthe.2002.0627

78. Liberman, MC. Noise-induced hearing loss: Permanent versus temporary threshold shifts and the effects of hair cell versus neuronal degeneration. Adv Exp Med Biol (2016) 875:1–7. doi: 10.1007/978-1-4939-2981-8_1

79. Liberman, MC, and Kujawa, SG. Cochlear synaptopathy in acquired sensorineural hearing loss: Manifestations and mechanisms. Hearing Res (2017) 349:138–47. doi: 10.1016/j.heares.2017.01.003

80. Rizzo, FR, Musella, A, De Vito, F, Fresegna, D, Bullitta, S, Vanni, V, et al. Tumor necrosis factor and interleukin-1β modulate synaptic plasticity during neuroinflammation. Neural Plast (2018) 2018:8430123. doi: 10.1155/2018/8430123



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Al Aameri, Alanisi, Oluwatosin, Al Sallami, Sheth, Alberts, Patel, Rybak and Ramkumar. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



Glossary


 




OEBPS/Images/fimmu-14-1125948-g002.jpg
Spiral ganglion  Stria Vas\cu!aljis
~ A

Clsplat!n 24h

<
®
¥
£
o
L]
o

Cisplatin 72 h






OEBPS/Images/fimmu-14-1125948-g007.jpg
>

Wave | Latency (ms)

©

N

Wave | Amplitude (pV)

>
o

[l
o

»
o

N
o

~*-Vehicle -+ SB225002
~=-Cisplatin -* SB225002+Cisplatin

60 70 80 90
Intensity (dB SPL)

~*-Vehicle - $B225002
-#*Cisplatin -*SB225002 + Cisplatin
*

60 70 80 90
Intensity (dB SPL)

D  EEvehicle HHISB225002
Il Cisplatin X1 SB225002+Cisplatin
* e
o 20
=
~ 18
@
8
216
s
€
@ 14
2
£12
o
10
Cisplatin - + - +
SB225002 - - + +

SB225002+Cisplatin

E I Vehicle

*

s

@

Orphan Synapses / IHC
- N

0
Cisplatin
SB225002 -

[ SB225002

5 [l Cisplatin [[ISB225002+Cisplatin

*x






OEBPS/Images/fimmu-14-1125948-g009.jpg
>

Wave | Amplitude (pV)

Wave | Latency (ms)

25

o
@«

w
°

»
a

»
°

- Vehicle ™ siCXCR2
= Cisplatin ~* siCXCR2+Cisplatin

60 70 80
Intensity (dB SPL)

-+ Vehicle siCXCR2
- (iisplatin ~* siCXCR2+Cisplatin

90

T T T
60 70 80
Intensity (dB SPL)

90

o

»n
o

18

16
14
12
10

Cisplatin
siCXCR2

Paired Synapses / IHC

Il Vehicle

[l Cisplatin I siCXCR2 + Cisplatin

*

[ SICXCR2

*%

+*

IS

w

Orphan Synapses / IHC
- N

0
Cisplatin
siCXCR2

Il Vehicle
I Cisplatin

*

[ siCXCR2
[EXsiCXCR2 + Cisplatin
P






OEBPS/Images/fimmu-14-1125948-g010.jpg
(Fold expression)

I Vehicle

M cisplatin

I siCXCR2

[ sicXCR2+Cisplatin

CXCR2 CXCR1

CcxXCcL1

NOX3

iNOS

TNFa

IL-6

1L-10

STAT3/STATA ratio
(Fold expression)
N

STAT1

STAT3

**

++

cox2






OEBPS/Images/fimmu-14-1125948-g005.jpg
Stria Vascularis

<
2
€

Organ of corti Spiral ganglion Stria Vascularis

cxet

<

3PIYAA

Stria Vascularis

Spiral Ganglion

zooszzas

| {
upe|ds10+20052Z9S





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Targeting CXCL1 chemokine signaling for treating cisplatin ototoxicity

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Drug and reagents

          



          		

            Animal procedure

          



          		

            Auditory brainstem responses

          



          		

            Trans-tympanic administration of SB225002 or CXCR2 siRNA

          



          		

            siRNA sequences

          



          		

            Cochlear whole mount preparation

          



          		

            Hair cells and ribbon synapse count

          



          		

            RNA isolation and real-time PCR

          



          		

            Cell cultures

          



          		

            Immunohistochemistry

          



          		

            Measurement proinflammatory CXCL1 levels

          



          		

            Statistics

          



        



        



        		

          Results

        

          		

            Cisplatin increased the levels of immune cell markers in the cochlea

          



          		

            Inhibition of CXCR2 protects against cisplatin-induced hearing loss

          



          		

            CXCR2 antagonist reduces cisplatin-induced cochlear synaptopathy in rats

          



          		

            Knockdown of CXCR2 in the cochlea reduces cisplatin-induced hearing loss, synaptopathy and pro-inflammatory genes

          



          		

            Examination of CXCL1-CXCR2 signaling in vitro

          



          		

            Role of COX2 in the regulation of CXCR2 genes

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



        		

          Glossary

        



      



      



    



  



OEBPS/Images/fimmu-14-1125948-g012.jpg
Marginal Cells

Intermediated cells
Basal Cells

SP!

Marginal Cells
Intermediated cells.
Basal Cells
SP!

I Hearing loss

Cisplatin
===, cXCL1

Immune cells

Marginal Cells
Intermediated cells

@ cxcL1
@ Immune cells

+Cisplatin
—

Otoprotection

SB225002 cxcL1 l

Immune cells Marginal Cells

Intermediated cells
Basal Cells






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1125948-g001.jpg
30
C CXCLJ Organ of Corti Spiral ganglion Stria Vascularis
% He, ) ] ! i
20 N '/% oHey % -
b ) SV

KC (pg/mg) protein in cochlea >
3

o

Vehicle Cisplatin

N Vehicle B Cisplatin 24 h
[ Cisplatin6h @ Cisplatin 48 h
B Cisplatin 12h  mm Cisplatin 72 h

o]

*

~

=
®
<
5
5.
a
2
o

CXCL1 mRNA (Fold expression)

Cisplatin 72 h






OEBPS/Images/fimmu.2023.1125948_cover.jpg
& frontiers | Frontiers in Immunology

Targeting CXCL1 chemokine signaling for
treating cisplatin ototoxicity





OEBPS/Images/fimmu-14-1125948-g003.jpg
MRNA (Fold expression)

F -

w

N

-_—

0

Bl Vehicle

] Cisplatin 6 h
Bl Cisplatin12 h
Il Cisplatin 24 h
[ Cisplatin 48 h
I Cisplatin 72 h

CXCR2 CXCR1

™|

TNFa

STAT1

STAT3

COX2





OEBPS/Images/fimmu-14-1125948-g008.jpg
Apex Middle Base

C

-

]

£

A >
1. Pre-Treatment ABR ch

2. Scramble or siCXCR2 Post-Treatment K]
(0.9 ug) T.T. ABR 8!

! ! °

o~

) T l S

Hours -48 0 24 48 72 3

w

. " & e

Cisplatin (11 mg/kg, IP) E £

g8

c2

25

B s D
*
45

Il Vehicle

[ siCXCR2+Cisplatin

25

%

|

n
1]

-
o
% Outer Hair Cell Loss

ABR Threshold Shift (dB)
-
°

@

o

32

16
Frequency (kHz)





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-14-1125948-g011.jpg
Vehicle Bl EGCG

I Vehicle [ SB225002 B
_ B Cisplatin EH EGCG+Cisplatin
*

A B Cisplatin [ SB225002+Cisplatin

mRNA (Fold expression)

5+
4+ = *
1 H -
= ] B
3 <0 —
s - o
£3
2 z
1 é L
-— =
14
o
CXCR2 CXCR1 cxcL1 TNFa coxz

CXCR1 cxcL1

Il Vehicle Celecoxib
I Cisplatin B Celecoxib+Cisplatin

ikl

CXCR2 CXCR1 CXCL1 cox2

*

mRNA
(Fold expression)






OEBPS/Images/fimmu-14-1125948-g006.jpg
Post-Treatment
ABR

A
|—|_|—|
Hours 0 24 48 72

1. Pre-Treatment ABR
2. T.T. Vehicle or SB225002 (1.4 nmoles)
3. Cisplatin (11 mg/kg,i.p)

w
&

Il Vehicle
I Cisplatin
[l SB225002

IS
S

@ w
%8 &

20

ABR Threshold Shift (dB)

16
Frequency (kHz)

[ SB225002+Cisplatin .

(ARRESannestttseess

+ Cisplatin §B225002 Cisplatin

$B225002

20- B SB225002+Cisplatin

3

% Outer Hair Cell Loss

IS






OEBPS/Images/table1.jpg
A
A
Axova
A
N
o
caz
ceu
o
s
e
crs
cox2
cure
exeun
oxa
cxan
cxen
oxcre
cxiert
B
oave
@
Kace
Garon
Gl
a0
HAGH
a1
s
o
iNos
e
K
L
MERTK
MEGED
M2

s

Vita
T3
Noxs
e
oc
one
v
paez
P -

RAGE.

scAM.

st

seM

st
sp
stam
sTaTs
)
sva
N
TR
R
T

uBioc

vEGE

Audory brainsiem response
- Amino-3 hydrosy

Analysis of varanee

ety isoxazolepropionic acid

Adenosine Tr phosphate
brsn-derived newrotrophic fctor

Cannabingid 2

Chemokine (C-C mot ligand 2

Chemokine (C-C mot ligands 4

Econudeoside triphosphate diphosphobydrolse-|

Clstr of diferetiaon 15 (ymphocyte common anigen)
Clster of difirenision 65

Eao-S"nucleotidase

Cycoonygenase:2

Ctcrminal binding proten 2

Chemokine (C-X-C moti) ligand 1

Chemokine (C-X-C moti) igand 2

Chemokine (C-X-C i) ligand 12

Chemokine (C-X-C mati)rceptor 1

Chemokine (C-X-C moti)rceptor 2

Mo

<hemokine rcepor |
33 disminobensidine

Damge.asoisted molecule patrns
Decitel

EpigilocaedinSgallte

Giyceadehyde phosphste dbydogensse
Glutamate rceptor

human growth reguted oncogene

High mobilty group box 1 protein

fonied i binding adspte ol 1
[re—

nterekin 10

Inducibe i oxide sythtase
[r—

Keratinocye chemostractant

Osidied love.densitypoprotcin

Mer Tyosine Kinssc

Multple EGF Like Domsins 10
Macrophage infammatry peptide 2

(0045 dimethyhhiazol-2y)-5-(3-carborymethosypheny) 2 (1-
sulopheny)2H-ctazoium)

Myosin

™

Neurtrphin:3
NADPH oidse 3

Nudar fctor fappa B

Organ ofCort

Outer haicels

P2X puriocepor 7

Prosaghndin £2

Phosphae BuferSline

Recepor for Advanced Glycaton Endproducts
Reacive oxygen speies

‘Soluble ntereelllr adhesion malecee-1

Spialimbas
Stadand cror of mean

Spia gangion neuron

Spiligament

Sound presre v

Sl rsnsducer andsctivstorof rnsciption |
Sigoal ransduce andsctivator o ransciption 3
Trnsforming growh fctor

r——

“Tumor ncrsis fcorspha

Tk recptors

Toll ik recptor 2.

Tall ik recptor 4

Universty Bristl/Organ of Crti-1

Vasclar endothelial growh fuctor





OEBPS/Images/fimmu-14-1125948-g004.jpg
mRNA (Fold expression)

Il Vehicle

I Cisplatin

I sB225002

[ sB225002+Cisplatin

CXCR2 CXCR1

CXCL1

NOX3

TNFa

B M vehicle M sB225002
5., B Cisplatin I SB225002+Cisplatin

*%

-

1

Cisplatin -
SB225002 -

(Fold expression)

STAT3/STAT1 ratio

IL-6 -10 STAT1

STAT3






