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Abstract
Aspirin, whose active ingredient is sodium salicylate, is the most widely used drugs worldwide, but
it is not recommend for children because it may causes Reye’s syndrome. High doses of salicylate
also induce temporary hearing loss and tinnitus; while these disorders are believed to disappear when
treatment is discontinued some data suggest that prolonged treatment may be neurotoxic. To
investigate its ototoxicity, immature, postnatal day 3 rat cochlear organotypic cultures were treated
with salicylate. Salicylate did not damage the sensory hair cells, but instead damaged the spiral
ganglion neurons and their peripheral fibers in a dose-dependent manner. The cross sectional area
of spiral ganglion neurons decreased from 205 μm2 in controls to 143, 116 and 91 μm2 in cultures
treated with 1, 3 or 5 mM salicylate respectively. Morphological changes and caspase upregulation
were indicative of caspase-mediated apoptosis. A quantitative RT-PCR apoptosis array identified a
subset of genes up or down regulated by salicylate. Eight genes showed a biologically relevant change
(P < 0.05, ≥ 2 fold change) after 3 h treatment with salicylate; 7 genes (Tp53, Birc3, Tnfrsf5, Casp7,
Nfkb1, Fas, Lta, Tnfsf10) were upregulated and 1 gene (Pycard) was downregulated. After 6 h
treatment, only 1 gene (Nol3) was upregulated and 2 genes were downregulated (Cideb and Lhx4)
while after 12 h treatment, 2 genes (Il10, Gadd45a) were upregulated and 4 (Prok2, Card10, Ltbr,
Dapk1) were downregulated. High doses of salicylate in a physiologically relevant range can induce
caspase-mediated cell death in immature spiral ganglion neurons; changes in the expression of
apoptotic genes particularly among members of the TNF family appear to play an important role in
the degeneration.

Keywords
aspirin; tumor necrosis factor; organotypic culture; PCR-array; caspase; NF-κB; postnatal

Introduction
Sodium salicylate (SS), the active component of aspirin, is one of the most widely used over
the counter drugs for the treatment of pain, fever, inflammation, heart attacks, chest pain and
a host of other health conditions (Lewis et al., 1983, Levine et al., 2005, Cheng, 2007). Aspirin
has been implicated Reye’s syndrome, a childhood disorder characterized by hyperammonemia
and encephalopathy and which may involve mitochondrial permeability transition (Trost and
Lemasters, 1996, Larsen, 1997). Long term consumption of high levels of SS can induce
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stomach bleeding, heart burn, nausea and vomiting (Levine et al., 1986). At high doses, SS can
induce hearing loss and tinnitus, a phantom auditory sensation (Waltner, 1955, Vonweiss and
Lever, 1964, Myers and Bernstein, 1965, Myers et al., 1965, Boettcher and Salvi, 1991).
Although the ototoxic effects of salicylate have been well documented in humans and other
mammals (Cazals, 2000, Yang et al., 2007), the biological mechanisms responsible for these
disorders remain poorly understood. High doses of SS can impair neuronal function at multiple
sites along the auditory pathway beginning with the outer hair cells (OHC) and spiral ganglion
neurons (SGN) in the cochlea and progressing centrally to the auditory cortex (AC) (Chen and
Jastreboff, 1995, Kakehata and Santos-Sacchi, 1996, Gao, 1999, Peng et al., 2003, Basta and
Ernst, 2004, Wang et al., 2006, Basta et al., 2008). It is widely believed that the ototoxic effects
of SS are temporary and completely reversible in adult animals (McFadden et al., 1984, Jung
et al., 1993, Puel, 2007). This view is based largely on the fact that SS-induced hearing loss
(audiometric threshold) and tinnitus seem to recover 24–48 h after cessation of treatment.
However, recent in vivo studies from our lab suggest that chronic treatment with high levels
of SS sufficient to induce tinnitus and hearing loss permanently reduces the neural output of
the cochlea (Chen et al., Accepted). Previous in vitro studies indicate that SS can damage SGN
neurites although the mechanisms underlying this neurotoxic effect are unknown (Zheng et al.,
1997). Degeneration of SGN neurites occurs with salicylate concentrations similar to those
found in the cerebral spinal fluid of rats with behavioral evidence of tinnitus (Jastreboff et al.,
1986). Given aspirin’s widespread use (Green, 2001, Heard et al., 2008) and its putative
contribution to the encephalopathy associated with childhood Reye’s syndrome (Larsen,
1997, Lemberg et al., 2009) there is substantial interest in determining whether the high doses
of SS that induce tinnitus and hearing loss also lead to SGN degeneration. As a starting point
for addressing this question, we applied SS to immature, postnatal cochlear organotypic
cultures and evaluated the morphological changes and changes in apoptosis gene expression
at 3, 6 and 12 h post-treatment.

Methods
Cochlear cultures

Cochlear organotypic cultures were prepared from postnatal day 3 SASCO Sprague Dawley
rats as previously described (Ding et al., 2002, McFadden et al., 2003). Following decapitation,
the cochlea was carefully removed and the organ of Corti and SGN were isolated and
transferred onto rat tail collagen gel (type I rat-tail collagen (Collaborative Research, 3.76 mg/
ml in 0.02 N acetic acid), 10×basal medium Eagle (BME) with 2% sodium carbonate in a 9:1:1
ratio). A 15-μL drop of the collagen gel was place onto the surface of a 35-mm culture dish
and allowed to gel for approximately 30 min. Afterwards, 1.3 ml of culture medium (0.01 g/
ml bovine serum albumin (BSA, Sigma A-4919), 1% Serum-Free Supplement (Sigma I-1884),
2.4% of 20% glucose (Sigma G-2020), 0.2% penicillin G (Sigma P-3414), 1% 200 mM
glutamine (Sigma G-6392), 95.4% of 1× BME (Sigma B-1522)) was added to the dish. The
cultures were subsequently transferred to an incubator (Forma Scientific 3029, 37 °C, 5%
CO2) for overnight incubation. On the following day, culture medium was replaced with new
medium containing the desired compounds for the experimental treatments.

Salicylate Treatment
At the start of the salicylate treatment, normal culture medium was removed and replaced with
medium containing 0.01 g/ml bovine serum albumin (BSA, Sigma A-4919), 1% Serum-Free
Supplement (Sigma I-1884), 2.4% of 20% glucose (Sigma G-2020), 0.2% penicillin G (Sigma
P-3414), 1% 200 mM glutamine (Sigma G-6392), 95.4% of 1× BME (Sigma B-1522) and
various concentrations of salicylate (Sigma 71943, control, 1, 3, 5 or 10 mM). Afterwards, the
cultures were placed in an incubator (Forma Scientific 3029, 37 °C, 5% CO2) for a specified
treatment period. At the end of the treatment, the cochlear cultures were removed from the dish
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and fixed with 4% paraformaldehyde for 1 h and the tissue and collagen gel base were removed
from the culture dish for staining and analysis.

Staining
Cochlear cultures were rinsed in 0.1 M PBS and immersed overnight at 4 °C in a solution
containing a monoclonal antibody against neuronal class III β-tubulin (Covance, MMS-435P).
The antibody was diluted 1:100 in blocking solution (Triton X-100 (1%), goat serum (3%),
and 0.1 M PBS (96%)). The specimens were rinsed with 0.1 M PBS three times and incubated
for 1 h with a secondary antibody labeled with Cy3 (goat anti-mouse IgG, Jackson
ImmunoResearch Code: 115–165–206) dissolved in 0.1 M PBS (1:300). The specimens were
rinsed with 0.1 M PBS and stained with Alexa 488-labeled phalloidin (Invitrogen A12379,
diluted by 1:200) for 30 min. Specimens were rinsed with 0.1 M PBS and mounted on glass
slides in glycerin and coverslipped.

A Polycaspase Assay Kit (Green, Neuromics, KF17200) was used to detect caspase activity
(caspase-1, -3, -4, -5, -6, -7, -8 and -9). For SGN culture dish, 1 ml of serum-free culture medium
with or without 5 mM SS was added to the treatment and control cultures, respectively. Cultures
were incubated for 3 h followed by addition of 34 μl of 30X FAM-FLICA (1:30) working
solution and incubation for 1 h. Specimens were then transferred to tubes with 0.9 ml freshly
prepared 1X wash buffer and washed two times. Tissues were fixed for 30 min in 10% fixative
(included in the kit). Specimens were then stained with a monoclonal antibody against neuronal
class III β-tubulin as described above.

Confocal Microscopy
Specimens were examined with a confocal microscope (Zeiss LSM-510 meta, step size 0.5
μm per slice). For examination of SGN somas, 20–40 image planes were typically acquired;
for hair cells and nerve fibers, 60–100 image planes were typically acquired. Unless specified,
six samples or more were prepared for each experimental condition. Representative
photomicrographs illustrating typical morphology were taken from the middle of each basilar
membrane specimen. Images from multiple layers were projected onto a single plane using the
Zeiss LSM Image Examiner (version: 4,0,0,91).

To quantify the shrinkage of SGN, the size of all SGN somata were calculated using the Zeiss
LSM Image Examiner as follows. Multiple layers of the images were first merged onto a single
layer. The number of layers merged was determined using two criteria: (1) the number of layers
was maximized so that the largest cross sectional area of each SGN was included in analysis
and (2) the overlap among different SGN was minimized. A polygon was drawn around the
perimeter of the cell body of all distinguishable SGN and the Zeiss LSM Image Examiner
(version: 4,0,0,91) automatically calculated the enclosed area. Data were evaluated for
statistical significance with SigmaStat (version 3.5.0.54).

Cochleograms
Hair cell counts were obtained from cochlear cultures treated with 5 mM SS and from controls.
Cochleograms were prepared as described previously (Ding, 2001). Briefly, specimens were
fixed with 4% paraformaldehyde for 1 h, stained with Alexa 488-labeled phalloidin and
examined under a fluorescence microscope (Zeiss Axioskop). The number of missing IHC and
OHC were counted over 0.24 mm intervals along entire the length of the cochlea. Using lab
norms (Ding et al., 2007), a cochleogram showing the percent hair cell loss as a function of
percent distance from the apex was constructed for each sample. Results from controls and the
5 mM SS group were averaged (n=6/group) to obtain a mean cochleogram.
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Quantitative RT-PCR
The SGN were carefully isolated from the organ of Corti and transferred into culture dishes
containing culture medium (see above) with or without 5 mM SS. The numbers of cultures for
each condition were 3 h control (10) SS (12); 6 h control (30) SS (32); 12 h control (44) SS
(44). Cultures were placed in an incubator for 3, 6 or 12 h. Samples were harvested subsequently
and total RNA (tRNA) was isolated and purified (RNeasy Lipid Tissue Mini Kit, QIAGEN
74804). Each sample of purified tRNA was diluted 1:100 in RNase-free water and examined
on a spectrophotometer (Beckman Coulter DU640 Spectrophotometer; 260 nm/230 nm and
260 nm/280 nm) to test the purity and concentration (μg/ml) of RNA used for synthesis of first-
strand complementary DNA (cDNA; RT2 First Strand Kit, SABiosciences, C-03). The
concentration of tRNA was used to ensure a consistent amount of tRNA (0.4 μg in this
experiment) was used for cDNA production across all experimental conditions.

Expression of 84 apoptosis related genes were evaluated in control and SS-treated (5 mM, 3,
6 or 12 h duration) SGN samples in a 96-well plate (including 5 housekeeping and 7 control
genes; Rat Apoptosis RT2 Profiler™ PCR Array, SABiosciences, PARN-012A). Apoptosis
gene arrays were processed according to the manufacturer’s instructions. RT2Real-Time™

SYBR Green/fluorescein PCR Master Mix (included in the kit) was used to monitor the
fluorescence signal during each cycle of the PCR reaction. The apoptosis arrays were evaluated
on a MyiQ™ Single-Color Real-Time PCR Detection System (BIO-RAD, Model No.
MyiQ™ Optical Module). Each PCR reaction started with an initial denaturation cycle at 95 °
C for 10 min, followed by 40 cycles consisting of 15 s at 95 °C for denaturating and 1 min at
60 °C for annealing. Each experimental condition was repeated three times. The threshold for
calculating cycle threshold (Ct) values was calculated using MyiQ software (version: 1.0.410)
automatically. When comparing multiple tests, a fixed threshold was assigned manually, as
suggested by the manufacturer. The relative expression of each of the 84 apoptosis related
genes was calculated using the ΔΔCt method (Livak and Schmittgen, 2001). Ct values were
transferred into Microsoft Excel (Microsoft Office 2003) and analyzed with Web-Based PCR
Array Data Analysis (http://www.sabiosciences.com/pcr/arrayanalysis.php,SABiosciences) to
determine the fold change and p value of each gene. Since all five housekeeping genes Rplp1,
Hprt, Rpl13a, Ldha and Actb were very stable, with average fold change equal to or less than
±0.57 fold at all three time points (Table 1), the average of all five housekeeping genes was
used as the reference to evaluate the change in apoptosis-related gene expression. Changes in
gene expression are defined as positive or negative fold regulation values.

Results
SS Damages Nerve Fibers

Figure 1A–D illustrates the typical status of the hair cells and nerve fibers in control medium
and cultures treated with 1, 3, or 5 mM of SS for 48 h or 10 mM SS for 96 h. Three rows of
OHC and 1 row of IHC were present in the controls; many nerve fiber fascicles project radially
and end near the IHC; a few fibers also project to the OHC (Figure 1A). Treatment with 1 mM
SS had no noticeable effect on OHC or IHC; however, the density of nerve fiber fascicles
projecting towards the hair cells was reduced. To quantify this effect, we measured the number
of nerve fiber fascicles per 100 μm width in control and SS-treated samples. The numbers of
nerve fiber fascicles were significantly (t-test, p < 0.05) reduced from 22.7 ± 1.0 (n=4) in
controls to 14.6 ±0.8 (n=4) in the 1 mM SS treatment group. In addition, the distal ends of
some fibers were slightly fragmented after 1 mM SS treatment (Figure 1B). After treatment
with 5 mM SS, the number of nerve fiber fascicles decreased further to 12.5 ±0.3 (n=4) per
100 μm. Many beads and blebs were present on the surviving fibers (Figure 1C); however, the
hair cells appeared normal (Figure 1C). Even after treatment for 96 h with 10 mM SS the hair
cells appeared remarkably normal. However, many of the nerve fibers were missing and the
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number of nerve fibers per 100 μm declined further to 3.9 ±1.3 (n=4) per 100 μm (Figure 1D).
A one Way ANOVA showed that the overall treatment effect was significant (P = <0.001);
multiple pair-wise comparisons using the Holm-Sidak method showed that all the pair were
significant differences (P<0.05) except the comparison 1 mM vs. 5 mM SS.

Figure 1E–H shows the typical appearance of SGN cultured for 48 h in control medium or with
1, 3 or 5 mM of SS. The SGN in the control group had large, round or oval shaped cell bodies
with thick neurites projecting from the soma (Figure 1E). Most SGN showed intense and
uniform neurofilament labeling throughout the cytoplasm except for the nucleolus. After 48 h
treatment with 1 mM SS, the soma of some SGN were shrunken; some showed only a slight
decrease while others were nearly normal. Neurofilament labeling was relatively uniform
throughout the cytoplasm and the neurites extending from the soma appeared normal (Figure
1F). After 48 h treatment with 3 mM SS, most SGN somas were dramatically reduced in size
and most neurites were missing or extremely thin (Figure 1G). After 48 h treatment with 5 mM
SS, the soma of nearly all SGN were greatly reduced in size and most SGN lacked neurites
(Figure 1H). Neurofilament labeling of the cytoplasm tended to be less intense and less uniform
compared to controls.

Cochleograms
Average cochleograms for the control group and group treated with 5 mM SS for 48 h were
prepared to quantify the loss of hair cells (Figure 2). The mean loss of OHC and IHC was
generally less than 5% along the basilar membrane for the control group (Figure 2A) and the
group treated with 5 mM SS (Figure 2B). Since there was no obvious evidence of SS-induced
hair cell loss for other conditions, even 10 mM SS after 96 h treatment, cochleograms were
not prepared for other doses of SS.

SGN Size
Figure 4 shows the distribution of SGN soma cross sectional area in control samples and
samples treated for 48 h with 1, 3 or 5 mM SS. In controls, the distribution is bimodal with
two separate peaks; one peak (94% of sample) had a mode near 200 μm2 and the second peak
(6% of sample) had a mode near 80–90 μm2. The two peaks are separated by a break near 100
μm2. The distribution of SGN soma area gradually shifted towards smaller values with increase
in SS dose (left side in Figure 3A). With 1 mM SS, the SGN major peak decreased to 160–170
μm2 and the boundary between the small and large SGN became less distinct (Figure 3B). With
5 mM SS, more severe cell shrinkage occurred and the major peak was now located between
50 and 100 μm2. However, a smaller peak was still present between 100 and 200 μm2.

Figure 4 shows the mean SGN soma size (± SEM) of the control group and groups treated with
1, 3 or 5 mM SS for 48 h. SS treatment caused a dose dependent decrease in soma area. There
was a statistically significant difference across the groups (P = <0.001, Kruskal-Wallis One
Way Analysis) as well as a significant difference between the control and 1 mm SS groups (P
<0.001), the 1 mM and 3 mM SS groups (P<0.001) and the 3 mM and 5 mM SS groups (P
<0.001, Mann-Whitney Rank Sum Test).

SS Induces Caspase Activation
Soma shrinkage is a morphologic hallmark of apoptotic cell death (Wyllie et al., 1980, Bortner
and Cidlowski, 1998, Maeno et al., 2000, Okada et al., 2001, Friis et al., 2005). Since caspases
can play a critical role in apoptosis, cochlear cultures were treated for 3 h with 5 mM SS and
labeled with a polycaspase fluorescent probe to determine if caspases were activated during
the early stages of SS-induced cell death. SGN in control cultures had large, oval shaped
somata, but were devoid of polycaspase activation (figure 5A). In contrast, the somas of many
SGN treated with SS were shrunken and some of the shrunken SGN were polycaspase positive.
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We counted the number of polycaspase positive and polycaspase negative somas in controls
(n=5) and cultures treated for 3 h with 5 mm SS (n=5). Polycaspase labeling was absent from
control cultures whereas 11.9 ±1.0% of SGN soma were polycaspase positive.

Apoptotic Gene Expression
To evaluate the mechanisms underlying SGN cell death, an apoptosis gene array containing
84 apoptosis related genes (Appendix 1) was used to identify significant changes in genes
expression in SGN cultures treated with 5 mM SS for 3, 6 or 12 h. Table 1 lists the fold change
in expression of the 84 apoptosis related genes at the three time points. The gray background
was used to indicate genes that showed a biologically relevant change, operationally defined
as an absolute fold change in expression equal to or greater than 2 (i.e., +2 or −2) as well as a
statistically significant change in expression level (P ≤ 0.05) relative to untreated controls.

At 3 h post-SS, eight genes were upregulated and only one gene was downregulated (Pycard).
The three genes with the largest increase were Tnfsf10 (Fold change = 3.61, P<0.05), Lta (fold
change = 2.80, P<0.05), and Fas (fold change = 2.65, P<0.05); all 3 belong to the tumor necrosis
factor (TNF) family or their corresponding receptor genes. Tnfsf10 and Lta are both TNF-
ligand genes, and Fas is a TNF-receptor gene; all three could be considered as pro-apoptotic.
Nfkb1, which was upregulated 2.40 fold, plays important roles in apoptosis and cell
proliferation. TNFRSF5, member 5 of the TNF receptor superfamily, was upregulated 2.16
fold; TNFRSF5 encodes for protein CD40, a receptor protein that acts as a key regulator in
many immune responses (van Kooten and Banchereau, 2000, Xu and Song, 2004). Birc3
(baculoviral IAP repeat containing 3), which was upregulated 2.09 fold, belongs to the inhibitor
of apoptosis (IAP) gene family capable of suppressing apoptosis by inhibiting caspases.
Caspase 7, which was upregulated 2.36 fold, is an executor caspase that can be activated by
initiator caspase 8. P53, a tumor suppressor gene, was also upregulated significantly (2.00
fold). The only gene that showed a biologically relevant down regulation was PYCARD (−2.22
fold). PYCARD encodes an adapter protein involved in the activation of caspases (Masumoto
et al., 1999, Wang et al., 2002).

At 6 h post-SS, very few biologically relevant changes in apoptotic genes occurred. Only one
gene, Nol3, was upregulated (2.08 fold). Nol3 encodes for nucleolar protein 3, which can inhibit
caspase 8 (Koseki et al., 1998, Stoss et al., 1999). Cideb, a pro-apoptotic gene (Lugovskoy et
al., 1999, Chen et al., 2000), was downregulated −2.05 fold. In addition, LHX4, which encodes
the LIM/homeobox protein that functions as a transcriptional regulator (Machinis et al.,
2001, Liu et al., 2002), was downregulated −2.03 fold.

At 12 h post-SS, four genes showed a significant downregulation. Prok2, which was
downregulated −3.46, encodes the prokineticin 2 protein, which plays an important role in
olfactory bulb neurogenesis and regulating circadian rhythms (Cheng et al., 2002, Ng et al.,
2005). Card10, which was down regulated −3.38 fold, plays important roles in apoptosis
through highly specific protein-protein homophilic interactions (McAllister-Lucas et al.,
2001). Ltbr, which was down regulated −2.03 fold, encodes for lymphotoxin beta receptor
protein, a member of tumor necrosis factor receptor family that triggers apoptosis. Dapk1,
which was down regulated −2.01 fold, encodes for Death-associated protein kinase 1, a positive
mediator of gamma-interferon induced programmed cell death (Feinstein et al., 1995, Hoek et
al., 2008). Two genes were upregulated at 12 h post-SS. Interleukin-10, which was upregulated
2.15 fold, is an anti-inflammatory cytokine reported to block the activity of NF-κB (Park-Min
et al., 2009). GADD45A, which was upregulated 2.22 fold, encodes for protein GADD45 alpha
that is increased following DNA-damage (Hollander et al., 1993).
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Discussion
The 1 and 3 mM doses of SS used this study are comparable to those observed in cochlear
perilymph and cerebrospinal fluid of animals with hearing loss and tinnitus induced by systemic
administration of a high dose of salicylate (Jastreboff et al., 1986, Jastreboff et al., 1988,
Boettcher and Salvi, 1991, Lobarinas et al., 2006, Yang et al., 2007, Sun et al., 2009). Our
results indicate that SS causes a dose-dependent shrinkage of SGN soma, a morphological
feature of cells undergoing apoptosis, and a statistically significant loss of peripheral nerve
fibers (Figure 1, 3, 4); these results are consistent with previous in vitro observations (Gao,
1999). Significant SGN soma shrinkage and significant loss of nerve fibers were seen with as
little as 1 mM; this concentration is one-third of the dose previously shown to cause
degeneration of SGN neurites (Gao, 1999). Given that the 1 mM dose caused a significant
reduction (30%) in SGN soma size, it is conceivable that SGN toxicity could occur at sub-
millimolar levels. In contrast to the neurotoxic effects, doses of SS ten fold higher (10 mM)
failed to damage the hair cells, consistent with previous in vitro and in vivo studies (Gao,
1999, Yu et al., 2008, Yang et al., 2009). These results indicate that high doses of SS selectively
damage the SGN, but do not damage the sensory hair cells. The lack of SS-induced outer hair
cell damage in our cultures could conceivably be related to the low expression of prestin in
postnatal outer hair cells (Gross et al., 2005, Abe et al., 2007); however this seems unlikely
because long term SS treatment in vivo also does not lead to outer hair damage or impaired
outer hair cell function (Huang et al., 2005, Chen et al., Accepted). The mechanisms underlying
salicylate-induced SGN toxicity in our postnatal day 3 organotypic culture are not well
understood. Since the cell bodies of the medial and lateral olivocochlear cochlear efferent
neurons are severed during culture preparation, efferent neural activity is unlikely to be
involved in SS-induced soma shrinkage. SS, however, is known to potentiate NMDA receptor
currents in SGN raising the possibility that it leads to excitotoxicity (Guitton et al., 2003, Ruel
et al., 2008).

Soma shrinkage
SS caused severe shrinkage of SGN soma (Figure 1, 3, 4), a morphological hallmark of
apoptosis, and resulted in polycaspase activation (Wyllie et al., 1980,Maeno et al., 2000,Friis
et al., 2005). Reductions in cell volume occur after activating TNFR1 with TNFα (Maeno et
al., 2000). The TNFα-induced decrease in cell volume was prevented by blocking volume-
regulated potassium or chloride currents which in turn inhibited apoptosis (Maeno et al.,
2000). These results suggest SS-induced SGN soma shrinkage and nerve fiber loss might be
prevented by blocking volume-regulatory chloride or potassium channels.

Gene signaling 3 h post-SS
SS induced biologically relevant changes in pro- and anti-apoptotic genes in SGN; these
changes were used to develop a model (Figure 6) of SS-induced degenerative events in SGN.
Eight genes showed a biologically relevant upregulation 3 h post-SS; 4 of these were members
of the TNF family, namely Tnfsf10 (+3.61 fold, alias TRAIL), Lta (+2.80 fold), Fas (+2.65
fold) and Tnfrsf5 (+2.16 fold). The upregulation of these 4 genes are especially relevant
because SS has been shown to enhance TNFα induced apoptosis in human pancreatic cancer
cells (McDade et al., 1999).

Lta (alias: TNFSF1) encodes for Lymphotoxin alpha protein, a product of activated
lymphocytes involved in many immune responses (Aggarwal et al., 1985, Aggarwal et al.,
1987). Upregulation of Lta ligand was associated with a slight, but non-significant increase in
its receptor, Ltbr (Lymphotoxin beta receptor) (1.34 fold, P > 0.05, Table 1) (Crowe et al.,
1994). Tnfrsf5 (alias: CD40) is an integral receptor membrane protein expressed on a variety
of cells. Upregulation of the Tnfrsf5 receptor was associated with a slight downregulation
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(−1.21 fold, P > 0.05, Table 1) of its ligand, Tnfsf5 (alias: CD40LG). Since upregulation of
Lta and Tnfrsf5 were not associated with a corresponding increase in their partners, it is unclear
how they contribute to SS-induced SGN soma shrinkage and nerve fiber loss; therefore Lta
and Tnfrsf5 were not incorporated in our model.

Upregulation of the Tnfsf10 ligand was accompanied by a large increase (1.97 fold, P < 0.05)
in its receptor Tnfrsf10b (alias: TRAIL-R2). Likewise, the increase in the Fas receptor was
associated with a moderate (1.58 fold, P < 0.05) increase in its ligand, Faslg. Since Fas and
TRAIL (Tnfsf10) were upregulated in parallel with their partners, these 2 genes and their
cohorts were incorporated into our model of SS-induced degenerative events in SGN (Figure
6).

The Fas ligand (Fas-L) encodes for a type II transmembrane protein (Oshimi et al., 1996,
Nagata, 1999). When Fas-L binds to the Fas receptor, it causes oligomerization of Fas and
forms a death-inducing signaling complex (DISC) (Itoh et al., 1991, Nagata, 1999). DISC
transmits the apoptotic signal to its downstream pathway by recruiting Fas-associated protein
with the death domain (FADD) (Figure 6), an adaptor molecule, to DISC (Cohen, 1997,
MacFarlane, 2003). FADD was slightly upregulated (+1.36 fold, P > 0.05, Table 1) 3 h post-
SS. FADD then cleaves procaspase 8 to its active form (Figure 6) (Cohen, 1997). Caspase 8
was significantly upregulated (+1.37 fold, P < 0.05, Table 1) 3 h post-SS. Rat caspase 8-
associated protein 2 (Casp8ap2) was also significantly upregulated (+1.68 fold, P < 0.05).
FLASH, the counterpart of murine Casp8ap2, is a component of DISC and involved in Fas-
induced apoptosis (Imai et al., 1999).

Activated caspase 8 can lead to either to downstream activation of caspase 3 (−1.19 fold, P <
0.05, Table 1) or caspase 7 (+2.36 fold, P < 0.05, Table 1). The significant upregulation of
caspase 7 (Figure 6) at 3 h post-SS presumably cleaves inhibitor of caspase-activated DNase
(ICAD, alias: DFFA, DFF45, +1.21 fold, P > 0.05, Table 1) and releases caspase-activated
DNase (CAD, alias: DFFB, DFF40, +1.45 fold, P>0.05, Table 1) which causes DNA
degradation (Liu et al., 1997,Enari et al., 1998,Sakahira et al., 1998,Houde et al., 2004).

TNF-related apoptosis-inducing ligand (TRAIL) is a protein encoded by the TRAIL gene
(+3.61 fold, P < 0.05, Table 1). Binding of TRAIL to apoptosis-inducing receptors TRAIL-R1
or TRAIL-R2 (alias: Tnfrsf10b, +1.97 fold, P<0.05) (Figure 6) triggers the trimerisation of the
receptor and forms the death-inducing signaling complex (DISC) (Pan et al., 1997,Almasan
and Ashkenazi, 2003). The adaptor protein FADD is recruited to DISC and convert pro-caspase
8 to active caspase 8. Thus, two distinct apoptotic pathways: one triggered by Fas-L and the
other initiated by TRAIL, converge to activate FADD, which in turn activates caspase 8 (Figure
6).

BH3 interacting domain death agonist (Bid, +1.88 fold, P < 0.05, Table 1) is another substrate
of caspase 8 (Haupt et al., 2003). Activated caspase 8 cuts Bid into tBid (Figure 6). After
transport to the mitochondria, tBid induces Bax (+1.27 fold, P<0.05, Table 1) and Bak (+1.83
fold, P < 0.05, Table 1) to permeate the mitochondrial membrane resulting in the release of
cytochrome c (Haupt et al., 2003).

TRAIL can also bind to TRAIL-R3 and TRAIL-R4; overexpression of TRAIL-R4 may be
responsible for increased expression of NF-κB (+2.40 fold, P < 0.05, Table 1, Figure 6) (Hsu
et al., 1996,Malinin et al., 1997,Degli-Esposti, 1999,Devin et al., 2000) Aspirin is known to
increase expression of NF-κB protein by suppressing its inhibitor IκB (Loveridge et al.,
2008). NF-κB can translocate to the nucleus and activate anti-apoptotic or apoptotic genes
(Kucharczak et al., 2003,Dutta et al., 2006,Loveridge et al., 2008). The anti-apoptotic gene
IAP-1 (alias Birc3 - Baculoviral IAP repeat-containing 3, +2.09 fold, P < 0.05, Table 1) was
significantly upregulated 3 h post-SS. On the other hand, NF-κB can promote apoptosis by

Wei et al. Page 8

Neuroscience. Author manuscript; available in PMC 2011 June 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



enhancing the expression of Fas, which was upregulated by SS (Table 1) (Kasibhatla et al.,
1999,Dutta et al., 2006,Loveridge et al., 2008). In addition, overexpression of c-Rel, a subunit
of NF-κB, enhances TRAIL-induced apoptosis (Ghosh et al., 1998,Perkins, 2000,Baldwin,
2001,Chen et al., 2003) (Figure 6).

The p53 protein encoded by the Tp53 gene plays a key role in monitoring the integrity of the
genome and inducing apoptosis in cells with damaged DNA (Matlashewski et al., 1984, Isobe
et al., 1986, Kern et al., 1991, Haupt et al., 2003). P53 was significantly upregulated 3 h post-
SS (Tp53, +2.00 fold, P < 0.05, Table 1); activation of p53 could occur as a result of membrane
damage initiated through Fas and TRAIL and subsequent downstream signaling through the
caspase 7-CAD pathway that results in DNA damage (Figure 6). Induction of p53 has also
been reported to activate NF-κB (Ryan et al., 2000) (Figure 6).

Gene signaling 6 h and 12 h post-SS
The 8 genes that displayed a biologically relevant upregulation 3 h post-SS fell below our
biologically relevant threshold at 6 h post-SS possibly due to the upregulation of anti-apoptotic
genes such as Birc3 (+2.09 fold, P< 0.05) at 3 h post-SS. Nol3 (alias: ARC, +2.08 fold, P <0.05,
Table 1) showed a biologically relevant increase 6 h post-SS. Nol3, which encodes for nucleolar
protein 3, selectively interacts with caspase 8, but not caspase 3 or 9. By suppressing the enzyme
activity of caspase 8, Nol3 inhibits Fas-induced apoptosis mediated by FADD and TRADD
(Koseki et al., 1998,Stoss et al., 1999). This may explain why caspase 8 was attenuated between
3 h (+1.37 fold) and 6 h (+1.05 fold) whereas caspase 3 was enhanced between 3 h (−1.19 fold)
and 6 h (+1.54 fold). Activation of caspase 3 may contribute to the late stage of SS-induced
degenerative events in SGN.

Biologically relevant changes in gene expression at 12 h were similar to those at 6 h post SS.
Most pro-apoptotic genes showed no difference in expression levels between control and SS-
treated group. CAD (alias: DFF40 or DFFB; −1.58 fold, P<0.05, Table 1) and ICAD (alias:
DFF45 or DFFA; −1.76 fold, P<0.05, Table 1) were further downregulated suggesting that
these anti-apoptotic pathways were being upregulated.

Clinical Implications
Aspirin, whose active component is salicylate, is one of the most widely used over-the-counter
medications; however, its is not recommended for use in children since it has been implicated
in Reye’s syndrome, a childhood disorder characterized by encephalopathy and
hyperammonemia (Trost and Lemasters, 1997, Lemberg et al., 2009). Millions of patients (e.g.
rheumatoid arthritis) chronically self-administer high doses of the aspirin for pain relief,
inflammation and other health problems. High doses of aspirin and SS have long been known
to cause hearing loss and tinnitus. Aspirin and SS-induced hearing loss and tinnitus are
considered to be completely reversible problems that disappear within a few days after
discontinuing use (McCabe and Dey, 1965, Myers and Bernstein, 1965). In vivo data indicate
that chronic, high doses of SS are not toxic to hair cells which explain why otoacoustic
emissions, which arise from OHC, completely recovery after cessation of treatment (Chen et
al., 2009, Yang et al., 2009, Chen et al., Accepted). However, our in vitro data indicate that
doses of SS in the 1–3 mM range cause significant SGN soma shrinkage and nerve fiber loss.
SS concentrations of 1–3 mM in cerebrospinal fluid and inner ear cause temporary hearing loss
and tinnitus (Jastreboff et al., 1986, Boettcher et al., 1990). Since the current study was
performed in vitro using neonatal rat cochlear cultures; it is unclear if long-term treatment with
high doses of SS results in SGN degeneration in vivo with adult animals. Although much of
the existing literature suggests that high doses of SS only cause temporary effects on hearing,
recent in vivo studies from our lab indicate that chronic, high-dose SS treatment is associated
with a significant and persistent reduction in the compound action potential, a physiological
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response that originates from auditory nerve and a significant, permanent reduction in the
amplitude of the auditory brainstem response (Chen et al., Accepted). Taken together, these
results suggest that long term treatment with high doses of salicylate is likely to exert neurotoxic
effects on adult SGN. Since SGN loss and auditory nerve damage have little effect on
behavioral thresholds, SS-induced damage to these structures may go undetected in routine
audiometric thresholds assessment, but could lead to reductions in ABR amplitude as well as
more subtle changes auditory performance such as poor speech perception or impaired
temporal resolution (Schuknecht, 1994, Starr et al., 1996).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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SS sodium salicylate

SGN spiral ganglion neurons

CAP compound action potential

TNF tumor necrosis factor

OHC outer hair cell

IHC inner hair cell

Ct cycle threshold

PCR polymerase chain reaction

RT-PCR reverse transcriptase PCR

AC auditory cortex

BME basal medium Eagle
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Figure 1.
Representative confocal photomicrographs of control and SS-treated cochlear organotypic
cultures stained with Alexa 488-labeled phalloidin (green) to label hair cells and a monoclonal
antibody against class III β-tubulin (red) to label SGN and their fibers projecting to the hair
cells. (A) Control group with 3 rows of OHC and 1 row of IHC; note many nerve fiber fascicles
projecting radially towards the IHC. (B) 1 mM (48 h) SS did not damage the hair cells. Density
of radial nerve fibers decreased slightly; some fibers were fragmented (arrowheads). (C)
Treatment with 5 mM (48 h) SS significantly reduced the number of nerve fiber fascicles; many
blebs present on remaining fibers. (D) 10 mM SS (96 h) had no effect on hair cells, but greatly
reduced the number of nerve fiber fascicles. (E) Control group with large, oval-shaped SGN
soma and nerve fibers (yellow arrow). (F) After 1 mM SS, somas of many SGN were
significantly smaller; neurites extending from soma were thinner than normal or absent. (G) 3
mM SS caused severe shrinkage of most of SGN; neurites missing from most SGN. (H) 5 mM
SS (48 h) dramatically decreased SGN size; most neurites missing or extremely thin (yellow
arrow).
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Figure 2.
Mean cochleogram showing percent IHC loss (solid line) and OHC loss (dashed line, OHC
rows 1, 2, 3) in the control group (A) and group treated with 5 mM SS for 48 h (B).
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Figure 3.
Distributions of SGN soma size 48 h with various levels of SS treatment.
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Figure 4.
Average soma size (±SEM) of SGNs in controls and cultures treated with 1, 3, and 5 mM SS
for 48 h. Treatment effect statistically significant (Kruskal-Wallis One Way Analysis, P =
<0.001); individual groups significantly different from one another (Mann-Whitney Rank Sum
Test, p<0.001).
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Figure 5.
Typical confocal photomicrographs of SGN stained with Polycaspase Assay Kit (green) and
with antibody against neuronal III β-tubulin stain (red) to identify SGN. (A) In control cultures,
most SGN have large, oval shaped soma and neurites extending from the soma; note absence
of polycaspase labeling (green). (B) SGN treated for 3 h with 5 mM SS; polycaspase labeling
was present on SGN with shrunken soma.
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Figure 6.
Hypothesized SGN cell death pathways induced by 5 mM SS. Solid lines with arrowhead show
gene activation; dotted lines with arrowhead indicate conversion of inactive to active processes;
‘⊦’ indicates inhibition. Pro-apoptotic pathways were connected with dark lines and anti-
apoptotic pathways are connected with light lines.
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