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Abstract Cobalt (Co) is a required divalent metal used in 
the production of metal alloys, batteries, and pigments and 
is a component of vi lam in B 12. Excessive uptake of Co is 
neurotoxic causing temporary or permanent hearing loss: 
however, its ototoxic effects on the sensory hair cells. 
neurons. and support cells in the cochlea are poorly 
understood. Accordingly, we treated postnatal day 3 rat 
cochlear organotypic cultures with various doses and 
durations of CoCl2 and quantified the damage lO lhe hair 
cells, peripheral auditory nerve fibers, and spiral ganglion 
neurons (SGN). F ive-day treatment with 250 µM CoCl2 

caused extensive damage to hair cells and neurons which 
incn:ased with dose and treatment duration. CoC12 caused 
greater damage LO outer hair cells than inner hair cells; 
damage was greatest in the base of the cochlea and 
decreased towards the base. CoCl2 increased expression of 
superoxide radical in hair cells and SGNs and SGN loss 
was characterized by nuclear condensation and fragmen­
tat ion, morphological feacures of apoptosis. CoCl2 treat­
ment increased the expression of caspase-3 indicati ve of 
caspase-mediated programmed cell deatl1. These results 
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identify hair cells and spiral ganglion neurons as ihe main 
targets o f Co owtoxic ity in vi tro and implicate the super­
oxide radical as a trigger of caspase-mediated OIOLOxiciLy. 
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Introduction 

Cobalt (Co). a required divalellt metal expressed ubiqui­
tously in the environment, is widely used in the production 
of metal alloys. baneries. and blue pigmenc for tl1e col­
oration of glass and paints. Co is essential for human bealtl1 
because it is a parr of vitamin 812 complex where it 
functions in the production of red blood cells, synthesis. 
and regulation of DNA and fatty acid and amino acid 
metabolism. The required daily intake of Co is 2.4 pg/day 
although lhe weal daily intake is higher and estimated to be 

between 5 and 40 ~tg/day. Gastrointestinal absorption is 
relatively low rang ing from 5 LO 45 % and large.ly depen­
dent on che solubility of the composition of Co ingested. A 
major portion of absorbed Co is bound to serum albumin 
and other serum proteins and is readily eli.minated in the 
urine unless complexed to the corrin ring system in vitamin 
812 (Yamada 2013: Simonsen el al. 2012). 

Based on its toxicity and long-term stabi lity in the envi­
ronmem as well as its high probability score. a study by the 
Dep<u·tment of Defense rated CoCl2 as having the highest 
toxicity potential among a subclass of 36 pure e lements and 
metal compounds used in industry includi ng toxic com­
pounds such as arseni.c, lead oxide, mercuric nitrate, mer­
cury. and cadmium (Suero 201 I; Permenter et al. 2013). The 
LOSO value for soluble Co salts has been estimated to be 
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between J 50 and 500 mg/kg. Humans are typically exposed 
to Co tluough diet, inhalation. or dermatological exposure 
with sou or water. Acute and cluunic expos me to higl1 levels 
o f Co by inhalation results in respirawry dysfunction, 
reflected in a significant reduction in ventilator perfonnance. 
congestion, edema, and hemorrl1age. and medical conditions 
such as asthma, pneumonia, and fibrosis (Simonsen e r al. 
2012; Swennen et al. 1993; Rehfisch et a l. 2012). Additional 
deleterious consequences from cluonic cxposme include 
dysftu1ctions of heart, liver, kidney, conjunctiva. tJ1yroid, 
immune system. vision. and hearing. 

The coxicological properties of Co has recenrly come to 

tl1e forefronr from a number of stud ies indicating that 
cluonic exposure w Co paiticles caused by the wearing 
away of metal-on-meta l hip implams leads 10 a severe 
disorder, called metallosis characterized by weight loss, 
hean and thyro id dysfunction. blindness, and peripheral 
neuropatJ1y including sensory disturbance witl1 severe 
J1earing loss (Meecham and Humphrey 1991; Ikeda et al. 
2010; Pelclova et al. 2012; Apostoli et al. 2013). Patients 
witJl malfunctioning hip implants have serum Co concen­
trations 100-fo ld greater than normal physiologic levels. 
One of the most recurrent adverse outcomes associated 
with fail ing metal-on-metal implants as well a~ occupa­
tional exposmes to Co is hearing loss. The precise mech­
anisms underlying Co-induced hearing loss has received 
limited attention although rabbits intravenously exposed to 
Co display a time and dose-dependem degeneration of the 
organ o r Corti with loss o f bodl the inner (THC) and outer 
hair cells (OHC) as well as degeneration of tJ1e spiral 
ganglion (Apostoli et a l. 2013). However, no mention was 
made of a tonocopic gradient of cochlear patJ10logy char­
acteristic of most otot0xic drugs. possible damage to the 
stria vascularis, potential mechanisms triggering cell deatJ1, 
or fun ctional assessment of hearing defic its. Other swdies 
using cochlear organotypic cultures from postnatal day 4 
rats demonstrated that high doses of CoCl2 induced swel­
ling of hair cells. accompanied by hair cell loss (Lee et al. 
2013; Battag lia et al. 2009). However, these studies failed 
ro note whedler tJ1ere was preferential loss of OHC versus 
IHC, a tonocopic gradient of hair cell loss or degeneration 
of auditory nerve fibers (ANF) or spiral ganglion neurons 
(SGN), tJ1e latter being imporcanr because Co is considered 
highly neurotoxic (Mates er al. 2010). 

The mechanisms and patJ1ways, apoptosis or necrosis, 
leading to Co-induced degeneration o.f cochle<u· hair cel ls 
and/or neurons are poorly understood. Recent studies 

suggest that Co toxic ity may be ini1iated by mitochondrial 
dysfunction as Co can induce ROS formation (Jomova and 
Valko 20J 1) and modify the mitochondrial permeability 
trans ition pore leading 10 mitochondrial swelling, e lectrical 
membrane potential collapse (Battaglia et al. 2009). and 
eventual apoprotic cell death. To more fully e lucidate tl1e 
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cell types a nd mechanisms underlying Co-induced oto­
LOxicity. we treated rat postnatal day 3 cochlear o rgan­
otypic culmres with various doses and durations of CoCl2• 

Since our cul rw·es contain the enrire lengtJ1 of the cochlea. 
we were able to determine if Co is more toxic to OHC than 
IHC, if there is a base to apex gradient of hair cell loss and 
if Co is more toxic to four cells tJlan ANF and SGN. Flu­
orescent probes were also used co test for Co-induced 
generation of the highly toxic superoxide anion aJld cas­
pase-3-mediated cell death. 

Materials and Methods 

Animals 

Postnatal day 3 Sprague-Dawley rat pups purchased from 
Charles River Laboratories (Wilmington. MA) were used 
as subjects. All experimental procedures were approved by 
the Institutional Animal Care and Use Comminee 
(lACUC) of University at Buffalo. 

Cochlear Organotypic Cultures and Co Treatment 

The procedures for preparing cochlear organotypic culmres 
have been previously described (Ding et al. 201 la, b). 
Briefly. rat pups were decapitated ai1d tJle cochlea 
removed. The entire basilar membrane containing tJ1e 
organ of Coni wi th hair cells and SGN was micro-dissected 
om in Hank's BalaJJced Salt Solution (H.BSS, lnvitrogen) 
and placed on the smface of a droplet ( l5 µI) of freshly 
pre pai·ed rat tail collagen gel (rat tail collagen, ! Ox basal 
medium eagle (BME) medium, and 2 % sodium carbonate 
in a ratio of 9:1 :I) on the bottom of a 35-mm tissue culrme 
dish. Cochlear explams were incubated in 1.3 ml of serum­
free medium (1 x BME plus serum-free supplement, I % 
bovine serum albumin, 2 mM glutamine, and 20 % glu­
cose) in a C02 incubacor at 37 °C ovemight. Cultures were 
subsequenrly treated witJ1 2 ml cultme medium containing 
several d ifferent concentrations of CoCl2 (~500 pM) for 
varying treatment durations (~8 days). (Nore: In prelimi­
nary experiments, we did not observe any damage witJl the 
highest concentration of CoCl2 after 24 or 48 h treatment; 
chercfore, the results presented below sl1ow results for 
treatment duration between 3 and 8 days.) 

Labeling 

At the end of the experiment, explants were fixed with 
10 % formalin in PBS for 2 h. To label. quantify, and 
image the SGN and AN, cochlear explants were rinsed with 
PBS and then immersed overnight in a solution containing 
2 µI of mouse anti-~-tubu l in m antibody (Covance, TUJ I, 
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#MMS-435P; 1:100 dilution). 20 µl Triton X-lOO (10 %), 
6 µI nonnal goat serum, and 152 ~ti of 0.QI M PBS. 
Specimens were rinsed lhrce times in PBS and immersed in 
a solution contai ning 2 µ1 of secondaiy anti-mouse lgG 
conjugated with TRITC (Sigma T5393), 12 µl normal goat 
serum, 40 ~LI Tricon X- 100 (1.0 %), and 346 µI of PBS for 
1 b. To label, quantify, ai1d image the stereocilia and 
cuticular plate of the hair cells, tJ1e stereocilia and cuticular 
plate of the hair cells, specimens were rinsed with PBS and 
stained wit11 Alexa Fluor 488-conjugated phalloidin 
(l :IOOx, lnvitrogen A l2379) for 40 min. To stain the 
nuclei, specimens were stained with 1 µM To-PR0-3 (ln­
viu·ogen T3605) for 30 min. Specimens were Lhen rinsed in 
PBS. mounted on glass slide in g lycerin, cover slipped, and 
examined with a confocal microscope (Zeiss LSM-510) 
wid1 appropriate filters for TRlTC (absorption: 544 nm, 
emission: 572 nm). Alexa Fluor 488 (exci tarion 495 nm, 
emission 519 nm), aJld To-PR0-3 (excitation 642 nm, 
emission 661 run). Images were evaluated with Zeiss LSM 
image Examiner and post-processed widl Adobe Photoshop 
software. These uiple stained specimens were used co 
image and quant ify hair cells, SGN and ANF. A cotal of 72 
cochlear organotypic culnu·es were used for these sn1dies; 
72 were used for hair cell counts, 48 for ANF counts, and 
48 for SGN counts. 

Supcroxidc Formation 

Jn the presence of superoxide, dihydroelhidium is oxidized 
to fluorescent etJ1idium which bind to nuclear DNA and 
RNA (Deng et al. 2013; Nicotera et aJ. 2004). Dil1y­
droethidium (Sigma D7008) was used co detect superoxide 
expression in cochlear cultures treated for 3 days wilh 250 
or 500 pM CoCl2• Cochlear cultmes were incubated wit11 
100 nM dihydroelhid ium for 30 min and Ll1en fixed for 2 h 
witJ1 10 % formalin in PBS. Cultures were then stained 
wit11 Alexa Fluor 488-conjugated phalloidin for 30 min, 
while nuclei were stained wit11 0.75 µM To-PR0-3 for 
20 min as described above and exainined with a confocal 
microscope (Zeiss LSM-5 10) using appropriate filters to 
detect fluorescent ed1idium (absorption: 544 nm, emission: 
572 nm), Alexa Fluor 488-conjugated phalloidin (excita­
tion 495 nm. emission 519 nm), and TO-PR0-3 (exci tation 
642 nm, emission 661 nm). Confocal images were evalu­
ated wiili Zeiss LSM image Examiner software and images 
post-processed wilh Adobe PhoLOshop. The ethidium flu­
orescent signal reflecting superoxide was quantified using 
lmageJ software (ver. L46j) as follows. The image files 
were split into Lhree channels (Green, Red, and Blue) using 
image/split channels. The red image. representing super­
ox ide, was chosen and from Lhe analyze menu; the function 
"measure" was used to obtain values of integrated inten­
sity in Lhe designated area, namely d1e hair cell region 
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(HCR) and SGN region. ln each sample. mean values of 
background intensity were subu·acted to obtain Lhe fi na l 
values. Mean values of integrated intensity/area were 
determined for e.ach group (n = 5 coclllea cullmes) and 
used co compute tlle average superoxide level. A total of 15 
cochlear culturns were used for the superoxide studies. 

Caspase-3 

To evaluate caspase-3 activity in live cells a cell membrane 
permeable ftuorogenic substrate. Red-JETD-FMK caspase-
3 (BioVision Lot 70693) was used to Label the activated 
ca~pase-3 in cochlear cultures treated witl1 0 (control). 250, 
or 500 ~tM CoCl2 (11 = 15/condition) using procedmes 
desc1ibed previously (Ding et a.I. 2007, 2010; Wang et al. 
2014). At me end of tlle experimem, cochlear explants 
were incubated wilh Red-IBTD-FMK caspase-3 al a d ilu­
tion of 1:200 for 1 11. Afterwards, tlle explaots were fixed in 
10 % formalin in PBS at 4 °C ovemight and then co-la­
beled with Alexa Fluor 488-conjugated (>-tubul in antibody, 
To-PR0-3. or Alexa Fluor 488-conjugated phalloidin as 
described above. Samples were examined will1 a confocal 
microscope (Zeiss LSM-510) using appropriate fi lters to 
detect caspase-3, phalloidin, TO-PR0-3, and (>-tubulin. 
Confocal images were evaluated with Zeiss LSM image 
Examiner software and images post-processed with Adobe 
Photoshop. A coral of 15 cochlear organotypic cultmes 
were used for the caspase-3 studies. 

Cochlcograms 

To quantify d1e J1air cell degeneration induced by CoCL2• 

phalloidin-labeled THC and OHC were counted over the 
entire lengtl1 of tlle cochlea under a .fluorescent microscope 
(Zeiss Axioskop, x400) equipped with approp1iate filters 
as described previously (Qi el al. 2008; Ding et al. 201 la, 
b). The observer making the hair cell counts was unaware 
of tl1e experimental treatment. Hair cells were couoted as 
missing if Ll1e stereocilia were absent and tl1e cuticular 
plate was damage.d. Using laboraLory norms, a cochleo­
gram was constructed for an explant by plotting tl1e percent 
hair cell loss as a function of tl1e percent distance from Lhe 
apex of d1e cochlea. For quantitative analysis, individual 
cochleograms were grouped ro generate a mean cochleo­
gram for each treatment condition using custom software. 

Quantification of ANF 

To quantify the degeneration of ANF, the numbers of ANF 
projecting towards me hair cells in the organ of Cotti were 
counted in the middle turn using a flu orescence microscope 
equipped with appropriate filters (Zeiss Axioskop, 630x) 
as previously described (Ding et al. 2013a, b). The 
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Fig. 1 Represe111ative photomicrographs of cochlear orgauotypic 
cultures from the middle turn of the cochlea. Specimens labeled with 
Alexa 488-conjugated phalloidin which labels t11e stcreocilia bundles 
and 10 a lesser extent the cu1icular plate a1 the apica l surface of the 
hair cells. a-c Controls cochleae cultured with 0 µM CoCJ2 for 3, 5, 

tnvestigator making tl1e counts was unaware of the exper­
imental condition. ANF were counted (counts obtained 
over a µm2; tluee location assessed in tl1e middle turn). and 
the mean value was computed for each culture. The num­
ber of ANF were calculated in fow· explants per experi­
mental condition (11 = 4). All statistical analyses were 
carried oul using a one-way ANOVA (p < 0.05) followed 
by Newman-Keuls post hoc analyses using cite GraphPad 
Prism 5 software (Ding et al. 201 3b). 

Quantification of SGN 

As described previously, tlle numbers of normal SGN 
(large round soma, large round nucleus) and damaged SGN 
(slminken soma. condensed or fragmented nuclei) were 
counted from each 0.5 ~un slice within a confocal image 
stack [Zeiss LSM Image Examiner software, area: 
1.414 pm2, 0.5 pm per slice, 100-200 ~un thiclrness, 
counts obtained from 10 to 20 slices per location. each slice 
separated by 20 µm to avoid double counting of damaged 
SGN (Fu et al. 2013: Liu et al. 2014: Ding et al. 2013b)l. 
The observer making the counts was unaware of the 
experimental treatment. The values obtained were used co 
compute the percentage of normal SON within each region. 
Measw·ements were obtained from three locations in tJ1e 
middle turn of each explanl and Lhe mean value computed 
for each culture. Measurements were obtained from four 
cultures per condition and the data were evaluated using a 

~Springer 

or 8 days . d- f Cochleae cultured with 100 ~tM CoCl2 for 3, 5, or 
8 days. g- i Cochleae cultured witJ1 250 ~tM CoCl2 for 3, 5, or 8 days. 
j - 1 Cochleae cultured with 500 µM CoCl2 for 3. 5. or 8 days. Outer 
hair cells (OHC), bracket: inner hair cells (JHC). arrow tColor figure 
online) 

one-way ANOYA followed by Newman-Keuls post hoc 
analyses using the GraphPad Prism 5 software (p < 0.05). 

ResuJts 

Hair Cell Loss 

Figure la-<: shows representa tive phocomicrographs taken 
from the middle turn of cochlear cultures maintained in 
standard culture medium (0 µM CoC12) for 3. 5. or 8 days. 
The stereocilia bundles on tlle apical smface of the hair 
cells were heavily labeled with Alex Fluor 488-conjugated 
phalloidin. The three rows of OHC and one row of lHC 
were arranged in a gently curving arc witl1 little or no 
evidence of loss or damage. These results indicate that the 
hair cells remain intact in control cultures for at lease 
8 days. The effects of 3-. 5-. or 8-day treatment with 
100 µM CoCl2 are shown in Fig. ld-f, respectively; 
I 00 ~tM of CoC12 had no noticeable effect on hair cell 
integrity even after 8-day treatment. The effects of 3-, 5-, 
or 8-day u·eatmenl with 250 µM CoCh are shown tn 
Fig. lg-i. Hair cells were intact after 3-day u·eatment. 
However, at 5 days. there was significant OHC loss and 
damage, but most lHC were sti ll presem. Afcer the 8 days 
treatment, most OHC were missing; although most IHC 
were sLill present, though tl1eir stereocilia were damaged or 
missi.ng. Treatment of cultures with 500 µM CoCl2 for 
3 days resulted in moderate to severe damage co boch OHC 
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and IHC (Fig . l j). After 5 days. essentially all coch lear 
hair cells in Lhe middle tlITTl were severe ly damaged or 
missing and after 8 days au hair cells were missing 
(Fig. 11). 

Cochleograms 

Mean (11 = 6 cultures/gmup) cochleogram showing the 
percentages of missing OHC and lHC as a nrnction of 
percent distance from the apex of the cochlea were com­
puted for a ll conditio ns. The mean cochleograms for con­
trols (0 µM CoCl2) maintained in culture for 3. 5. or 8 days 
are shown in Fig. 2. There was little evidence of OHC or 
lHC loss after 3 days in culture except for a very small loss 
( .....,9 %) near lhe extreme base (95 % from apex) and apex 
(5 % from apex) (Fig. 2a); lHC and OHC losses were 
similar after 5 and 8 days in culture except thaL the hair 
cells lesions Lil the extreme base (95 % from apex) 
increased to ~20 % at 5 days and ~ 35 % al 8 days. The 
modest increase in l1ai1· cell loss at these times likely 
reflects subtle damage during dissection combined with 
increased vulnerability o r the base o f the cochlea due LO 

lower antioxidant enzyme levels in this region (Sha et al . 
1001 ). Mean cochleograms treat.ed with 100 ~LM CoCl2 for 
3, 5, or 8 days (Fig. 2d-f) or 250 ~tM for 3 days were 
similar co controls (Fig. 2g). Tn comrasc, culrures treated 
with 250 ~u\1 CoC12 for 5 days showed a massive increase 
in OHC loss in the basal half of the cochlea (Fig. 2h). 
Those treated for 8 days showed almost total loss of OHC 
and a slight increase in lHC loss in near apex and base of 
the cochlea (Fig. 2i). The l1igl1est dose of CoC12, 500 ~LM. 
caused a complete loss of OHC and lHC after 5 or 8 days 
of treatment, whereas the 3 days of treatmem resul ted in 
100 % loss of OHC and lHC near the base of the cochlea 
which declined to < 10 % near the apex. Collectively, these 
results indicate that CoCl2 is more toxic to OHC than lHC 
and that hair cell loss progresses from the base towards tl1e 
apex consistent with otber ototoxic drugs. 

ANF and SGN 

ANF a nd SGN were evaluated in contro l cultures (0 µM 
CoC12) and cultmes u·eated with CoCL2 for 3, 5, and 8 days . 
Figure 3a-d shows representative photo micrographs from 
the middle of control cultures and cultures treated with 
LOO, 250, or 500 ~LM CoCl2 for 8 days: specimens were 
immunolabeled with an antibody against ~-rubulin lll 

which is heavily expressed in the fibers and soma of neu­
ro ns. In the 8-day co nu·ol, tl1ick fascicles of ANF can be 
seen projecting out radially from tl1e SGN to tl1e HCR. The 
numerous large. round structures of lhe SGN were heavily 
labeled w.ith tubul in (Fig. 3a). The Al"lf and SGN in cul­
tures treated for 8 days with I 00 ~LM CoC12 were simi la.r 10 
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c011U'ol cultures (Fig. 3b) . lo contrast, 8-day treatmenc witl1 
250 mM CoCl2 resulted in substantial loss of A.NF and 
SGN tFig. 3c): tile remaining ANF fascic les were thinner 
and fragme nted and the soma o f the residual SGN were 
generally smaller, ovoid, and misshapen. 

Effect of Treatment Duration on ANF 

To assess tl1e effects of duration of CoCl2 treatment. we 
counted the num bers of A.NF fascicles (see "Materials and 
Methods") in the middle turn of four cochlear explams per 
condition. Approximately 75 Al\lF/140 ~un were present in 
controls cultured for 3. 5. o r 8 days (Fig. 3e): there was no 
change in tl1e mean numbers of Al\lF witl1 increasiog cul­
ture duratio n (one-way Al"IOVA. F = 0.288: 3, 9 df. 
p = 0.756). Mean Al"IF counts in cultures treated witl1 
JOO µl'v1 CoCl2 for 3. 5, and 8 days were 77.2, 72.8, and 
74.3, respectively; tl1ere was no significam decrease in 
ANF numbers witJ1 increasing treatment duration (one-way 
Al\lOV A, F = 1.27; 3, 11 df, p = 0.363). The 250 ~LM 
dose of CoCl2 caused a significant decrease in ANF num­
bers with increase in treaunem duration; mean ANF 
counts/140 µm were 77.5, 62.8, and 48.8, respectively, for 
3-, 5-, and 8-day treatment (one-way ANOVA, F = 29.7, 
3, 9 df, significant effect of dW'alion, p < 0.001). A New­
man-Keuls post hoc a nalysis (p < 0.05) showed that ANF 
counts in 8-day group were significantly less tl1an in 5- or 
3-day group and tl1at Al\lF counts in 5-day group were 
significamly less than in 3-day group. The 500 ~u\ll dose of 
CoCl2 caused a significant decrease in Al"IF counts. Mean 
ANF/ 140 ~LM were l8.0. 18.0, and 0 in 3-. 5-. and 8-day 
treatmem groups: there was a significant effect of treannent 
duration (one-way ANOVA: F = 31.35, 3. 11 df, 
p < 0.001) . A Newma11-Keuls post hoc analysis (p < 0.05) 
indicated that ANF counts in 5- and 8-day treatmem groups 
were significantly different from 3-day group. 

ANF Dose-Response 

To assess the effect of CoC12 dose, we compared the mean 
ANF counts for 3-, 5-, and 8-day treatments (Fig. 4). After 
3-day treatment, mean (+SEM) ANF/140 µm were 75.3, 
77.3, 77.5, and 18.0 in the cmmol group and groups m~ated 

with 100, 250, and 500 ~u\11 CoC12, respective ly (Fig. 4a). 
There was a significant effect of dose (one-way Al\lOV A, 
F = 212.6, 3, 12 df, p < 0.0001) . A Newman- Keuls post 
hoc analysis (p < 0.05) indicated rhat Al"IF counts in rl1e 

500 µ.M CoCl2 group were significantly less than in the 0, 
100, and 250 mM groups. In the case of the 5-day treat­
ment. the mean (+SEM) Al\lf/140 ~1m were 75.8. 72.8. 
62.8, and 18.0 in the comrol groups and I 00, 250, and 
500 p.l'v1 CoC12 groups. respectively (Fig. 4b). There was a 
significa lll effoct of dose (one-way Al\lOVA, F = 11 6.3, 3, 
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fig. 2 Mean eocbleograms (n = 6) showing the percent missing outer hair cells (OHC. dashed line) aod ioocr hair cells (lHC. solid line) in 
cochleae cultured for 3, 5, or 8 days without (a- c) or with 100 µM (d- f), 250 fiM (g- i), or 500 µM (j- 1) CoCl2 

12, dJ, p < 0.0001). A Newman-.Keuls post hoc analysis 
(p < 0.05) indicated that ANF counts in tJ1e 500 J..U\1 group 
were significamly less 1.han in the 0. 100. and 250 µM 
groups and rhat the 250 µM group was significamly less 
d1an d1e 0 µM control group. With 8-day u·eatmenr, mean 
(+SEM) ANF/ 140 µm in the 0, 100, 250, and 500 ~1M 
CoC12 group were 73.0, 74.3, 48.8, and 0, respectively. 
There was a significam effect of dose (one-way Al'\JOYA, 
F = 182.2, 3, 12 df, p < 0.0001). A Newman-Keuls post 
hoc analysis (p < 0.05) indicated that ANF counts in the 
500 µM group were significantly less than i.n d1e 0, 100, 
and 250 ~t.M groups and that ANF counts in the 250 ~u\11 
group were significantly less than in the 0 and 100 ~u\1 
groups. 
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Spiral Ganglion Neurons 

Figure 4a-d shows representative photornicrographs of 
SGN soma cultured for 8 days in 0 (control), 100, 250, and 
500 ~uVI CoCl2 . The SGN in 0 µM control cultures were 
characterized by a large. round soma heavily labeled by 
rubulin and a cemrally located nucleus devoid or staini ng 
(Fig. 4a). The soma of SGN cultured with 100 µM CoCl2 

were si milar u1ose in the control group (Fig. 4b). In con­
crast, drnre was a large decrease in die density of SGN in 
tJ1e 250 and 500 µM groups. and among the SGN still 
present, the soma and nucleus of residual nemons tended to 
be shrunken, distorted, or fragmented, morphological fea­
tures of cells undergoing apoprosis (Fig. 4c-d). 
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Fig. 3 a-d Representat ive photomicrographs of ANF and spiral 
ganglion neurons (SGNJ from the middle of the cochlea after 8 days 
in c ult ure wit h 0 (control}, 100, 250, or 500 mM CoCl2 . Samples 
immuoolabeled with beta tubulin IT( and TR.lTC-conjugated sec­
ondary ant ibody. a Photomicrograph showing condition of ANF and 
SGN cultured for 8 days without CoCI2 • Note thick fascicles of ANF 
projecting out Crom the SGN towards the HCR. Numerous, large 
round SGN heavily labeled wi1J1 beta tubulin. b ANF and SGN after 
8-clay treatment with 100 ~1M CoC12 were similar to untreated 
samples. c Treatment with 250 µM CoCl2 for 8 days caused 11 

massive reduction io ANF and SGN. d Virtually all ANF and SGN 

Effect or Trea tment Duration on SGN 

The numbers of normal SGN and numbers of damage SGN 
were counted at th ree locations in Lhe middle o f the cochlea 
and the percentage of normal SGN calculated (sec 

were missing after 8-day treatment with 500 µM CoC12• ~h Mean 
(SEM. /1 = 4} nu mbers of ANF/1 40 µM after 3-, 5-, or 8-day 
treatment with 0 (Control}, 100, 250, and 500 µM CoCl2. Mean 
(SEM} ANF/1 40 µm cultured for 3, 5, or 8 days with 0 (Cootrol}, 
I 00, 250. or 500 µM CoC12: horiwmal lines io each panel show 
significant between group difference (Newmao- Keuls, p < 0.05). i­
k Mean (SEM} ANF/140 ~UJl in cultures treated with 0, 100, 250, or 
50 CoCl2 for 3-. 5-, or 8-day treaunent durations. Horizo/l/al lines 
identify between youp differences IJ1at were statistically significant 
(Newman- Keuls, p < 0.05} (Color figure online} 

"Materials and Methods" above). Figure 4e shows the 
me~n (SEM) percentages of normal SGN in controls after 
3. 5. or 8 days in culture. Approximately 98 % of SGN 
were normal after 3 and 5 days in culture; however, this 
declined to roughly 89 % after 8 days in culture. In the 
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£Ilg. 4 a- d Representative photomicrographs of SGN cultured for 
8 days with 0, I 00, 250, or 500 ~LM CoCl2. lo the Control and I 00 µM 
grou1Js, the large round soma were heavily labeled with an antibody 
against tubulin except in the oucleus (yellow arrows). In the 250 µM 
and 500 µM groups, fewer SGN were present, and among those still 
present, the somas were shrunken and the nuclei condensed or 

controls. there was a significant effect of treatment duration 
on Lhe pacemage of normal SGN (one-way ANOVA; 
F = 24.72, 2. 9 df. p < 0.0002): a Newman-Keuls post 
hoc analysis (p < 0.05) revealed a significant d ifference 
between 5- versus 8-day treatments and 3- versus 8-day 
treaunems. l'n cultures Lreated with JOO ~u\11 CoCL2, roughly 
91-95 % of SON appeared oormal (Fig. 4) and tl1ere were 
no significant differences between the Lhree treatment 
durations. However, in cultures treated with 250 mM 
CoCl2, Lhe mean (SEM) percentages of nom1al SGN 
declined to roughly 57 and 37 % after 5 and 8 days in 
cull11re compared to 95 % after 3 days in cull11re (Fig. 4f). 
In the 250 µM CoCl2 group, there was a significant effect 
of treatment duration (one-way ANOY A, F = 1.24, 2. 9 
df, p < 0.001 ): a Newman-Keuls posL hoc analysis 
(p < 0.05) revealed significanr differences between the 8-
versus 3-. 8- versus 5-. and 5- versus 3-day treatments. 
With the 500 J..U\1 CoCL2 treatment, tl1e mean (SEM) 
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fragmented (while arrowluwds). e- h Mean (SEM) percentage of 
oormal SGN cultured for 3, 5, or 8 days witl1 0 (cootrol), l 00, 250, or 
500 µM CoCl2. i - j Mean (SEM) percentage of normal SGN treated 
with 0 (control), I 00, 250, or 500 µM C0Cl2 for 3, 5, or 8 days. 
Horizontal lines identify between group differences that were Statis­
tically sigoificaLJt (Newmao- Keuls, p < 0.05) (Color figure onli ne) 

percentages of normal SGN dropped to roughly 20 % after 
3 days of Lreatment. where.as few if any SGN were normal 
after 5- or 8-day treatment (Fig. 4h). In tl1e 500 ~tM CoCL2 

group. tl1ere was effect of treatmenl duration (one-way 
ANOYA. F = 31.92. 2. 9 df. p < 0. 0001): a Newman­
Keuls post hoc analysis (p < 0.05) showed a significant 
difference between 3- and 5-day groups and 3- and 8-day 
groups. 

SGN Dose-Response 

To assess tl1e effect of CoCl2 dose, the mean ( +SEM) 
percentages of normal SGN were compared for treatment 
durations of 3. 5, or 8 days. ln 3-day treatment group, Lhe 
mean (SEM) percentage of normal SGN declined to 
approximately 18 % in the 500 µM CoCl2 group compared 
lo roughly 93 % in the 0. 100. and 250 µM CoCl2 groups 
(Fig. 4i). There was a statistically significant effect of dose 
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(one-way ANOY A, F = 334.2, 3. 12 df, p < 0.0001). The 
mean (SEM) percentage of normal SGN in the 500 mM 
group was significantly different from the 0, 100, and 
250 mM doses (Newman-Keuls post hoc analysis, 
p < 0.05). In 5-day treatment group, the mean (SEi\11) 
percentage of normal SGN was nearly 0 in the 500 pM 
group and approx.Lmacely 57 % in the 250 µM group 
compared to 9 l-94 % in the 0 and LOO µM groups. lo 
5-day treatmenc group, there was a significant effect of 
dose (one-way ANOYA, F = 409.7, 3, l2 df. p < 0.001); 
the 500 ~u'vf groups was significantly diffe rent from 0. I 00. 
and 250 ~u\11, and che 250 ~tM group was significancly 
different from 0 and LOO µM groups (Newman-Keuls post 
hoc analysis, 3. 12 df, p < 0.05). lo 8-day t.reatmenc group, 
Ll1ere were few normal SGN in the 500 ~LM group and 
roughly 30 % normal SGN in the 250 ~tM group compared 
to approximately 92 % normal SGN in the 0 and 100 µi\1 

groups. In 8-day treatment group, there was a significant 
effect of dose (one-way Al\JOY A, F = 504.2, 3, 12 df, 
p < 0.001); the 500 ~u'vf group was significanlly different 
from Ll1e 0, 100, and 250 µM groups, and t11e 250 ~LM 
group was significantly different from tl1e 0 and JOO ~u'vf 

groups (Newman-Keuls post hoc analysis, p < 0.05). 

Co-induced Supcroxidc 

Since Co is known to induce oxidative su-ess in mito­
chondria (Battaglia et al. 2009), we used dihydroethidium 
to determine if 3-day treatme111 with 0 (control), 250, or 
500 ~LM CoCl2 increased the expression of superoxide in 
hair cells or SGN (Deng et al. 201 3. Nicotera ct al. 2004). 
Our measurements were made ac 3 days during tl1e early 
stage of neuroioxicity prior to significant hair cel l or SGN 
degeneration. Dibydroetllidium labeling was largely absent 
from hair cells (Fig. Sa) and only sporadically seen in SGN 
(Fig. Se). Treatment wid1 250 µM CoCl2 for 3 days 
resulted in a weak superoxide labeling in hair cells 
(Fig. Sb) and brighc parches of superoxide (red or yellow) 
in the SGN region (Fig. Sf). Increasing the dose to 500 ~LM 
resulted in a substant ial increase in superoxide labeling in 
die HCR (Fig. Sc) and SGN regioo (Fig. Sg). Little or no 
superoxide labeling was seen in the suppo11 cells sur­
rounding or beneatl1 die hair cells (Fig. 5g), suggesting Ll1al 
the primary rargers of cobalt coxicity are the hair cells in 
ilie organ of Corti. The gray level measw·es of dihy­
droethidium were assessed in the HCR and SGN region or 
the middle mrn of cochlear culture treated for 3 days wit11 
0, 2SO, or 500 µM CoCL2. The mean (11 = S, SEM) 
superoxide gray level values in cJ1e HCR were 14. 22, and 
43. respectively for 0. 2SO. and SOO pM CoC12 (Fig. Sd). 
There was a significam effect of dose (one-way ANOYA, 
F = 29.4; 2. 12 df, p < 0.001). and a Newman-Keuls post 
hoc analysis revealed a significant difference (p < 0.05) 
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between die 0 and 500 ~\if treatments. Figure Sh shows the 
mean (11 = S cultmes, +SEM) dihydroethidium gray level 
values in U1e SGN region. Tbe mean (SEMJ gray scale 
levels for 0, 250, and 500 pM CoCh u·eated cultures were 
13, 28. and 55. respectively. Tl1ere was a sign.Lficaot effects 
of dose (one-way Al'IOVA, F = 22.8: 2. 12 df. p < 0.001) 
and a Newman-Keuls post hoc analysis revealed a signif­
icant difference (p < 0.05) between che 500 ~LM CoCl2 

group versus t11e 0 and 250 pM groups. 

Apoptosis 

Since Ll1e production of superoxide anion is often associ­
ated witl1 caspase-mediated cell death, we used a cell 
permeable ftuorogenic probe to detect activated caspase-3 
in Llle middle mrn of cochlear culrures u·eated for 3 days 
with 0 (comrol). 250. or 500 p.M CoCl2. Figure 6a-c shows 
the typical pattern of red caspase-3 labeling in z-axis cross 
sections tlll'ough cJ1e organ of Corti of samples labeled wid1 
To-Pro-3 (blue) which labels tl1e nuclei and Alexa Fluor 
488-conjugated phalloidin (green) which labels the cucic­
ular plate and stereocilia of OHC and THC. Hair cells were 
largely devoid of caspase-3 labeling in cultures treated wid1 
0 (control) and 250 µM CoC12; however, robust caspase-3 
labeling was presenc in many OHC and lHC in culmres 
treated with 500 pM CoCl2. Lillie or no caspasc-3 was 
seen in the support cells surrounding or beneath t11e hair 
cells (Fig. Sg), suggest.Log tllat ilie primary targets of cobalt 
coxicity are the hai r cells in the organ of Corti. Figure 6d-e 
illustrates che typical pattern of red caspase-3 labeling in 
SGN stained witl1 To-Pro-3 (blue) and an antibody against 
f>-tubulio (green). A few small patches of caspase-3 were 
present in cultures treated with 0 (control) or 250 pM 
CoC12 (Fig. D, E). However, numerous red or yellow 
(overlap of red/green) patches of caspase-3 were presem in 
SGN cultured with 500 ~LM CoCl2 • Many of die red- or 
yellow-labeled SGN in the group treated with die 500 µM 
CoCl2 had a shrunken soma and a condensed nucleus, 
morphological features of cells undergoing apoptosis. 

Discussion 

One of the most impon functions of Co is its obligarory 
role as a component of d1e vitamin B 12 complex discov­
ered almost 70 years ago (Rickes er a l. 1948; Becker et al. 
l949) with identification of the crystalline stnicmre of the 
cyano-Co complex. Humans cannot synthesize vitamin 
Bl 2: Ll1erefore, in order to meet their nutritional needs, they 
are reliant on eid1er direct uptake of cobalamin in foods or 
via synthesis by microorganisms within the gut. Being a 
divalent metal, Co can potentially bind to zinc finger pro­
teins and act as an essential cofactor for a number of 
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F·ig. 5 Representative photomicrographs of 3-day cochlear organ­
otypic cultures labeled with dihydroethidium ( red) to detect supcr­
ox ide, To-Pro-3 (blue) to label nuclei , Alexa Fluor 488-conjugated 
phalloidin lo label the hair cell stereocilia and cuticular plate and an 
antibody against 1\-tubulin with secondary antibody (green) to label 
SGN. Images from cultures treated with 0 (a, cootrol ), 250 (b), or 
500 µM (c) CoC(i. Z-axis radial images lhrough the middle turo of 
the cochlear cultures showing the cuticular plate of OHC and lHC 
(green), nuclei of hair cells and suppo1tiog cells (blue) and superoxide 
labeling (red)_ Little or no superoxide labeling in cont rol hair cells (a , 
0 ~tM), a few puncta of superoxide label io the 250 µM CoC12 group 
(b, yellow arrow) and strong superoxide label in the 500 µM group (c, 
ye/10111 arrows). d Meao (SEM) gray level measures of superoxide 

enzymes although by displacing ziac. and it also has the 
potential to act as an inhibitor of zinc-depeadent enzymes 
and thereby potentiate toxicity (Hartwig 2001). Some if its 
deleterious effect may also be caused by its actions as a Ca 
channe l antagonist (Barnes and Hille 1989), leading to 
inhibition of Ca entry and Ca signaling as well as com­
peting with Ca for inu-acellular Ca-binding prntei ns (Akbar 
et al. 20ll). 

It is estimated that more Lhan a million US workers are 
exposed to excess Co with the greatest exposure occurring 
in mining, production of Co powder. rungsten carbide. and 
other alloys as well as in the manufacturing and processing 
of hard metals. Excess exposure co Co either caused by 
fai ling metal-on-metal implants o r occupational exposures 
can lead co sensory disturbance i.ncluding l1earing loss 
(Bradberry eL a l. 2014; Apostol i el al. 2013; Ikeda el al. 
2010). 

Allhough hearing loss has been reported in individ­
uals exposed to excess Co. the exact aatuse of the 
histopathologies and mechanisms responsible for cell death 
within the cochlea are poorly understood. To address lJ1is 
issue, we examined the effect of various doses and dura­
tions of CoCl2 exposure on the senso1y hair cells and SGN 
in postnatal day 3 rat cochlear cultures. TI1c lowest 
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labeling in hair cell region. Compared to the control group, 
superoxide label was slightly increased after the 250 1lM treatment 
and significantly increased after the 500 µM treatment. Horizontal 
lines identify between groi1p differences that were statistica lly 
significant (Newman-Keuls. p < 0.05). Representative photomicro­
grapbs showing superoxide labeling io SGNs after 0, 250, or 500 11M 
CoC[i treatmeot. A few puncta of superox.ide present in 0 pM conu·ol 
tf, yellow arrow): many red p1111cta and larger yellow parches (overlap 
of red/green) of superoxide in the 250 and 500 µM groups (f, g, 
yellow arrows). h Mean (SEM) gray level measures of superoxide in 
SGN in the 0, 250, and 500 ~IM groups. Horizontal lines identify 
between group differences that were statistically significant (New­
man- Keuls. p < 0.05) (Color figure oolioe) 

concentration of CoCJi, 100 pM. failed to cause significant 
damage to the hair cells or SGN for treatment durations 
lasting up co 8 days. However. after 5-day treatment wilJ1 
CoC12 al 250 p.M, tliere was significant and selective Joss 
of OHC in comparison ro the IHC in the basal rwo-th ird of 
the cochlea. In addition, there was significant damage to 
ANF and SGN in the middle of the cochle-a. The highest 
concentration. 500 µM , resulted in total loss of IHC and 
OHC after 5- and 8-day treatments and significant loss of 
lHC and OHC in the basal half of U1e cochlea after 3-day 
treatment. The highest dose a lso caused massive loss of 
ANF and SGN in the middle lum after 3-day treatment and 
total loss after 8-day treatment. The magnitude of damage 
to lhe ANP and SGN in the middle of the cochlea roug)lly 
paralleled tl1al seen to rhe l1air cell. As with many otl1er 
ototoxic drngs, CoCl2 was significantly more roxic to OHC 
tban IHC al intermediate doses and durations (Fig. 2h). 
consistent with the preferential ototoxic effects of amino­
glycosides (Taylor et al. 2008), cisplatin, and other toxic 
compounds (Tabuchi et al. 201 1). We are aware of only 
one histopathologic study of Co ototoxicity in rabbits 
which reported on the gross qualitative degenerative 
changes in the hair cells and SGN (Apostol i ei al. 20 13) 

following a single intravenous dose of Co. While tl1ese 
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Fig. 6 Representative photomicrographs of the hair cells in the organ 
of Corri (a-c) and SON (d- f) cu ltured for 3 days with 0 (control), 
250, or 500 µM CoCl2. z-axis images of organ of Corti labeled with 
Alexa Fluor488-phalloidin (green) , To-Pro-3 (blue) and caspase-3 
(r etf). Caspasc-3 was largely absent from samples treated with 0 (a) or 
250 µM CoC12 ~I>), whereas extensive caspase-3 labeling was evident 
in !HC and OHC (yellow arrow) after t.reauneot with 500 µM witl1 

results are qualitatively similar LO our in vicro observations, 
no quamitative data were presented regarding the relative 
amount of fHC vs. OHC loss, the location of hair cell loss 
along the cochlear tonotopic gradient. or the relationship 
between CoCL2 dose versus damage to hai r cells. ANF. or 
SGN. Thus, our study provides the first quantitative 
assessment of Co oto1oxici1y in vitro. Further work is 
needed to establish the re lationships between Co dose and 
cochlear damage in vivo. 

The dose/duration-response functions established for 
CoC12 in vicro can be directly compared to our previous 
in vitro srndies of MnCl2 orowxicity (Ding e t al. 20 11 b). 
Mn was slightly more toxic to SGN and ANF than hair 
cells and induced damage to ANF at concentrations as low 
as 10 µM, a dose more than ten times lower than d1at 
needed for Co to damage A1'\JF. Moreover. significant A1'\J F 
damage occurred after 48 h creatment with only 50 µM of 
Mn. much sooner and at lower doses than thaL seen for Co 
(Fig. 3). Tak.en wgeLher. these results indicate that Co is 
substantially less neurotoxic and otoroxic than Mn in 
postnatal cochlear cultures. Moreover. Co toxicity wok 
longer to develop indicating delayed program of cell dead1. 
The patte rn of hair cell damage for these two metals was 
fundamentally different: Mn was more toxic to IHC than 
OHC. whereas the reverse was true for Co. Mn-induced 
IHC damage was relatively unifonn along the lengt11 of the 
cochlea, whereas IHC loss from Co decreased from the 

r-i__ IHC 
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t ?1~ 11 I\. 

CoC12 (c). SON samples labeled with caspase-3 (red), To-Pro-3 
(b/11e). and antibody against ~-tubulin (green). A few sca11ered puncta 
of caspase-3 (yellow arrows) present in SON cultured with 0 {d) and 
250 µM CoCl2 ( c.-); many puncta and large p3tches of caspase-3 
(,yellow arrows. red. or yellow) present in SGN cul tures treated with 
500 ~·M CoC12• Caspase-3 was often presen1 in SON witlt shrunken 
soma aod condensed oucleus (Color figure oulioe) 

base wwards the apex of die cochlea (Fig. 2j). The 
mechanisms responsible for these dLfferences are UJ1clear 
but could be related w differences in their cellular uptake, 
type of oxidative su·ess, or their effects on cellular meta­
bolism (Hatori et a l. 1993). 

'TI1e mechanisms responsible for Co-i:nduced hair cells 
or SGN cell death in vitro and in vivo are poorly under­
stood. CoCl2 is a hypoxia memetic which switches cell 
metabolism from aerobic respiration lO anaerobic glycol­
ysis: this leads co Lhe activation and scabilization of 
hypoxia-inducing factor (HIF) (Regazzetti et al. 2009). 
Prolonged or high-dose tTeacment wirh CoC12 induces 
oxidative su-ess provoking cell deam via apoptosis (Jomova 
and Valko 201 l: Lee et al. 201 3; Huk et al. 2004). CoCl2 

decreases the expression of extracellular superoxide dis­
mutase which scavenges the highly toxic superoxide anion 
leading to activation of caspase-3 and DNA fragmentation 
(Adachi et a l. 201 1). N-acetylcysceine. a free radical 
scavenger and 4-phenyl butyric acid, which enhances 
extracellular superox.Lde dismutase. suppressed caspasc­
mediated cell death. Our results support Lhese prior fi ndings 
in tliat cell death induced by CoC12 promotes the formation 
of the highly ioxic superoxide anion in haiJ cells and SON 
(Fig. 5) as well as activation of caspase-3 (Fig. 6). In d1is 
case, production of both superoxide and caspase-3 occurred 
at concentrations 250 ~tM Co after 3 days of exposure, 
suggesting that propagation of these stress signals occur 
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prior to the observed cell death which is predominantly 
seen after 5 days in culture al L11is concentralion of Co. The 
Co-induced switch from aerobic co anaerobic respiration 
followed by the up regulation of HlF may accoum for the 

slow onset of cell death induced by the doses of CoCl2 
employed in our study. 

lt is nor known why there are differences in the sensi­
tivity of cells to Co within the cochlea and whether the 
disparity is caused by differences in Co accumulation in 
these cells. Absorption of Co is affected by iron and 0L11er 
divalem metals as these metals share common transmem­
brane transport proteins including divalent metal trans­
porter I (DMTl), ZJP8. and ZJP14 (Garrick et al. 2006: 
lLLiog et al. 2012: Wang et al. 20J2: PiniUa-Tenas et al. 
201 I). DMTI comprised four distincl isoforms which dif­
fer in their C and N terminals, all of which are transcribed 
from a common gene (RoLli 2006: Garrick et al. 2012). 111e 
four isoforms differ in their cellular and subcellular loca­
tion but essentially 11ave L11e same affinities for the different 
deviam mernls. ZIPS and 14 are both members of tl1e 
SLC39 solute canier proteins which is capable of trans­
porting a variety of endogenous and exogenous divalent 
cations. ALI three transporters have identified m be present 
in the cochlea. Prior studies have revealed there was almost 
a total lack of any of the isoforms of DMT I in hair cells in 
P3 old r.us. although there was a minor presence wit11in 
hair cells in the adult animal (Ding et al. 2014a). ln con­
u·ast. both ZlP u·ansporters were detected in both the OHC 
and fHC, suggesting thal these tmnsmembrane proteins 
may be responsible for uptake of Co in these cells (Ding 
er al . 2014b). However, since expression of botl1 ZIP 
transporters was similar in OHC and lHC. it seems unlikely 
t11at they are solely responsible for Lhe differences in Co­
induced toxicity observed. ln this regard, Co has also been 
reported to be transported imo cells via Llie AMPA gltila­
mate receptor. Since L11e Al\IIPA receptor is present in rat 
SGN and ANF rerminals beneath fHC and OHC, iL is 
feasible that this receptors may contribute to the overall 
toxic evem provoked by CoCl2 (Kuriyama el a l. 1994). 

111e Co concentrations used LO induce toxicity in our 
cochlear culnires are considerably higher than those seen in 
plasma of individual with Co toxicity. 111is is consistent 
witl1 previous reports showing tha1 tl1e concentrations of 
other metals needed to induce wxicity in vitro are higher 
those seen in vivo. For example, concemration of Mn 
needed w produce wxicity in PC12 cells is in excess <>f 
100 ~tM, much higher than in vivo (Lin et al. 1993). 
Similarly, the minimum Cd concentrations required to 
induce mild toxicity in tl1e rat cochlea was around 100 µM, 
much higher cl1an that seen in vivo (Liu et al. 2014). 
Anotlier study reported using concentrations of Co up to 
310 ~.tM to examine bioma.rker gene changes induced by 
Co in H4-n-E-C3, a rat hepawma cell line (Permenrer et al. 
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2013). One facror that is likely to account for in vivo versus 
in vitro differences LOxicity is L11e durnt ion of Co exposure. 
The llalf-life of Co in tlle whole body can be as great as 
4 yea.rs suggesting toxicily observed in viv<> is possibly 
caused by cl1e prolonged accumulation and exposure of 
vul nerable cells; such prolonged exposure are nearly 
impossible to carry out in culture. 

In summary, our resulrs show that CoC12 is toxic to botl1 
hair cells and SGN in postnatal day 3 cochlear organotypic 
cultures. Co-induced hair cell loss progresses from base to 
apex with increasing dose and duration <>f treatmenl with 
OHC being somewhat more vulnerable cl1an lHC. CoCl2 

increased tl1e expression of t11e highly LOxic superoxide 
anion in hair cells and SGN. This increase was associated 
wiLh nuclear condensation, soma shrinkage. and Lhe 
expression of caspase-3 indicative oxidative stress and 
caspase-mediated cell death. FurLlier studies are need Lo 
more fully elucidate the upsu·eam events leading to Co­
induced cell death and intervention strategies tl1at can 
block Co-induced oloLOxicity. 
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