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Introduction

Hearing impairment and tinnitus are the most wide-
spread dysfunctions associated with traumatic brain 
injury (TBI) in the current wars [1]. Blast injury pro-
duces up to 60% hearing loss compared to non-blast 
related TBI [2]. It is also one of the most frequent oc-
cupational disorders in the United States which is linked 
to industrial and recreational high intensity noises [3]. 
In a minor scale, blast exposure includes natural gas 
explosions, industrial accidents, fireworks, mining and 
building constructions, and demolitions and homemade 
bombs [4]. The symptoms of auditory impairment pres-
ent particular challenges for blast research community 
due to possible overlapping with post-traumatic stress 
disorder, mental illness and cognitive deficits, where ap-
parent hearing loss may arise from different underlying 
psycho-traumatic mechanisms [1, 5]. There are limited 
approaches to properly assess the severity of central audi-
tory processing impairment after blast exposure, when 
the tympanic membrane is intact, especially in animal 
models. Accurate differentiation of auditory impair-

ments from TBI related psychiatric symptoms using spe-
cific biomarkers and development of effective treatment 
strategies require an understanding of the molecular 
basis of abnormalities in auditory signal processing and 
perception of sound by the brain after blast exposure.

The incidence of central auditory processing damage 
in service members exposed to blast in the current war is 
unknown. Anecdotal evidence from United States De-
partment of Veterans Affairs suggests that a significant 
number of blast victims maintain hearing sensitivity but 
have difficulties with hearing noise owing to central 
auditory processing damage [1]. Blast exposure dam-
ages the central auditory processing involved in audi-
tory patterns essential for speech perception and sound 
localization (http://asha.org/policy/) [1]. Blast shock-
wave transmission through the skull and reflection in 
the brain can lead to shearing and stretching resulting 
in axonal and microcapillary injuries, and subsequent 
disruption of signal inputs to auditory processing brain 
stem nuclei [1]. It has been shown that blast exposure 
damages auditory processing regions in the brain such 
as inferior colliculus and medial geniculate body, sug-
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Abstract: Emerging studies show that blast exposure causes traumatic brain injury (TBI) and auditory dysfunction without rupture of tympanic 
membrane, suggesting central auditory processing impairment after blast exposure. There is limited information on the mechanisms of blast-
induced TBI and associated peripheral and central auditory processing impairments. We utilized a repetitive blast exposure mouse model to 
unravel the mechanisms of blast TBI and auditory impairment. C57BL/6J mice were exposed to three repeated blasts (20.6 psi) using a shock 
tube, and the cerebellum was subjected to proteomic analysis. The data showed that calretinin and parvalbumin, two major calcium buffering 
proteins, were significantly up-regulated after repeated blast exposures, and this was confirmed by Western blotting. Since these proteins are 
reportedly involved in auditory dysfunction, we examined the inner ear and found both calretinin and parvalbumin were up-regulated, suggesting 
that modulation of these proteins plays a role in blast-induced peripheral and central auditory processing impairments. Expression of cleaved 
caspase-3 was also up-regulated in both regions indicating ongoing cellular apoptosis, possibly due to altered calcium homeostasis. These results 
provide a molecular basis for changes in central and peripheral auditory processing involving abnormal calcium homeostasis resulting in hearing 
impairment after blast exposure.
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gesting that blast causes significant effects on the audi-
tory system through the auditory pathway in addition 
to the possible direct impact on the brain parenchyma 
through the skull [6]. Detailed investigations on central 
auditory processing impairments after blast exposure are 
required to locate the damages in the brain and develop 
novel tools for clinical diagnosis, prevention, and effec-
tive treatments for rehabilitation. 

There are limited studies on the pathophysiology of 
auditory dysfunction following repeated blast exposures. 
It has been reported that repeated blast exposure causes 
more severe auditory impairment than a single high level 
exposure [1]. Repeated blast exposure also caused more 
severe brain injury especially in the cerebellum [7]. Re-
peated blast exposure studies using sub-lethal blast levels 
showed decreased threshold for auditory dysfunction [8]. 

We had postulated the involvement of shockwave/
impulse noise transmission through the auditory/ves-
tibular system in the etiology of blast-induced TBI and 
associated central auditory/vestibular injuries. In this 
paper, we utilized the mouse model of repetitive blast ex-
posure with shock tube and studied differential expres-
sion of proteins after blast exposure in the cerebellum 
and inner ear. We demonstrate that blast exposure leads 
to significant changes in the levels of brain and inner ear 
proteins involved in auditory function and apoptosis and 
propose a potential mechanism of blast-induced central 
and peripheral auditory processing defects.

Materials and Methods

Animals and blast injury model

Research was conducted in compliance with the Ani-
mal Welfare Act and other federal statutes and regula-
tions relating to animals and experiments involving ani-
mals. It adheres to principles stated in the Guide for the 
Care and Use of Laboratory Animals, National Research 
Council, published by the National Academy Press, 
1996, and the Animal Welfare Act of 1966, as amend-
ed. Male C57BL/6J mice (8–10 weeks old, 21–26 g) 
obtained from Jackson Laboratory (Bar Harbor, ME) 
were used in this study, since the blast TBI model was 
developed using the same species and the possibility of 
utilizing genetic knockout/transgenic technologies in 
the future. Moreover, the same species has been widely 
used for studying auditory impairment. The animals 
were housed on a 12-h/12-h light-dark cycle and were 
provided standard mice chow and water ad libitum. All 
the mice were used in accordance with an experimen-
tal protocol that was approved by the Institute Animal 
Care and Use Committee, Walter Reed Army Institute 
of Research, and all the experiments were conducted in 
Association for Assessment and Accreditation of Labo-
ratory Animal Care approved laboratories.

Blast exposure

A well-characterized blast overpressure exposure using 
a compressed air-driven shock tube described earlier 
was used for the study [7, 9]. Animals were subjected to 
repeated blast exposures as described earlier [7]. Briefly, 
after anesthetizing with 4% isoflurane gas (O2 flow rate 
2 L/min) for 8 min, mice were placed 2.5 feet inside 
the shock tube in a prone position perpendicular to the 
direction of shockwaves. The animals were exposed to 
blast overpressure (20.6 psi) twice with 1 min interval 
between each blast followed by a third blast exposure 
at 30 min after the second blast [7]. The blast over-
pressure of 20.6 psi was selected from earlier studies 
that showed significant injury with low mortality [7]. 
Repeated blasts were used to mimic multiple blast ex-
posures in the battlefield. Sham controls received anes-
thesia but were not exposed to blast. The animals were 
sacrificed at 6 and 24 h after the third blast exposure. 
Brain tissues were removed and cerebellum was initially 
separated for analysis. The inner ear/cochlea was dis-
sected using a dissection microscope and frozen imme-
diately.

Extraction of proteins

Proteins were isolated from the cerebellum of sham con-
trol and repeated blast exposed mice (three animals/
group) using the ToPI-DIGE™ total protein isolation 
kit (ITSI-Biosciences, Johnstown, PA). Briefly, the tis-
sue was rapidly homogenized in 50 μL of ToPI Buffer-2 
(7 M urea, 2 M thiourea, 4% CHAPS, 0.5% NP-40, 
5 mM magnesium acetate, 30 mM Tris-HCl, pH 8.5) 
using clean disposable plastic pestles supplied with the 
kit. After homogenization, samples were incubated on 
ice for 30 min, with four intermittent vortex mixings, 
and centrifuged at 16,000  g for 10 min. Supernatant 
was collected and the total protein concentration was 
determined using the ToPA™ protein assay kit (ITSI-
Biosciences, PA) according to the manufacturer’s in-
structions.

Two-dimensional differential in-gel electrophoresis 
(2D-DIGE)

For 2D-DIGE, 50 μg each of total protein was labeled 
with 200 pmol of Cy3 or Cy5, and Cy2 labeling was 
used as internal standard using the ‘minimal labeling’ 
protocol [10]. The Cy2, and Cy3/Cy5 labeled samples 
were mixed and co-separated by isoelectric focusing 
(IEF) with pH 3–10 linear Immobiline Drystrips (GE 
Healthcare) in the first dimension. IEF was for a total 
of 65,500 V h in an IPGphor electrophoresis unit (GE 
Healthcare). The focused strips were equilibrated for 15 
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min in sodium dodecyl sulfate (SDS) equilibration buf-
fer containing 1% dithiothreitol followed by a second 
15-min equilibration in SDS equilibration buffer con-
taining 2.5% iodoacetamide. The strips were then placed 
on 24×20 cm, 12.5% SDS-polyacrylamide gels and elec-
trophoresed in an Ettan DALT6 (GE Healthcare) at 15 
W per gel for about 4.5 h.

Image analysis

After the second dimension electrophoresis, all the gels 
were scanned on a DIGE-enabled Typhoon Trio Vari-
able Mode Digital Imager (GE Healthcare, Piscataway, 
NJ) using the following excitation/emission wave-
lengths: Cy2, 488/520 nm; Cy3, 532/580 nm; and 
Cy5, 633/670 nm. All the images generated (three per 
gel) were imported into the Biological Variation Anal-
ysis module of DeCyder™ software (Version 6.5, GE 
Healthcare, Piscataway, NJ) for matching, normaliza-
tion, and identification of differentially abundant spots, 
with the False Discovery algorithm enabled. The imag-
es obtained from sham control samples were compared 
to the images of the corresponding repeated blast ex-
posed samples to identify the protein spots that showed 
≥twofold difference in abundance.

Identification of differentially expressed proteins  
by liquid chromatography/tandem mass spectrometry 
(LC/MS/MS)

The candidate spots were picked with the Ettan Spot 
Picker (GE Healthcare, Piscataway, NJ) and in-gel di-
gested overnight with trypsin using the Ettan Spot 
Digester (GE Healthcare, Piscataway, NJ). The in-gel 
digested samples were extracted in 50 μL of 50% aceto-
nitrile/0.1% formic acid for 20 min, dried down com-
pletely at 45 °C, and sequenced by LC/MS/MS using 
a nanobore electrospray column constructed from 360 
mm outside diameter and 75 mm inside diameter fused 
silica capillary with the column tip tapered to a 15-mm 
opening. The column was packed with 200-A, 5-μm 
C18 beads (Michrom BioResources, Auburn, CA) to a 
length of 10 cm. The mobile phase used for gradient 
elution consisted of (a) 0.3% acetic acid, 99.7% water, 
and (b) 0.3% acetic acid, 99.7% acetonitrile at a flow rate 
of 350 nL/min. All tandem mass spectra were acquired 
in a Thermo LTQ ion trap mass spectrometer (Thermo 
Corp., San Jose, CA) with the needle voltage set at 3 
kV. The MS/MS spectra were searched against the NC-
BI non-redundant protein sequence database using the 
SEQUEST computer algorithm to establish the protein 
identity.

Western blot analysis

Polyclonal rabbit antibodies against calretinin and par-
valbumin were obtained from Sigma-Aldrich (St. Louis, 
MO), and rabbit polyclonal antibodies against cleaved 
caspase-3 was obtained from Chemicon Internationals 
(Billerica, MA). Secondary antibody labeled with horse-
radish peroxidase (HRP) was purchased from Santa 
Cruz Biotechnology (Santa Cruz, CA). Mouse mono-
clonal antibody to β-actin conjugated with HRP (Sig-
ma-Aldrich) was used as gel loading control. Western 
blot analysis was performed using tissue homogenates 
of inner ear and cerebellum using tissue protein extrac-
tion reagent (Pierce Chemical Co, Rockford, IL). SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) was 
carried out using 30 µg total protein with precast 10% 
Tris-glycine gels (Invitrogen, Carlsbad, CA) according 
to the manufacturer’s instructions. After electropho-
resis, the proteins were transferred to polyvinylidene 
difluoride membrane (GE Healthcare, Piscataway, NJ) 
using Novex transfer apparatus (Invitrogen, Carlsbad, 
CA). The membrane was blocked with blocking buffer 
[4% powdered milk made in phosphate-buffered saline 
containing 0.001% Tween-20 (PBST)] for 1 h, washed 
once with PBST buffer, and kept overnight at 4 °C in 
primary antibody made in blocking buffer. Calretinin, 
cleaved caspase-3, and parvalbumin antibodies were 
used at a dilution of 1:1000, and β-actin at a dilution of 
1:50,000. The membranes were washed five times with 
PBST and incubated with secondary antibody made in 
blocking buffer for 1 h. Secondary antibody was not 
used in the case of β-actin. The membranes were washed 
again with PBST, the protein bands were detected using 
ECL-Plus Western blot detecting reagent (GE Health-
care, Piscataway, NJ), and the chemiluminescence was 
measured in an AlphaImage reader (Cell Biosciences, 
Santa Clara, CA).

Results

Effect of blast exposure on the expression of calretinin  
and parvalbumin

Figure 1 shows representative 2D-DIGE images depict-
ing differential expression of calretinin and parvalbu-
min at 6 h in the cerebellum after repeated blast expo-
sures. Protein identification by LC/MS/MS showed six 
matching peptides of calretinin from the protein spot 
labeled as calretinin. In the case of protein spot labeled 
as parvalbumin, only one peptide sequence correspond-
ing to parvalbumin was obtained possibly due to the low 
abundance of the protein in the cerebellum. Both pro-
teins were consistently up-regulated after repeated blast 
exposures with calretinin showing the highest increase 
compared to parvalbumin (Fig. 1).
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Confirmation of differential expression of calretinin  
and parvalbumin by Western blotting

Western blotting of cerebellar proteins of sham con-
trol and repeated blast exposed mice using calretinin 
and parvalbumin specific antibodies is shown in Fig. 2. 
Western blotting confirmed the proteomic analysis data 
showing the up-regulation of both calretinin and par-
valbumin after repeated blast exposures. Both proteins 
showed increased expression at 24 h compared to 6 h 
post-blast exposures.

Expression of calretinin and parvalbumin in the inner ear

Figure 3 shows the expression of calretinin and parval-
bumin in the inner ear of mice at different intervals after 
repeated blast exposures. The level of both calcium buff-
ering proteins increased in the inner ear after blast ex-
posure. The up-regulation of calcium buffering proteins 
after blast exposure was significantly higher in the inner 
ear compared to cerebellum (Figs 2 and 3). Calretinin 
showed higher expression at 24 h whereas parvalbumin 
showed higher expression at 6 h post-blast exposures. 

Expression of cleaved caspase-3 

Expression of caspase-3 in the cerebellum and inner ear 
showed significant increase at 6 and 24 h post blast (Figs 
2 and 3). The increased expression was similar at both 
the time points after blast exposure. 

Discussion

Our studies by proteomic and Western blotting analyses 
indicate that repeated blast exposures in mice result in 
alterations in multiple proteins in the brain which are 
reported to be associated with hearing impairment. Cal-
retinin and parvalbumin, the calcium binding proteins 
which are found to be up-regulated in the mouse brain 
cerebellum after repeated blast exposures, are the ma-
jor calcium buffering proteins present in the auditory 
system including auditory neurons [11–13]. Evidence 
indicates that calcium binding proteins play major roles 
in central auditory processing [14, 15], and our data 
suggest that blast exposure results in central auditory 
processing signaling abnormalities. In the cochlear nu-
cleus, they function more specifically in hearing func-
tion rather than mere buffering of intracellular calcium 
fluctuations during signaling. Calretinin and parval-
bumin modulation in the brain including the cochlear 
nucleus has been reported to be associated with hearing 
impairment [16, 17]. Based on the biological functions 

Fig. 2. 	 	 Western blotting analysis of sham and repeated blast ex-
posed mouse cerebellum samples. Representative picture 
from three animals in each group. Cerebellum extracts 
were subjected to Western blotting using specific antibod-
ies to confirm the modulation and identity of calretinin 
and parvalbumin after repeated blast exposures. Modula-
tion of cleaved caspase-3 was used as a marker of ongoing 
apoptosis. Western blotting with β-actin is used as loading 
control

Fig. 3. 	 	 Western blotting analysis of sham and repeated blast ex-
posed mouse inner ear samples. Representative picture 
from three animals in each group. Inner ear extracts were 
subjected to Western blotting using specific antibodies to 
determine the expression of calretinin and parvalbumin 
and cleaved caspase-3 after repeated blast exposures. West-
ern blotting with β-actin is used as loading control

Fig. 1. 	 	 Proteomic analysis of sham and repeated blast exposed 
mouse cerebellum samples using 2D-DIGE followed by 
densitometry and mass spectroscopy. Representative pic-
ture (from three different animals) showing the differen-
tial expression of calretinin and parvalbumin in the mouse 
brain cerebellum after repeated blast exposures
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of the proteins, we further studied the expression of the 
proteins at the peripheral auditory region and observed 
their differential expression after blast exposure.

The cerebellum is considered as one of the key regions 
in the brain involved in auditory signal processing and 
sound perception [18]. The role of cerebellum in audi-
tory signal processing was first observed when studies 
showed that the cerebellum of cats was found to receive 
auditory signal senses and transmit them to the cortical 
auditory pathways [19]. Later, multiple studies confirmed 
the role of cerebellum in auditory signal processing and 
determined different cerebellar auditory processing areas 
and their connections to the central and peripheral au-
ditory system [20–23]. Thus, our results involving the 
cerebellar modulation of proteins involved in auditory 
function indicate the possible involvement of auditory 
neurons of cerebellum in the pathogenesis/protection of 
hearing impairment and tinnitus after blast exposure. In 
this study, cerebellum was investigated first mainly due 
to the pronounced effects of blast exposures in the cer-
ebellum compared to other brain regions [7, 24–28]. It is 
quite likely that similar changes can be observed in other 
regions of the brain involved in auditory signal process-
ing after repeated blast exposures which needs to be in-
vestigated further.

Noise exposure in mice resulted in the up-regulation 
of calretinin and parvalbumin in the cochlear nucleus in 
a noise intensity dependent manner, suggesting a pos-
sible protective role of the calcium binding proteins in 
the brain stem after noise exposure [16]. In addition 
to cochlear nucleus, noise stimulation also leads to up-
regulation of these proteins in other regions of the brain 
including dorsal cortex, inferior colliculus, and commis-
sural nucleus [29]. No studies so far reported the in-
creased expression of calretinin and parvalbumin in the 
inner ear and/or brain after blast exposure. Our results 
indicate for the first time a possible role of these proteins 
in the development/prevention of hearing impairment 
and tinnitus commonly seen in service members return-
ing from the battlefield.

It has been demonstrated that 24 h after cochlear ab-
lation, a significant increase in calretinin immunoreac-
tivity was observed in the superior and inferior colliculus 
of adult ferrets, indicating that cochlear-driven activity 
appears to affect calcium binding protein levels not only 
in auditory nuclei but also in other neural structures 
whose response properties may be influenced by audito-
ry-related activities [17, 30]. The expression of calretinin 
and parvalbumin was found to be up-regulated in the 
cochlear nucleus with aging and/or associated hearing 

Fig. 4. 	 	 Schematic representation of the potential mechanism of auditory injury and the role of up-regulated calretinin (CAR) and parvalbumin 
(PAR) in the brain after blast exposure
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impairment, suggesting the role of these proteins in age-
related auditory dysfunction [31]. A recent study showed 
that the expression of calcium buffering proteins includ-
ing calretinin and parvalbumin decreased significantly 
in the hippocampus of circling mouse, a murine model 
of deafness, and suggested that the decreased expres-
sion could be related to the loss of auditory information 
modulating processes in various hippocampal areas [32]. 

As shown in Fig. 4, blast and impulse noise expo-
sure through the auditory system can cause long-lasting 
depolarization of auditory neurons and release of glu-
tamate leading to glutamate excitotoxicity resulting in 
calcium influx via voltage-gated calcium channels. Such 
a potential mechanism for auditory dysfunction has 
been reported in the case of chemical and noise-induced 
hearing impairment [33–35]. Thus, therapeutics which 
can counteract glutamate excitotoxicity such as N-meth-
yl-D-aspartic acid (NMDA) receptor antagonists could 
be used as potential treatments against blast-induced 
hearing impairment. NMDA receptor antagonists have 
been found to be effective for protection against noise-
induced hearing impairment [36–38]. Voltage-gated 
calcium channels are reported to be involved in the 
pathogenesis of acoustic injury in the cochlea [36, 39]. 
Thus, voltage-gated calcium channel blockers can re-
duce calcium influx and subsequent damage to the audi-
tory neurons after blast exposure. The up-regulation of 
calretinin and parvalbumin in the inner ear and cerebel-
lum after repeated blast exposures could be due to the 
very high demand of calcium buffering in the auditory 
system. It is quite likely that, in the auditory neurons, 
the up-regulated calretinin and parvalbumin will bind 
to the free calcium ions entering through the calcium 
channels after blast exposure and protect against calci-
um-induced cell death (Fig. 4). Such a protective role for 
these calcium binding proteins in auditory neurons has 
been proposed earlier [29, 40].

In addition to different brain regions involved in cen-
tral auditory processing system, the inner ear/cochlea 
involved in peripheral auditory system also significantly 
expresses the calcium binding proteins suggesting their 
roles in peripheral auditory processing [13, 41]. Our 
present data on the up-regulation of calretinin and par-
valbumin in the inner ear after repeated blast exposures 
suggest similar roles for these calcium buffering proteins 
in the peripheral auditory processing. The up-regulation 
of calretinin and parvalbumin was highest in the inner 
ear compared to cerebellum suggesting significant al-
teration in calcium homeostasis in the peripheral audi-
tory system compared to the central auditory processing 
regions after blast exposure.

Since altered calcium homeostasis is associated with 
cellular apoptosis, we determined the expression of 
cleaved caspase-3 in the cerebellum and inner ear, and 
our results indicate ongoing cellular apoptosis in both 
regions. Previous studies have shown increased cellular 
apoptosis in the brain at different intervals after blast 

exposure [7, 42]. Cellular apoptosis in the cochlea has 
been reported as a mechanism involved in noise-induced 
hearing loss [43]. Thus, increased signalling abnormali-
ties and cellular apoptosis in the central and peripheral 
auditory processing regions could be potential molecu-
lar mechanisms of hearing impairment associated with 
blast exposure.  

Acknowledgements

Supports from COL Paul Bliese, Director, Center for 
Military Psychiatry and Neurosciences, and Ms. Patricia 
Stroy, Biometrics Division, Walter Reed Army Institute 
of Research, are greatly acknowledged.

Disclaimer

The contents, opinions, and assertions contained herein 
are private views of the authors and are not to be con-
strued as official or reflecting the views of the Depart-
ment of the Army or the Department of Defense. The 
authors report no conflict of interest.

Abbreviations

DIGE: differential in-gel electrophoresis; NMDA: N-
methyl-D-aspartic acid; SDS: sodium dodecyl sulfate; 
TBI: traumatic brain injury

References
    1.	Fausti SA, Wilmington DJ, Gallun FJ, Myers PJ, Henry JA: Au-

ditory and vestibular dysfunction associated with blast-related 
traumatic brain injury. J Rehabil Res Dev 46, 797–810 (2009)

    2.	Lew HL, Jerger JF, Guillory SB, Henry JA: Auditory dysfunction 
in traumatic brain injury. J Rehabil Res Dev 44, 921–928 (2007)

    3.	Haase GM, Prasad KN, Cole WC, Baggett-Strehlau JM, Wyatt 
SE: Antioxidant micronutrient impact on hearing disorders: con-
cept, rationale, and evidence. Am J Otolaryngol 32, 55–61 (2011)

    4.	Bochicchio GV, Lumpkins K, O’Connor J, Simard M, Schaub 
S, Conway A, Bochicchio K, Scalea TM: Blast injury in a civilian 
trauma setting is associated with a delay in diagnosis of traumatic 
brain injury. Am Surg 74, 267–270 (2008)

    5.	Fausti SA, Wilmington DJ, Helt PV, Helt WJ, Konrad-Martin 
D: Hearing health and care: the need for improved hearing loss 
prevention and hearing conservation practices. J Rehabil Res Dev 
42, 45–62 (2005)

    6.	Mao JC, Pace E, Pierozynski P, Kou Z, Shen Y, Vandevord P, 
Haacke EM, Zhang X, Zhang J: Blast-induced tinnitus and hear-
ing loss in rats: behavioral and imaging assays. J Neurotrauma 
29, 430–434 (2011)

    7.	Wang Y, Wei Y, Oguntayo S, Wilkins W, Arun P, Valiyaveettil M, 
Song J, Long J, Nambiar MP: Tightly coupled repetitive blast-
induced traumatic brain injury: development and characteriza-
tion in mice. J Neurotrauma 28, 2171–2183 (2011)

    8.	Ylikoski ME, Ylikoski JS: Hearing loss and handicap of profes-
sional soldiers exposed to gunfire noise. Scand J Work Environ 
Health 20, 93–100 (1994)



Blast exposure modulates hearing related proteins

Interventional Medicine & Applied Science ISSN 2061-1617 © 2012 Akadémiai Kiadó, Budapest 131

    9.	Long JB, Bentley TL, Wessner KA, Cerone C, Sweeney S, Bau-
man RA: Blast overpressure in rats: recreating a battlefield injury 
in the laboratory. J Neurotrauma 26, 827–840 (2009)

  10.	Boyiri T, Somiari RI, Russell S, Aliaga C, El-Bayoumy K: Pro-
teomics of rat prostate lobes treated with 2-N-hydroxylamino-
1-methyl-6-phenylimidazo[4,5-b]pyridine, 5alpha-dihydrotes-
tosterone, individually and in combination. Int J Oncol 35, 
559–567 (2009)

  11.	Lohmann C, Friauf E: Distribution of the calcium-binding pro-
teins parvalbumin and calretinin in the auditory brainstem of 
adult and developing rats. J Comp Neurol 367, 90–109 (1996)

  12.	Caicedo A, d’Aldin C, Puel JL, Eybalin M: Distribution of cal-
cium-binding protein immunoreactivities in the guinea pig audi-
tory brainstem. Anat Embryol (Berl) 194, 465–487 (1996)

  13.	Hackney CM, Mahendrasingam S, Penn A, Fettiplace R: The 
concentrations of calcium buffering proteins in mammalian co-
chlear hair cells. J Neurosci 25, 7867–7875 (2005) 

  14.	Caicedo A, d’Aldin C, Eybalin M, Puel JL: Temporary sensory 
deprivation changes calcium-binding proteins levels in the audi-
tory brainstem. J Comp Neurol 378, 1–15 (1997) 

  15.	Frisina RD, Zettel ML, Kelley PE, Walton JP: Distribution of 
calbindin D-28k immunoreactivity in the cochlear nucleus of the 
young adult chinchilla. Hear Res 85, 53–68 (1995)

  16.	Idrizbegovic E, Bogdanovic N, Canlon B: Modulating calbin-
din and parvalbumin immunoreactivity in the cochlear nucleus 
by moderate noise exposure in mice. A quantitative study on 
the dorsal and posteroventral cochlear nucleus. Brain Res 800, 
86–96 (1998) 

  17.	Alvarado JC, Fuentes-Santamaria V, Henkel CK: Rapid modi-
fications in calretinin immunostaining in the deep layers of the 
superior colliculus after unilateral cochlear ablation. Hear Res 
247, 78–86 (2009)

  18.	Sens PM, de Almeida CI: Participation of the cerebellum in audi-
tory processing. Braz J Otorhinolaryngol 73, 266–270 (2007)

  19.	Snider RS, Stowell A: A comparison of the tactile areas in the 
cerebellum of the cat and monkey (Macaca mulatta). Anat Rec 
94, 498 (1946)

  20.	Altman JA, Bechterev NN, Radionova EA, Shmigidina GN, Syka 
J: Electrical responses of the auditory area of the cerebellar cortex 
to acoustic stimulation. Exp Brain Res 26, 285–298 (1976)

  21.	Huang CM, Liu G, Huang R: Projections from the cochlear 
nucleus to the cerebellum. Brain Res 244, 1–8 (1982)

  22.	Teramoto S, Snider RS: Modification of auditory responses by 
cerebellar stimulation. Exp Neurol 16, 191–200 (1966)

  23.	Wolfe JW, Kos CM: Cerebellar inhibition of auditory function. 
Trans Sect Otolaryngol Am Acad Ophthalmol Otolaryngol 80, 
314–318 (1975)

  24.	Garman RH, Jenkins LW, Switzer RC, III, Bauman RA, Tong 
LC, Swauger PV, Parks SA, Ritzel DV, Dixon CE, Clark RS, 
Bayir H, Kagan V, Jackson EK, Kochanek PM: Blast exposure 
in rats with body shielding is characterized primarily by diffuse 
axonal injury. J Neurotrauma 28, 947–959 (2011)

  25.	Koliatsos VE, Cernak I, Xu L, Song Y, Savonenko A, Crain BJ, 
Eberhart CG, Frangakis CE, Melnikova T, Kim H, Lee D: A 
mouse model of blast injury to brain: initial pathological, neu-
ropathological, and behavioral characterization. J Neuropathol 
Exp Neurol 70, 399–416 (2011)

  26.	Mac Donald CL, Johnson AM, Cooper D, Nelson EC, Werner 
NJ, Shimony JS, Snyder AZ, Raichle ME, Witherow JR, Fang 
R, Flaherty SF, Brody DL: Detection of blast-related traumat-
ic brain injury in U.S. military personnel. N Engl J Med 364, 
2091–2100 (2011)

  27.	Lu J, Ng KC, Ling GS, Wu J, Poon JF, Kan EM, Tan MH, Wu 
YJ, Li P, Moochhala S, Yap E, Lee LK, Teo AL, Yeh IB, Sergio 
DM, Chua F, Kumar SD, Ling EA: Effect of blast exposure on 
the brain structure and cognition in the Macaca fascicularis. 
J Neurotrauma 28, 1–22 (2011)

  28.	Peskind ER, Petrie EC, Cross DJ, Pagulayan K, McCraw K, 
Hoff D, Hart K, Yu CE, Raskind MA, Cook DG, Minoshima 
S: Cerebrocerebellar hypometabolism associated with repetitive 
blast exposure mild traumatic brain injury in 12 Iraq war veter-
ans with persistent post-concussive symptoms. Neuroimage 54 
Suppl 1, S76–S82 (2011) 

  29.	Idrizbegovic E, Bogdanovic N, Canlon B: Sound stimulation 
increases calcium-binding protein immunoreactivity in the infe-
rior colliculus in mice. Neurosci Lett 259, 49–52 (1999)

  30.	Fuentes-Santamaria V, Alvarado JC, Brunso-Bechtold JK, Hen-
kel CK: Upregulation of calretinin immunostaining in the ferret 
inferior colliculus after cochlear ablation. J Comp Neurol 460, 
585–596 (2003)

  31.	Idrizbegovic E, Bogdanovic N, Willott JF, Canlon B: Age-relat-
ed increases in calcium-binding protein immunoreactivity in the 
cochlear nucleus of hearing impaired C57BL/6J mice. Neuro-
biol Aging 25, 1085–1093 (2004)

  32.	Maskey D, Pradhan J, Oh CK, Kim MJ: Changes in the distribu-
tion of calbindin D28-k, parvalbumin, and calretinin in the hip-
pocampus of the circling mouse. Brain Res 1437, 58–68 (2012)

  33.	Basile AS, Huang JM, Xie C, Webster D, Berlin C, Skolnick P: 
N-methyl-D-aspartate antagonists limit aminoglycoside antibi-
otic-induced hearing loss. Nat Med 2, 1338–1343 (1996)

  34.	Puel JL, Ruel J, Gervais DC, Pujol R: Excitotoxicity and repair 
of cochlear synapses after noise-trauma induced hearing loss. 
Neuroreport 9, 2109–2114 (1998)

  35.	Puel JL: Chemical synaptic transmission in the cochlea. Prog 
Neurobiol 47, 449–476 (1995)

  36.	Uemaetomari I, Tabuchi K, Nakamagoe M, Tanaka S, Murashi-
ta H, Hara A: L-type voltage-gated calcium channel is involved 
in the pathogenesis of acoustic injury in the cochlea. Tohoku J 
Exp Med 218, 41–47 (2009)

  37.	Chen GD, Kong J, Reinhard K, Fechter LD: NMDA receptor 
blockage protects against permanent noise-induced hearing loss 
but not its potentiation by carbon monoxide. Hear Res 154, 
108–115 (2001)

  38.	Diao M, Zhang Y, Liu H, Han H, Gao W: [Observation on 
the protective effect of MK-801 against hearing loss in acous-
tic trauma]. Lin Chuang Er Bi Yan Hou Ke Za Zhi 19, 27–30 
(2005)

  39.	Shen H, Zhang B, Shin JH, Lei D, Du Y, Gao X, Wang Q, Ohle-
miller KK, Piccirillo J, Bao J: Prophylactic and therapeutic func-
tions of T-type calcium blockers against noise-induced hearing 
loss. Hear Res 226, 52–60 (2007)

  40.	Heizmann CW: Calcium-binding proteins: basic concepts and 
clinical implications. Gen Physiol Biophys 11, 411–425 (1992)

  41.	Coppens AG, Resibois A, Poncelet L: Immunolocalization of 
calbindin D28k and calretinin in the dog cochlea during post-
natal development. Hear Res 145, 101–110 (2000)

  42.	Vandevord PJ, Bolander R, Sajja VS, Hay K, Bir CA: Mild neu-
rotrauma indicates a range-specific pressure response to low level 
shock wave exposure. Ann Biomed Eng 40, 227–236 (2012)

  43.	Eshraghi AA, Van de Water TR: Cochlear implantation trau-
ma and noise-induced hearing loss: apoptosis and therapeutic 
strategies. Anat Rec A Discov Mol Cell Evol Biol 288, 473–481 
(2006)


