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Abstract 

Accumulating clinical and animal studies suggest that primary blast exposure causes traumatic brain injury (TBI) and subsequent neuropsychiatric impairments. Activation of multiple biochemical pathways in the brain seems to be the basis for the observed neuropathology and neuropsychiatric impairments after blast exposure. To advance the studies on the biochemical mechanism of blast induced TBI, we have developed a mouse model of repeated blast exposures. Adult C57BL/6J mice were exposed to repeated (3 exposures in 2 to 30 min) blast overpressure exposure (20.56 psi) in a shock tube. The mice were euthanized 6 h after blast exposure and differential protein expression in the brain samples were determined by proteomic analysis. Our data showed that calretinin and parvalbumin, two of the major proteins involved in auditory dysfunction and tinnitus were up-regulated as early as 6 h post-blast exposures. The changes in the level of expression of those proteins were further confirmed by Western blot analyses. These results suggest that repeated blast exposures results in alteration in the brain levels of multiple proteins reportedly associated with hearing impairment and tinnitus. Additionally, microarray analysis indicated that microRNA-181a that plays a key role in hair cell regeneration and auditory function was decreased in the brain after repeated blast exposures. Since hearing impairment and tinnitus are prevalent dysfunctions after blast exposures, the data provides a molecular basis of changes in auditory system leading to hearing impairment and tinnitus after blast exposure.

Introduction

Hearing impairment and tinnitus are the most widespread dysfunctions associated with traumatic brain injury (TBI) in the current war 
 ADDIN REFMGR.CITE 

(Fausti et al., 2009)
. It is also the most frequent occupational disorder in the United States  and is linked to occupational and recreational high intensity noises (Haase et al., 2011). The symptoms of organic auditory impairment are difficult to diagnose accurately and present particular challenges to the blast TBI field due to its overlap with post traumatic stress disorder, mental illness and cognitive deficits, where apparent hearing loss may arise from different underlying psychotraumatic mechanisms 
 ADDIN REFMGR.CITE 

(Fausti et al., 2009;Fausti et al., 2005)
. So far there are no technologies to properly assess the severity of hearing impairment, especially in animals. Accurate differentiation of auditory impairments from TBI related psychiatric symptoms and development of effective treatment strategies require an understanding of the molecular basis of aberrant auditory signal processing and perception of sound by the brain after blast exposure.

Calcium binding proteins in the cochlear nucleus play a major role in central auditory processing. Calbindin D (Calretinin) and parvalbumin are the two major calcium binding proteins in the auditory neurons 
 ADDIN REFMGR.CITE 

(Hackney et al., 2005;Lohmann and Friauf, 1996;Idrizbegovic et al., 1998)
.  In the cochlear nucleus, they function more specifically in hearing function rather than mere buffering of intracellular calcium fluctuations during signaling. Calretinin and parvalbumin modulation in cochlear nucleus was found to be associated with hearing impairment (Idrizbegovic et al., 1998). Injury to auditory system releases glutamate that leads to glutamate excitotoxicity and a massive influx of calcium and damages the auditory function 
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(Basile et al., 1996;Puel et al., 1998;Puel, 1995)
. This process is enhanced by cyclooxygenase blockade and arachidonic acid release which sensitizes the glutamate binding N-methyl-D-aspartate (NMDA) receptor (Haase et al., 2011).  Mitochondrial dysfunction, inflammation, oxidative stress and subsequent apoptosis of cochlear hair cells and auditory neurons play significant roles in hearing loss 
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(Haase et al., 2011;Hoshino et al., 2008;Forli et al., 2007)
. 

MicroRNAs (miRNAs) are endogenous tissue specific non-coding ribonucleic acids of approximately 18-26 nucleotides which modulate gene expression by binding to complementary messenger RNA and target them for degradation or binding to partially complementary target messenger RNAs and inhibit translation 
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(Laterza et al., 2009)
. Emerging studies indicate that miRNAs miRNA-183 family members (miRNA-183, miRNA-96 and miRNA-182) and miRNA-181a are involved in cochlear hair cell development, maintenance and regeneration 
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(Frucht et al., 2010;Li and Fekete, 2010;Li et al., 2010)
. Mutation of miRNA-96, which regulates the differentiation of cochlear hair cells, leads to non-syndromic progressive hearing loss 
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(Kuhn et al., 2011;Lewis et al., 2009)
. It has been reported that miRNA-181a plays a key role in the regeneration of hair cells after injury (Frucht et al., 2011). The role of miRNAs in the pathogenesis of blast-induced hearing impairment has not been studied.

Blast exposure is the major cause of hearing impairment and tinnitus in the battlefield compared to noise generating from war planes and other weapon firing 
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(Cave et al., 2007;Fausti et al., 2005;Fausti et al., 2005)
. There are limited studies on the pathophysiology of auditory dysfunction following repeated blast exposures. Repeated blast exposure studies using sub-lethal blast levels showed decreased threshold for auditory dysfunction (Ylikoski and Ylikoski, 1994). Here, by using a repeated blast exposure model in mice with shock tube, we demonstrate that blast exposure leads to changes in brain levels of proteins involved in auditory function. In addition, we reveal the down regulation of miRNA-181a involved in the regeneration of hair cells after repeated blast exposures.

Materials and Methods

Animals and Blast Injury Model
Male C57BL/6J mice (21–26 g) were obtained from Jackson Laboratory (Bar Harbor, ME). The animals were housed on a 12-h/12-h light-dark cycle and were provided access to standard mice chow and water ad libitum. All mice were used in accordance with an experimental protocol that was approved by the Walter Reed Army Institute of Research Institute Animal Care and Use Committee, and all experiments were conducted in laboratories that were approved by the Association for Assessment and Accreditation of Laboratory Animal Care.
A compressed air-driven shock tube at Walter Reed Army Institute of Research, Silver Spring, MD described in earlier reports was used for the study 
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(Long et al., 2009)
. 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 the prone position perpendicular to the direction of shock waves. The animals were exposed to blast overpressure (20.6 psi) twice with 2 min interval between each blast followed by a third blast exposure at 30 min after the second blast. Sham controls received anesthesia but were not exposed to blast for comparison. The animals were sacrificed at 6 and 24 h after the third blast exposure. Brain was removed and cerebellum and cortex were separated for analysis.  

Extraction of Proteins
Proteins were isolated from the cerebellum of sham control and repeated blast exposed mice (3 animals/group) using the ToPI-DIGE™ total protein isolation kit (ITSI-Biosciences, Johnstown, PA). Briefly, the tissue was rapidly homogenized in about 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 4 vortex mixings, and centrifuged at 16,000 x g for 10 min. Supernatant was collected and the total protein concentration was determined using the ToPA™ protein assay kit (ITSI-Biosciences) according to manufacturer’s instructions.

Two-Dimensional Differential In-Gel Electrophoresis (2D-DIGE)
For 2D-DIGE, 50 μg each of total protein was labeled with 200 pmoles of Cy3 or Cy5 and Cy2 labeling was used as internal standard using the ‘minimal labeling’ protocol 
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(Boyiri et al., 2009)
. The Cy2, Cy3 and 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 min in SDS equilibration buffer containing 1% DTT followed by a second 15-min equilibration in SDS equilibration buffer containing 2.5% iodoacetamide. The strips were then placed on 24x20 cm, 12.5% SDS-PAGE gels and electrophoresed in an Ettan DALT6 (GE Healthcare) at 15 W per gel for about 4.5 h.

Image Analysis
After second dimension electrophoresis, all the gels were scanned on a DIGE-enabled Typhoon Trio Variable Mode Digital Imager (GE Healthcare, Piscataway, NJ) using the following excitation/emission wavelengths: Cy2, 488/520 nm, Cy3, 532/580 nm and Cy5, 633/670 nm. All generated images (3 per gel) were imported into the Biological Variation Analysis module of DeCyder™ software (Version 6.5, GE Healthcare, Piscataway, NJ) for matching, normalization and identification of differentially abundant spots, with the False Discovery algorithm enabled. The images obtained from sham control samples were compared to the images of the corresponding 3 blast exposed samples to identify the protein spots that showed ≥2-fold difference in abundance.  

Identification of Differentially Expressed Proteins by LC/MS/MS
The candidate spots were picked with the Ettan Spot Picker (GE Healthcare, Piscataway, NJ) and in gel digested overnight with trypsin using the Ettan Spot Digester (GE Healthcare, Piscataway, NJ). The in-gel digested samples were extracted in 50 μl of 50% acetonitrile/0.1% formic acid for 20 min, dried down completely 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 obtained MS/MS spectra were searched against the NCBI non-redundant protein sequence database using the SEQUEST computer algorithm to establish the protein identity.

Western Blot Analysis
Polyclonal rabbit antibodies against calretinin and parvalbumin were obtained from Sigma-Aldrich (St. Louis, MO). Secondary antibody labeled with horse-raddish peroxidase (HRP) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse monoclonal antibody to ß-actin conjugated with HRP (St.Louis, MO) was used as gel loading control. Western blot analysis was performed in tissue homogenates made from cerebellum and cortex using T-Per tissue protein extraction buffer (Pierce Chemical Co, Rockford, IL). SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) was carried out using 30 µg total protein with precast 10% Tris-HCl gels (Invitrogen, Carlsbad, CA) according to manufacturer’s instructions. After electrophoresis, the proteins were transferred to PVDF membrane (GE Healthcare, Piscataway, NJ) using Novex transfer apparatus (Invitrogen, Carlsbad, CA).The membrane was blocked in 4% powdered milk made in phosphate buffered saline containing 0.001% Tween-20 (TBS) for 1 h, washed once with TBS buffer and kept overnight at 4º C in primary antibody made in 0.5% milk powder. Calretinin and parvalbumin antibodies were used at a dilution of 1:1000 and ß -actin at a dilution of 1:50,000. The membrane was then washed with TBS five times with intermittent shaking for 8 min and incubated with secondary antibody made in 0.5% milk powder for 1 h. No secondary antibody was used in the case of ß -actin. The membrane was washed again as above and the protein bands were detected using ECL-Plus Western blot detecting reagent (GE Healthcare, Piscataway, NJ) and the chemiluminescence was measured in an image reader (Cell Biosciences, Santa Clara, CA).

μParaflo™ MicroRNA Microarray Assay

Microarray assay was performed using a service provider (LC Sciences, Houston, TX). The assay started from 4 to 8 μg total RNA sample, which was size fractionated using a YM-100 Microcon centrifugal filter (Millipore) and the small RNAs (< 300 nt) isolated were 3'-extended with a poly(A) tail using poly(A) polymerase. An oligonucleotide tag was then ligated to the poly(A) tail for later fluorescent dye staining; two different tags were used for the two RNA samples in dual-sample experiments. Hybridization was performed overnight on a μParaflo microfluidic chip using a micro-circulation pump (Atactic Technologies). On the microfluidic chip, each detection probe consisted of a chemically modified nucleotide coding segment complementary to target microRNA (from miRBase, version 16) or other RNA (control or customer defined sequences) and a spacer segment of polyethylene glycol to extend the coding segment away from the substrate. The detection probes were made by in situ synthesis using photogenerated reagent chemistry. The hybridization melting temperatures were balanced by chemical modifications of the detection probes. Hybridization used 100 μL 6xSSPE buffer (0.90 M NaCl, 60 mM Na2HPO4, 6 mM EDTA, pH 6.8) containing 25% formamide at 34 °C. After RNA hybridization, tag conjugating Cy3 and Cy5 dyes were circulated through the microfluidic chip for dye staining. Fluorescence images were collected using a laser scanner (GenePix 4000B, Molecular Device) and digitized using Array-Pro image analysis software (Media Cybernetics). Data were analyzed by first subtracting the background and then normalizing the signals using a LOWESS filter (Locally-weighted Regression). 

Results 

Effect of blast exposure on the expression of calretinin and parvalbumin: Figure 1 shows the representative 2D-DIGE images depicting differential expression of calretinin and parvalbumin in the cerebellum of sham control and 3 blast exposed mice. Protein identification by LC/MS/MS showed 6 matching peptides of calretinin from the protein spot labeled as calretinin. In the case of the protein spot labeled as parvalbumin, only 1 peptide sequence corresponding to parvabumin was obtained possibly due to the low abundance of the protein in the cerebellum. Both proteins were up-regulated after the repeated blast exposures with calretinin showing the largest increase compared to parvalbumin.
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Figure 1: Proteomic analysis using 2D-DIGE followed by densitometry and mass spectroscopy.
Representative pictures showing the differential expression of calretinin and parvalbumin in the mouse brain cerebellum after repeated blast exposures. 

Confirmation of differential expression of calretinin and parvalbumin by Western blotting: Western blotting of cerebellar proteins of sham control and repeated blast exposed mice is shown in Figure 2. Western blotting confirmed the proteomic analysis data showing the up-regulation of both calretinin and parvalbumin after repeated blast exposures.
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Figure 2: Western blot analysis to confirm the identity of calretinin and parvalbumin.
Changes in the expression of miRNAs in the brain cerebellum after repeated blast exposures: Table 1 shows differentially expressed miRNAs in the cerebellum after repeated blast exposures and their known functions.  

Table 1: Statistically Significant and Differentially Modulated miRNAs after Repeated Blast Exposures.

	
	Sham

(Average signal)
	Blast exposed

(Average signal)
	Known Function

	miRNA-181a
	2675±473
	1824±78
	Hair cell regeneration in auditory system

	miRNA-762
	491±228
	2268±721
	NK

	miRNA-2861
	1494±523
	4681±830
	Promote osteoblast differentiation

	miRNA-23a
	3575±713
	1653±101
	Promotes apoptosis

	miRNA-132
	4243±385
	1766±422
	Regulates dendritic growth and inflammation

	miRNA-128
	15797±1428
	6561±905
	Inhibits glioma cell proliferation


 NK – Not known

Discussion

Our preliminary studies by proteomic and Western blot analyses in mice indicated that repeated blast exposures in mice results in alteration in the brain levels of multiple proteins reportedly associated with hearing impairment and tinnitus. Calretinin and parvalbumin, the calcium binding proteins which are found to be up-regulated in the mouse brain cerebellum after repeated blast exposures, are the major calcium buffering proteins present in auditory neurons 
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(Lohmann and Friauf, 1996;Caicedo et al., 1996)
. Evidences indicate that calcium binding proteins play major roles in central auditory processing 
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(Caicedo et al., 1997;Frisina et al., 1995)
. Free-field broad-band 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 possible protective role of the calcium binding proteins in the cochlear nucleus after noise exposure (Idrizbegovic et al., 1998). In addition to cochlear nucleus, noise stimulation also leads to up-regulation of these proteins in different regions of the brain including dorsal cortex, inferior colliculus and commissural nucleus (Idrizbegovic et al., 1999). It has been demonstrated that 24 h after cochlear ablation, a significant increase in calretinin immunoreactivity was observed in the superior 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 auditory-related activities (Alvarado et al., 2009).  No studies so far reported the expression of calretinin and parvalbumin in the brain or cochlear nucleus after blast exposure and our results first time indicate a possible role of these proteins in the development or prevention of hearing impairment and tinnitus commonly seen in service members returning from the battlefield.

Blast and impulse noise exposure through the auditory system can cause long-lasting depolarizations of auditory neurons and release of glutamate leading to glutamate excitotoxicity resulting in calcium influx via voltage-gated calcium channels and thereby impair auditory function as reported in the case of chemical and noise-induced hearing impairment 
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(Basile et al., 1996;Puel et al., 1998;Puel, 1995)
. L-type voltage-gated calcium channels are reported to be involved in the pathogenesis of acoustic injury in the cochlea 
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(Uemaetomari et al., 2009)
.  Thus, L-type voltage-gated calcium channel blockers can reduce calcium influx and subsequent damage to the auditory neurons after blast exposure. The up-regulation of calretinin and parvalbumin in the brain cerebellum after repeated blast exposures could be due to the very high demand of calcium buffering in the auditory neurons. Such a protective role for these calcium binding proteins in auditory neurons has been proposed earlier 
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(Heizmann, 1992;Idrizbegovic et al., 1999)
. It has also been shown that up-regulation of parvalbumin associated with metabolic and high levels of electrical activity in certain brain regions 
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(Kawaguchi et al., 1987;Idrizbegovic et al., 1999)
.

Cerebellum is considered as one of the key regions involved in auditory signal processing and sound perception (Sens and de Almeida, 2007). The role of cerebellum in auditory signal processing was first observed when studies shown that the cerebellum of cats found to receive auditory signal senses and transmitting them to the cortical auditory pathways (SNIDER and STOWELL, 1946). After that, different 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 auditory system 
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(Altman et al., 1976;Huang et al., 1982;Teramoto and SNIDER, 1966;Wolfe and Kos, 1975)
. Thus, our results involving the cerebellar modulation of proteins and miRNA-181a involved in auditory function indicate the possible involvement of auditory neurons of cerebellum in the pathogenesis and regeneration of hearing impairment and tinnitus after blast exposure. It is quite likely that the same changes can be observed in other regions of the brain involved in auditory signal processing after repeated blast exposures.
The roles of miRNAs in the pathogenesis or prevention of hearing impairment and tinnitus after blast exposure have not been investigated so far.  MicroRNAs in the Let-7 family are found to be down regulated during the process of hair cell regeneration 
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(Tsonis et al., 2007)
. On the other hand, miRNA-183 family members (miRNA-183, miRNA-96 and miRNA-182) and miRNA-181a are involved in cochlear hair cell development, maintenance and regeneration 
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(Frucht et al., 2010;Li and Fekete, 2010;Li et al., 2010)
. It has been demonstrated that mutation of miRNA-96 can leads to progressive and non-syndromic hearing loss 
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(Kuhn et al., 2011;Lewis et al., 2009)
. Studies carried out in basilar papillae explanted from 0-day-old chickens indicate that hair cell regeneration after streptomycin treatment was significantly inhibited in the explants in which miRNA-181a was knocked down (Frucht et al., 2011). Knocking down of miRNA-181a did not change the labeling of activated caspase-3 or myosin-VI in those basilar papillae explants indicating that down regulation of miRNA-181a only diminish the proliferative component of hair cell regeneration rather than preventing hair cell death (Frucht et al., 2011). Our preliminary studies indicate that miRNA-181a, which plays a significant role in the regeneration of hair cells after injury, is down regulated in the mouse brain cerebellum after repeated blast exposures implicating its possible role in blast-induced hearing impairment and tinnitus. There were no significant changes in the expression of miRNA-183 family members in the cerebellum after repeated blast exposures (results not shown).
Hearing impairment and tinnitus are major disabilities associated with blast exposure in the battlefield 
 ADDIN REFMGR.CITE 

(Fausti et al., 2009)
. Blast injury produces up to 60% hearing loss and tinnitus compared non-blast related TBI (Lew et al., 2007). Our preliminary results showing the up-regulation of calcium buffering proteins, which are abundant in auditory neurons, after repeated blast exposures indicate the possible significant depolarization of auditory neurons as well as glutamate excitotoxicity resulting in considerable calcium influx through voltage-gated calcium channels. Thus, therapeutics which can counteract glutamate excitotoxicity such as N-methyl-D-aspartate receptor (NMDA) antagonists or those which can inhibit voltage-gated calcium channels (especially L-type voltage-gated calcium channels) could be used as potential treatments against blast-induced hearing impairment and tinnitus. NMDA receptor antagonists have been found to be effective for protection against hearing impairment 
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(Uemaetomari et al., 2009;Chen et al., 2001;Diao et al., 2005)
. A significant decrease in the expression miRNA-181a after repeated blast exposures indicate a possible inhibition of hair cell regeneration in the auditory system and hence a gene therapy strategy including intracochlear administration of miRNA-181a can be effective in restoring auditory function. Further studies are warranted to determine similar changes in the expression of calretinin, parvalbumin and miRNA-181a in the cochlear nucleus and other regions of the brain involved in auditory processing before evaluating the above therapeutic strategies for protection against blast-induced hearing impairment and tinnitus.    
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