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The ear is made up of highly sophisticated membranes and cells that transduce sound as it enters. Outer hair cells are one of the main cells within the cochlea of the inner ear that plays a key role in transduction through amplification and frequency tuning; however, they are very susceptible to damage from the environment’s mammals live in. Damage to outer hair cells can come from a variety of genetic and environmental predispositions but before this is investigated, the mechanism of outer hair cell transduction must be understood. As mammals are unable to regenerate their outer hair cells, further understating of the consequences is required. 
Sound is a vibration that travels through air molecules or another medium that passes into the ear where different mechanisms act to transduce vibrations into neural signals that pass along the vestibulocochlear nerve, the eighth cranial nerve, and into the brain where it is processed by the auditory cortex. Sound enters the outer ear, where it vibrates the ear drum initiating the motion of the ossicular chain before the last bone (the stapes) vibrates the cochlea (more specifically it vibrates the basilar membrane). Figure 1. The Cochlea, zooming in on the position of the Organ of Corti, showing a detailed illustration of the position of OHCs and IHCs in respect to the basilar membrane and the tectorial membrane adapted from Principles of Neural Science static illustrations.

Transduction of the mechanical energy of sound into electrical signal primarily occurs in the cochlea, a fluid filled duct that coils around as seen in figure 1. Then within the cochlea lies the organ of Corti (OC), which is made up of the rods of Corti, various supporting cells and the inner hair cells (IHCs) and outer hair cells (OHCs).  Both types of hair cells work synergistically to transduce sound. 
OHCs are attached to the basilar membrane and reticular lamina and are situated in three very distinct rows. On the top of OHCs lie projections of very small stereocilia, connected to each other through connections known as tip links that sit at the top. The stereocilia allow movement of the basilar membrane which initiates cochlea amplification. The stereocilia are bathed in endolymph which contains a high concentration of K+ ions which is able to influx through mechanosensitive channels into the stereocilia when oscillation causes displacement of the hair cells. Depolarisation of the OHCs generates a motile response and therefore shortening the cell up to 100 nm. OHCs are able to generate a shortening and lengthening response at very high rates through the motor protein, Prestin. Prestin lines the edges of the outer hair cell that lie below the tight perilymph seal. Shortening, in turn, pulls the basilar membrane toward or pushes it away from the reticular lamina and thus underlies the mechanism of cochlea amplifier during low-intensity sound stimuli (Bear, et al, 2016). Otoacoustic emissions (OAE) are sounds generated within the inner ear by the cochlea amplifier through the motor movement of the OHCs, so a loss of OHC will cause a lowered OAE because there is a lower number of hair cells amplifying sound. Studies from Yost (2007) and Murakoshi, et al (2015) show that the contraction of OHCs cause further displacement amplitude of the OC. From the shortening effect OHCs have on the movement of the basilar membrane, the cochlea is able to become very sensitive to small vibrations and selective towards frequencies.  However, the loss of these outer hair cells leads to a loss of the sensitivity and frequency resolution of the cochlea. Ordinarily, OHCs provide high sensitivity, wide dynamic range and high frequency resolution which allows the transduction of lower volumes in IHCs much easier. 

The loss of OHCs causes sensorineural hearing loss (SNHL) which comes primarily from noise induced hearing loss (NIHL) where percussive trauma damages hair cells, drug induced hearing loss from ototoxic acids, genetic defects that result in the lack of hair cell development or loss and age-related hearing loss causing hair cell damage as seen in figure 2.
	Genetic defects appear to be one of the major reasons that people suffer from hearing loss. It is suggested that genetics could cause a predisposition to noise induced damage, aminoglycoside toxicity as well as age-related deafness. However, Griffiths et al (2001) found that subjects who all possessed a genetic mutation on the A3423G mitochondrial DNA proved to exhibit dysfunction across both IHC and OHC. OHC showed to have decreased basilar movement for one given sound input, and wider frequency selectivity. Further studies by Herranen et al (2020) into the genetics of hair cell death have proved that subjects who have a deficiency in mesencephalic astrocyte-derived neurotrophic factor (MANF) (an endoplasmic reticulum stress-regulator) are more susceptible to outer hair cell loss and the inactivation of MANF in OHCs leads to vacuolises, and eventually phagocytosis, of cell fragments, leaving behind necrotic scar tissue where OHCs once functioned. The degeneration would be gradual but eventually would lead to complete hearing loss. So, it is clear that genetics make people more vulnerable to hair cell damage but there are also mutations that occur to individuals that directly causes outer hair cell loss. Figure 2. electron micrographs showing an undamaged layout of hair cells (a) and the layout of hair cells in elderly people (b) where there is a loss of OHCs and IHCs lose formation as a result of genetic and environmental effects (Ryan, A, 2000).

As medicinal advancements increase, and therefore life-expectancy increases, the effect of age-related hearing loss (presbycusis) becomes more prevalent. This hearing loss can be a direct result of greater noise exposure over their lifetime and eventually leads to a decrease in hair cells. It is also shown that men are more susceptible to presbycusis (Yost, 2007).  Higher frequency hearing loss occurs first because this is the sensorineural area that is exposed to the most ‘wear’ over a period of time, this is supported by the position of higher frequency discrimination which happens at the base of the cochlea (more sound waves will pass over time). A study on mice from Jeng et al (2020) shows that despite the basilar membrane attachments staying the same, various morphological changes were observed. The study showed OHC decrease in surface area as well as lower potassium ion influx into the stereocilia. This implies that the mechanoelectrical transducer (MET) size on OHCs decreased; this also shows genetics links to presbycusis as this trend in MET size decrease is evident in mice who carry the Cdh23ahl allele. An assumption can be made that OHC defects that occur in aging mice will also occur in aging humans as humans present the CDH23 gene. This can be further supported by a study by Xiang et al (2020) which investigated hearing loss in subjects that procured various mutated genes; one was the CDH23 gene and appeared to be in a subject effected from hearing loss.
Ototoxic drugs also lead to outer hair cell damage. These medications have a dose dependant degrading effect on hair cells, and in worst case scenario there is a loss of OHCs.
A subtype that generates these hair cell defects is the aminoglycosides (AG), a family of antibiotics that are used to treat severe infections of the abdomen and urinary tracts. However, they come with a high chance of inducing apoptotic cell death. When taken in lower doses it is evident that the first row of OHCs become damaged; however, the second and third row remain untouched. Then when the dose of AG is increased it eliminates practically all of the OHC resulting in no amplification of the basilar membrane (Lenoir and Pujol, 2016). Huth el al (2011) found that mutations present in the mitochondrial DNA make people more susceptible to AG ototoxicity as RNA translation cannot occur after exposure. AGs are known to cross the blood labyrinth barrier into the cochlea. Despite the mitochondrial mechanism related to apoptosis being known, the ototoxic effects are developed from AG entering the stereocilia through the mechanoelectrical causing a free radical reaction as well as reactive oxygen species (ROS) being developed and undergo a variety of chain reactions seen in Figure 3. When the concentration of ROS is too great to be metabolised by the level of antioxidants in cells, it causes the production of stress kinases and or, caspase chain reaction leading to cell apoptosis. When monitoring the effects an Figure 3. Mitochondrial apoptosis that occurs when reactive oxygen species overproduction. ROS causes mitochondrial problem, DNA mutation and phosphocreatine imbalances (Gonzalez-Gonzalez, 2017)


Noise induced hearing loss (NIHL) is a problem that effects millions of people worldwide. This phenomenon is known to come from different genetic and environmental factors. The different levels of trauma result in different damage to hearing. Initially a temporary threshold shift (TTS) occurs. TTS is caused by trauma to the ear through an intense exposure to sound, a variety of inner ear problems occur; bundling of the OHCs happens through the breaking of tip links and changes in the endolymphatic potential alters the flow of ions into the stereocilia. However, Le et al (2017) found hearing defects are normally restored after 24-48 hours by the reversible uncoupling of stereocilia, this also stops further damage of hair cells occurring; if this trauma occurs in a child, it is shown to accelerate age-related hearing loss. 
A more severe form of NIHL comes from a permanent threshold shift (PTS), which could occur from prolonged exposure to noise, such as loud machinery or gunshots. Rupturing of the tympanic membrane occurs and a loss of OHC. Findings from Ryan et al, (2016) suggested that despite the PTS mechanism that causes hair cell loss is unknown, the findings show a number of ROS is increased during and after exposure to the noise, which leads to activation of oxidative stress mechanism causing cell damage leading to apoptosis and necrosis. These toxic metabolic products are known as free radicals (Moussavi-Najarkola, et al, 2012), which cause apoptosis in OHCs. The number of toxic free radicals generated is subject to the intensity and sustain of the sound. 
Further studies into hearing problems hypothesise that OHC defects can be cause tinnitus, which is a perception of phantom sound. The discordant theory present in Han et al (2009) study hypothesises that increased OHC damage disinhibits neurones on the dorsal cochlea neurones which leads to more excitation from IHCs and not damaged OHCs which is perceived as tinnitus.
A hearing aid will allow for the restoration of amplification that the lost OHCs would provide; however, the discrimination of words cannot be restored to 100%. 

In conclusion, there are a multitude of hearing problems that are caused from outer hair cell loss. Genetic mutations, primarily mitochondrial, make subjects more susceptible to OHC defects. OHC apoptosis occurs when ototoxic drugs are used or if someone is exposed to prolonged noise causing NIHL. It is also proposed that tinnitus is a result of OHC loss. As OHCs become damaged or lost, someone’s hearing becomes progressively or instantly worse when interpreting the range of sounds. Sensorineural hearing loss can result in the inability to process quiet sounds; but also, when a loud sound is heard, it can result in discomfort known as ‘recruitment’. Trouble hearing higher pitched sounds as well as impaired ability to hear sounds when there’s background noise is directly through the loss of OHCs.
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