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Abstract

Experiments on an inner ear sensory cell revealed that it converts electrical energy directly into 

mechanical energy at acoustic frequencies.

Introduction

Thirty-five years ago, the members of the Physiological and Psychological Acoustics 

Technical Committee of the Acoustical Society of America were at a pivotal juncture in 

understanding hearing. The original description of the ability of the ears to produce sound 

had been published in The Journal of the Acoustical Society of America a few years earlier. 

Remarkable differences in neural circuitry and structural specializations in the hearing organ 

(Figures 1–4) were being described. It was a propitious time to take a close look at the outer 

hair cell (OHC), which was then the most structurally and functionally mysterious cell in the 

ear. We discovered that OHCs undergo rapid changes of cell shape in response to electrical 

stimulation, something we now call OHC electromotility (http://acousticstoday.org/

OHCEM1).1 OHC electromotility revolutionized the hearing sciences by revealing the active 

process responsible for the sounds coming from the ear. The history behind the discovery, 

the subsequent biophysical investigations, and the role of electromotility in hearing are the 

topics of this narrative.

Origins: Mammalian High-Frequency Hearing and the Outer Hair Cell

The ability to detect and analyze high-frequency sounds that other animals could not hear is 

likely to have provided early mammals a strong survival advantage (Allman, 1999). The 
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mammalian cochlea (Figures 1 and 2) houses a mechanosensitive sensory hair cell that is 

structurally and functionally different from the sensory hair cells found in other vertebrates. 

The defining characteristic of the newly evolved OHCs is their electromotility. The role of 

OHC electromotility is linked to the nature of sound that Pythagoras and his fellow Greeks, 

inspired by stringed musical instruments, reasoned was a vibration. They introduced the 

concept of the octave that eventually led to quantification and a physical understanding of 

tone. The study of acoustics progressed from these early beginnings, but exploration on the 

biological basis of hearing lagged. Two millennia passed before the structural organization 

of the mammalian inner ear began to emerge. Its structure provided clues as to how the ear 

works, particularly after it was realized that the inner ear is fluid filled.

Finding the Organ of Corti: Hair Cells in a Fluid-Filled Cavity

The inner ear is difficult to study because it is small and encased in bone. Gabriello Fallopio 

described the openings between the middle ear and the cochlea in a 1561 publication. Two 

centuries later, Domenico Cotugno, a Neapolitan surgeon and humanist, published an 

anatomical dissertation (Cotugno 1775)2 based on his scientific observations. He expanded 

on the findings of two 17th-century inner ear anatomists, Antonio Maria Valsalva and 

Guichard Joseph Duverney, correcting speculation by the latter about where high and low 

frequencies were processed in the cochlea. Cotugno found fluid in the inner ear of freshly 

harvested skulls, in contrast to Fallopio and earlier anatomists who examined desiccated 

cadaver skulls and assumed that the inner ear was filled with air. The fluid environment is 

relevant to understanding the role of OHC electromotility in hearing. But first, a greater 

understanding about the cellular organization of the inner ear and identification of its hair 

cells was needed.

Improvements in microscopic methods during the 19th century led to Alfonso Corti’s 

detailed description of the cellular organization of the mammalian hearing organ. Albert 

Kölliker had pioneered techniques to harden, section, and stain body tissue before looking at 

it through the microscope. Corti used these techniques in Kölliker’s laboratory to examine 

tissue he dissected from the inner ear of humans and other mammals (Corti, 1851). He 

described the sensory epithelium in the cochlea, which was soon named after him (the organ 

of Corti).3 His drawings depicted the sensory cells that became known as “hair 

cells“ because each had a tuft of enlarged microvilli at one end (see Figure 4 for greater 

detail of the stereociliary tuft). More than a century later, the function of the tuft was 

identified, and it was demonstrated that bending the bundle of stereocilia modulates the flow 

of ions into the cell (Wersäll et al., 1965; Harris et al., 1970). This, in turn, regulates the 

release of neurotransmitters that activate nerve fibers making contact at synapses located at 

the opposite end of the hair cell.

At the beginning of the 20th century, it had been established that the organ of Corti 

contained two types of hair cells. They were named based on their location relative to the 

central axis of the cochlear spiral. Inner hair cells (IHCs) make up a single spiraling row of 

2Available online at https://goo.gl/PtvBFW.
3Book available online at https://goo.gl/WAIsnS.
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mechanoreceptor cells located over the thin bony plate to which the axial margin of the 

basilar membrane is attached (Figure 3). Three rows of OHCs are located further away from 

the central axis. OHCs have a distinctly cylindrical shape and are not in intimate contact 

with supporting cells for most of their length. The large fluid spaces surrounding the lateral 

walls of the OHCs are biologically unusual. Cells in most organs (heart, brain, kidney, 

muscle) are within 10–30 nm of one another. OHCs, in contrast, are separated from adjacent 

cells by as much as 1 μm. The elegant colonnade appearance of the organ of Corti is due to 

the large and unique spacing between OHCs, but the reason for the large extracellular spaces 

was puzzling.

Structural Evidence for Differences Between Inner and Outer Hair Cells

The invention of the electron microscope (EM) in the early 20th century provided a powerful 

new tool to examine the fine structure of cells because it could observe objects that were 

smaller than the wavelength of light. By midcentury, EM investigations had revealed 

structural similarities between all hair cells and revealed unique specializations in OHCs. 

One of these was the presence of flattened membrane-bound organelles near the OHC cell 

membrane at the same location where the lateral wall was exposed to the large extracellular 

spaces (Figure 3). The membranes of these “subsurface cisternae“ (Figure 4) invariably 

appeared crisp and flat, whereas the nearby OHC cell membrane was diaphanous and 

rippled.

In the late 1960s, Heinrich Hans Spoendlin (Figure 5) completed a laborious EM study of 

the auditory nerve fiber innervation pattern at the base of the IHCs and OHCs (Spoendlin, 

1966). The results provided the first compelling evidence that the OHCs might be doing 

something entirely different than the IHCs. He meticulously reconstructed the auditory nerve 

fiber innervation pattern at the base of both the IHCs and OHCs by examining hundreds of 

ultrathin serial-section electromicrographs per hair cell. Each auditory nerve fiber that enters 

the organ of Corti arises from a single cell located in what is called the spiral ganglion 

(located closer to the spiral axis of the cochlea). He found that 90–95% of the fibers came 

from a population of spiral ganglion cells (SGCs) that he called type 1 SGCs (SGC1). The 

remainder were smaller fibers arising from type 2 SGCs (SGC2). SGC1 fibers were 

connected exclusively to the IHCs (about 15 fibers per IHC), whereas each SGC2 fiber 

passed radially near the basilar membrane, then turned basely and proceeded more than 500 

μm before making contact with up to 20 OHCs. Before Spoendlin’s observations, both IHCs 

and OHCs were assumed to carry out similar roles of mechanotransduction. The innervation 

pattern led to the suggestion, however, that most, if not all, hearing information was coming 

from the IHCs. The big question raised by this discovery was what were the OHCs doing?

Passive Hearing Is Not Consistent with Auditory Nerve Fiber Tuning

Investigations on cochlear mechanics during the late 19th and first half of the 20th century 

by scientists such as Hermann von Helmholtz and Georg von Békésy led to a widely 

accepted model for how the vibrations of sound were analyzed by the cochlea. von Békésy 

used a light microscope and stroboscopic illumination to observe acoustically driven patterns 

of movement in the basilar membrane of cadavers (von Békésy, 1960). He confirmed the 
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tonotopic organization of high- to low-frequency vibrations going from the base to the apex 

of the cochlea. He also described the traveling wave that resulted from hydraulic coupling. 

von Békésy was awarded the Nobel Prize for his work and helped establish a view of the 

cochlea as an elegant, but essentially passive, device for converting the mechanical energy of 

sound into electrical signals to the brain.

Neurophysiological investigations of sensory coding by the auditory nerve began with the 

advent of vacuum tube amplifiers and kymograph recordings. The introduction of 

oscilloscopes and digital recording techniques facilitated neurophysiological research. A 

research monograph on the response characteristics of single auditory nerve fibers was 

published by Nelson Kiang and colleagues in the mid-sixties (Kiang et al., 1965). It was a 

compendium of sensory coding in the 8th nerve using well-controlled stimuli and provided a 

convenient summary of work in the field up to that point. The tuning of the fibers was 

consistent across the entire sample population. There were no surprising, broadly tuned 

fibers that may have originated from Spoendlin’s SGC2s. It was also noted that the auditory 

nerve fiber response was more highly tuned than the traveling wave patterns that von Békésy 

had described. The neural tuning was closer to what was needed to explain the frequency 

selectivity of mammalian hearing.

Active Hearing: Early Speculations and Evidence

An active process in the cochlea had been hypothesized by Thomas Gold (1948), a 

Viennese-born English polymath (Figure 6). He realized that viscous damping in the fluid 

environment of the cochlea was incompatible with the exquisite frequency-resolving powers 

of human hearing. He postulated that an active, essentially piezoelectric mechanism that 

converted electrical to mechanical energy could provide feedback to counteract viscous 

damping from cochlear fluids. His hypothesis was largely ignored, in part, because of 

opposition by von Békésy.

Evidence that the cochlea was active began to mount in the 1970s. Brian John-stone in Perth, 

WA, Australia, and Bill Rhode in Madison, WI, pioneered the use of the Mössbauer effect to 

measure the movement of a gamma radiation source placed on the basilar membrane in 

living animals (Johnstone and Boyle, 1967; Rhode, 1971). By the mid-1970s, they had 

established that, in the best preparations, mechanical tuning approached that of single 

auditory nerve fibers. When the animal died, the motion rapidly deteriorated to the passive 

tuning that von Békésy had measured in cadaver ears. Shyam Khanna in New York City 

soon confirmed these observations using laser interferometry (Khanna and Leonard, 1982).

The most direct demonstration of a mechanism in the cochlea that could generate 

mechanical energy was the discovery of otoacoustic emissions by David Kemp in London 

late in the 1970s. He initially reported the presence of sound coming from the cochlea, now 

called otoacoustic emissions, after stimulation with a brief sound (Kemp, 1978). He then 

showed that some ears produce sound without being stimulated (for historical details, see 

Kemp, 2008). This was direct evidence of Gold’s active process. Measuring otoacoustic 

emissions has become an important tool for assessing hearing loss, even in newborns and 

unresponsive patients. Steve Neely, Duck Kim, Egbert de Boer, David Mountain, and others 
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began to include a source of mechanical energy in their theoretical models of cochlear 

mechanics. In 1983, Hallowell Davis, a senior hearing scientist at the Central Institute for 

the Deaf in St. Louis, MO, coined the term “cochlear amplifier“ for the active process. The 

cellular basis of the cochlear amplifier was a puzzle that was soon resolved.

The First Observation of Outer Hair Cell Electromotility

The discovery of OHC electromotility took place late in the morning on December 3, 1982, 

in the medical school laboratories of Daniel Bertrand and Charles Bader at the University of 

Geneva where I was taking a sabbatical from the University of Florida. Charlie and Daniel 

had pioneered techniques to dissect, isolate, and record photoreceptors to characterize ionic 

movement across their membranes. We had met at a photoreceptor meeting in Sicily a year 

earlier. I attended the meeting because of the many structural and functional similarities 

between vertebrate photoreceptors and hair cells. I had described these similarities and 

proposed isolated hair cell studies in a review paper that was published the same year as the 

discovery (Brownell, 1982). Several months were required to optimize the primary cell 

culture procedures for hair cells. OHCs proved easier to isolate, most likely because of the 

absence of supporting cells on their lateral walls. We began voltage-clamp attempts in 

October. The homemade optics, amplifiers, and data-collection programs required a team 

effort to pull off the experiments. We were using micropipettes to make intracellular 

recordings (whole cell patch-clamp techniques were just being developed). The standard 

routine was for Charlie to advance the electrode while looking at it and the cell through a 

microscope. Daniel was poised over the electronics looking for the tell-tale voltage shift that 

would indicate we were inside the cell. I was responsible for dissecting the cochlea and 

isolating the cells, after which I would sit behind the others and record the results in the lab 

notebook.

A common technique at the time was to “buzz“ the electrode when its tip was positioned on 

the cell membrane. The buzz was achieved by throwing the amplifier headstage into 

electrical oscillation. For reasons that are still not clear, the buzz would push the tip of the 

electrode through the membrane. The pivotal moment occurred when Daniel buzzed and I 

could see Charlie’s back and shoulders jerk in a classic startle response to what he had seen 

through the microscope. Still looking though the microscope, Charlie called for another 

buzz, and his body responded with another somewhat smaller response. At that point, 

Charlie turned around and said “We have a problem. “ Daniel and I then took turns looking 

at OHC electromotility as Charlie buzzed. Proving that the electrically evoked length change 

was not an artifact was the “problem“ to which Charlie was referring.

The remainder of my sabbatical was given over to OHC electromotility. We eliminated 

potential artifacts and further characterized the phenomenon. It was only after I established 

that hyperpolarization caused elongation and depolarization caused shortening was I 

confident that OHC electromotility was not an artifact. For several months, we had no 

equipment for recording the conspicuous movements and visiting scientists were asked to 

sign our lab book acknowledging that they saw the movements. I eventually captured the 

movements using video microscopy (see http://acousticstoday.org/OHCEM1), eliminating 
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the need for affidavits, and we published our findings (Brownell 1983; Brownell et al., 

1985).

The OHC was quickly identified as Gold’s piezoelectric-like energy source. The modelers 

now had a cellular locus for the cochlear amplifier. The fact that OHC axial length changes 

would lose energy if they contacted adjacent cells explained the large extracellular spaces 

around the OHCs. I had speculated about an electromechanical mechanism in my review 

paper (Brownell, 1982) that was based on the synaptic activity in the base of the OHC. 

Looking through the microscope and later examining the videotapes revealed that the active 

process was in the lateral wall, thereby suggesting a function for the structurally unique 

organization of the lateral wall (Figure 4). Other work going on at the same time identified 

the battery that powers the process.

What Powers Outer Hair Cell Electromotility? - The Silent Current

My laboratory in Gainesville, FL, had completed an in vivo current-density analysis of the 

cochlea before I left for Geneva. Paul Manis, Michael Zidanic, George Spirou, and I 

measured evoked currents in the fluid spaces of the cochlea (Brownell et al., 1983). We 

adapted techniques and analytic tools that Paul had developed for his study of neural 

organization in the auditory brainstem (Manis and Brownell, 1983). Our examination of the 

inner ear revealed that acoustic stimuli that moved the organ of Corti downward toward the 

scala tympani (Figure 7) resulted in decreased ion flow, whereas upward movements toward 

the scala media resulted in an increased ion flow. The modulation in ion flow through an 

OHC in either direction was about 500 pA and represents one of the largest known cell 

currents. It had previously been proposed that the electroanatomy of the cochlea could result 

in a steady current across the organ of Corti that we called the “silent current, “ in analogy to 

a current in the retina called the dark current. We interpreted our initial findings as 

modulation of the silent current resulting from deflection of the OHC stereocilia. Because 

our recordings were AC coupled, we had not measured the actual steady-state silent current. 

Michael took on the challenge and several years later reported his DC-coupled recordings 

(Zidanic and Brownell, 1990) confirming that the silent current was similar to what we had 

estimated in 1982. The silent current is the power source for cochlear transduction (Figure 

7). It is the source of a steady flow of ions through the OHC even in silence. The changes in 

membrane potential generated in OHCs when the current is modulated drive electromotility.

Ultrasonic Force Generation, Turgor Pressure, Cortical Lattice, and 

Membrane-Based Motor

Video was too slow to capture OHC length changes faster than the 30 per second frame rate. 

A succession of techniques revealed that OHC electromechanical force production occurred 

at rates consistent with hearing. Eventually, Tony Gummer’s lab in Tübingen, Germany, 

developed a way to measure isometric force production with a calibrated probe while 

electrically stimulating and showed that the OHC generates force at frequencies approaching 

100 kHz (Frank et al., 1999). Before that, Joe Santos-Sacchi at the Medical College of New 

Jersey used a variety of ion-channel toxins and manipulated the electrochemical gradients 

across the cell membrane to show that electromotility was based on the voltage across and 
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not the current through the membrane (Santos-Sacchi and Dilger, 1988). This and the speed 

of the electromechanical transduction indicated that the energy was produced by a 

membrane-based motor.

The OHC is able to undergo rapid shape changes because it does not have the typical 

arrangement of rigid cytoskeletal proteins that maintains the shape in other types of cells. It 

is, instead, a cellular hydrostat composed of an elastic outer shell enclosing a modestly 

pressurized core (approximately 1–2 kPa). Most of the other cells in the body have no 

pressure. The cytosolic turgor pressure and the tensile properties of the lateral wall together 

form a hydraulic skeleton that facilitates shape changes and hydraulic force transmission at 

high frequencies. OHC electromotility diminishes and vanishes if the cell becomes flaccid 

(Brownell 1983, 1990; Brownell et al., 1985; Santos-Sacchi, 1991; Shehata et al., 1991). 

Most cells burst when their internal pressure is increased by even a small amount. The 

reinforcement provided by the lateral wall (Figure 4) and more specifically the cortical 

lattice (Oghalai et al., 1998) prevents this from happening in OHCs.

Displacement Currents and the Motor Gets a Protein

Passive OHC length changes resulting from mechanical stretch or electrically evoked length 

changes produce a “displacement“ current. The electrically evoked current is capacitive in 

nature because it is out of phase with the stimulus voltage. This reactive (nonohmic) current 

is vulnerable to manipulations such as aspirin or loss of turgor pressure that modify 

electromotility (Santos-Sacchi, 1991; Shehata et al., 1991). The magnitude of the 

displacement current varies with the membrane potential in a manner similar to the 

relationship between length change and membrane potential. The displacement current was 

found to require a membrane protein.

Peter Dallos and his colleagues found a protein important for electromotility at the the turn 

of the century (Zheng et al., 2000). The protein was discovered using a differential 

expression assay that showed that a protein was strongly expressed in OHCs. When they 

introduced the protein into other cell types, the large displacement currents characteristic of 

OHCs were also found. The investigators called the protein “prestin“ from the Italian word 

“presto, “ which indicates a rapid tempo in a muscial composition. Genetic manipulations 

that removed the protein altogether resulted in severe hearing loss and decreased otoacoustic 

emisisons (Liberman et al., 2002). These observations demonstrated that prestin plays an 

important role in the OHC electromechanical motor. The hearing science community was 

ecstatic with the protein.

The ability to insert prestin into the membranes of other cell types and to manipulate its 

molecular structure provided further evidence for the strength of the membrane protein 

interactions that underlie the OHC electromechanical motor mechanism (Rajagopalan et al., 

2006, 2007; Zhang et al., 2007). The precise role of the protein and its interaction with the 

motor elements in the OHC lateral wall remain to be identified. Tremendous strides have 

been made in characterizing the structural and molecular components that make up the 

motor elements, and we are getting closer to a complete biophysical understanding of OHC 

electromotility. New tools have been introduced that allow direct measurement of the length 
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changes at acoustic frequencies in living animals (Gao et al., 2014; Ren et al., 2016). 

Analysis of these organ-level results will help clarify the cellular role of OHC 

electromotility. Gold (1948) had proposed a piezoelectric-like energy source that was 

necessary to compensate for viscous damping resulting from the fluid environment that 

Cotugno (1775) had originally discovered. Spoendlin (1966) provided an important clue by 

showing that the OHCs did something other than convey information to the brain. OHC 

electromotility proved to be the piezoelectric-like source of mechanical energy that acts as 

the cochlear amplifier to compensate for viscous damping in the fluid-filled cochlea. The 

end result is greater sensitivity and sharper tuning. Although we now know with reasonable 

certainty how the OHC contributes to hearing, we still don’t know the role of SGC2 fibers 

that could, in principle, convey information to the brain directly from the OHCs. And so, as 

is usually true in science, puzzles remain, and their resolution will bring even more puzzles.
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Figure 1. 
Location of the spiral-shaped cochlea in the human head. It is found in a cavity that forms 

deep in the skull during development, behind and below the level of the eyes. The cavity also 

contains the sensory organs of balance (vestibular organs) that have their own sensory hair 

cells and communicate to the brain via a bundle of nerve fibers that terminate in different 

parts of the brain than do the auditory nerve fibers that emerge from the cochlea. The left 

and right cochleas are mirror images of one another. They spiral around their central axes in 

opposite directions. The direction of the spiral of the right cochlea is the same as for a right-

handed screw while the spiral of the left cochlea is left-handed. The drawing shows the left 

ear.

Brownell Page 11

Acoust Today. Author manuscript; available in PMC 2017 October 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Pathway of sound to the cochlea in humans. The external ear collects sound and directs it to 

the eardrum. Sound vibrations are conveyed across the middle ear by three tiny middle ear 

bones that match the acoustic impedance of air with the impedance of the fluids that fill the 

inner ear. The three middle ear bones and the outer hair cells (OHCs) are found in mammals. 

The bones and the OHCs are both required for high-frequency hearing.
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Figure 3. 
A cross section of the organ of Corti showing inner hair cells (IHCs) and OHCs with their 

stereociliary bundles. An OHC ste-reociliary bundle is circled. The central axis of the 

cochlear spiral is to the left of the drawing. An IHC is located over the bony (osseus) spiral 

lamina and is tightly enveloped with supporting cells. Sound-evoked vibrations will be 

reduced at this location relative to those occurring under the OHCs located nearer the middle 

of the compliant basilar membrane. The mottled dark circle in the hair cells is the cell 

nucleus. Note the large fluid spaces around the OHCs created by the absence of adjacent 

supporting cells that surround the IHCs. Auditory nerve fibers (eighth cranial nerve) contact 

hair cells at the end opposite their mechanosensory stereociliary bundle. More than 15 fibers 

contact the base of each IHC while a few course laterally and each contacts more than 15 

OHCs. The fibers innervating the IHCs come from type 1 spiral ganglion cells (SGC1), 

whereas those innervating the OHCs come from type 2 SGCs (SGC2).
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Figure 4. 
The apical end of an OHC showing organization of the membranes and cytoskeletal 

structures. Left: a cylindrical OHC has been sliced parallel to its long axis along a plane 

defined by the dashed line in the insert at the top right. Top right: a view of the OHC 

looking down on the stereocilia bundle that has a typical W shape. Each small circle 

represents a single stereocilium, while the large circle represents a structure that disappears 

during development. Bottom right: high-power view of the lateral wall showing its three 

layers. The outermost layer is the plasma membrane and the innermost layer is made up of 

the subsurface cisterna. Sandwiched in between is the cortical lattice composed of 

circumferentially oriented actin filaments and axially oriented spectrin (spectrin filaments 

are the thinner filaments). The plasma membrane and cortical lattice form nanoscale motor 

elements that generate force at acoustic frequencies, resulting in electromotility.
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Figure 5. 
Photograph of the Swiss physician-scientist and head of otolaryngology at the University of 

Innsbruck Heinrich Hans Spoendlin (1927–1991). Spoendlin provided the first structural 

evidence that most, if not all, neural acoustic information from the ear came via IHCs. His 

discovery set the stage for accepting OHCs as the cochlear amplifier. Photograph provided 

by Professor Joseph B. Nadol.
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Figure 6. 
Photograph of Thomas Gold (1920–2004) who, over a long active career, studied biophysics, 

astronomy, aerospace engineering, and geophysics. Gold was born in Austria and moved 

with his family to England where he studied at Cambridge. He contributed to the British war 

effort by working on improvements to radar. While working with R. J. Pumphrey after the 

war, Gold concluded that an electromechanically active mechanism was necessary to 

counteract viscous damping by cochlear fluids. Photograph provided by Professor David 

Kemp.
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Figure 7. 
Cross section of the cochlea showing the flow of ions making up the silent current. There are 

three fluid-filled chambers. The scala vestibuli and scala tympani contain a conventional 

extracellular fluid called perilymph, whereas the scala media contains endolymph that is 

high in potassium and low in sodium. The stria vascularis maintains an endolymphatic 

potential and electrochemical gradient that drives the silent current (arrows). The 

metabolically active stria vascularis pumps potassium into the middle cochlear compartment. 

The potassium passes through the hair cells into the scala tympani and then back to the stria 

vascularis. There is also a passive route for potassium through the cells, forming the 

boundary between the scala media and scala vestibuli before returning to the stria vascularis 

through the perilymph. The silent current is the power source for OHC electromotility.
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