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By JoAnn C. Gutin THE LANK-HAIRED

teenager in the black T-shirt was stunned.
We were both standing in the damp twilight
outside San Francisco’s Cow Palace, waiting for

the doors to the Megadeth concert to open,
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WE'RE UNDER SIEGE

from age. drugs, and rock and rolf
and all that stands between
sifence is 32,000
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dancing hearing receplors
f 1 }

and I had asked him a patently insane question.
“Wear earplugs during the concert?” he echoed,
blankly. “Why would I do that? Earplugs are,
like, condoms for your ears.” = [lis nonchalance

about strafing his ears with 115 decibels of heavy
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metal is sad but understandable: hearing has always
been the Cinderella of the senses. Helen Keller
thought its absence was more painful and iso-
lating than blindness, yet most people say they'd
rather lose hearing than sight. Such second-class
status has had a predictable effect on research
funding (low), the number of scientists attracted
to the field (few), and the rate of progress (slow).
As recently as the early 1980s auditory re-
searchers were still laying the foundations for
the microscopic and biochemical basis of hear-
ing while their counterparts in vision research
were, so to speak, putting up the drywall. As for
the numbers, sniffed one biophysicist, “Go to
the vision meetings and it’s like the Super Bowl
or something.” He estimates that serious audi-
tory researchers might, worldwide, number 200.
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But Cinderella had her moments in
the limelight, and it looks as though the
Cinderella sense is about to do the same.
Technological advances in laboratory
techniques, coupled with an aging pop-
ulation—and perhaps a few influential
government boomers who put in some
hours listening to “Stairway to Heaven”
at top volume—portend a bright future
for the field. There is already a whisper
of a hint, in fact, that scientists may
someday be able to restore some of the
hearing receptors my young friend was
so casually sacrificing.

Those hearing receptors are called
hair cells, specialized sensory cells that are
among the most remarkable structures
in the body. Only 32,000 strong (com-
pared with, say, the eyes’ 300 million
light-sensitive cells), under constant siege
from age, drugs, and a world that includes
snowmobiles and jet planes as well as
Megadeth, they are all that stand between
us and silence. Like princesses turning
straw into gold, the inner hair cells trans-
form the mechanical forces of sound into
the electrical impulses of hearing.

The neurological phenomenon called
hearing begins when the ear collects wave-
like air-pressure disturbances—sound—
produced by any physical force: a vibrat-
ing A string, a tree falling in the forest. The
outer ear, which includes the fleshy pinna
and the auditory canal, picks up and fun-
nels these waves toward the tympanic
membrane, or eardrum. The eardrum vi-
brates and jiggles the three articulated
bones of the middle ear; in turn, the last of
these three bones, the stapes (or “stirrup”),
flexes the membrane of a small oval “win-
dow” in the fluid-filled, coiled cochlea.

Evolution has been called the great
tinkerer, assembling new structures from
bits and pieces of old ones, and the ear is
certainly one of its most protracted proj-
ects. Natural selection has been remod-
eling and redecorating the ear for hun-
dreds of millions of years, as the latest
model of vertebrate moved from the
ocean to the shore to dry land. Yet the
hair cells at its core have hardly been
touched; their structure is virtually iden-
tical in the hearing and balance systems
of all animals with backbones. As it hap-
pens, this is a very good thing, since the
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cochlea has made mammalian hair cells
nearly impossible to study.

The cochlea is one of those structures,
like black holes or the Hoover Dam, that
tend to provoke awe in observers. “It’s a
jewel box of an organ, isn’t it?” sighed
one smitten researcher, interrupting him-
self in midequation. Said another, “It’s
such an incredible structure! When I fin-
ish a session on the microscope, I feel dis-
oriented, like I've been cave diving.” The
cochlea is indeed amazing: a pea-size, spi-
ral-shaped bony fortress buried in the
thickest part of the skull, containing a
mechanism of mind-boggling complex-
ity. But like most fortresses, it imprisons
as much as it protects. There’s no way to
get to the hair cells when an organism is
alive, since all the works are barricaded
in bone, and the inner ear stops func-
doning seconds after death. And until re-
cently it was impossible to keep hair cells
alive outside the body.

Ironically, though the security system
fashioned for the inner ear has discour-
aged invasions by armies of researchers,
it hasn’t worked particularly well at pre-
serving its inhabitants: we begin losing
hair cells as soon as we're born. They
simply wear out from use, particularly the
cells that process high-frequency sounds.
Over time, exposure to loud noise makes
them stiffen. No one understands the
sequence of cellular events causing the
stiffness, but it is known that when hair
cells hold this rigid pose too long they
just keel over and die.

So it goes: a firecracker too close to
the ear here, a jackhammer outside the
window there, perhaps even a couple of
football seasons in the high-school
marching band along-
side the tuba and we NEUROS!
damage a few or a
hundred. By middle
age the attrition has
become an avalanche:
studies have shown that at 63, the aver-
age male has lost more than 40 percent
of his hair-cell birthright. And, in a
phenomenon that might on a bad day
strike you as evidence of a malign force
in the universe, our hair cells are not able
to regrow. Reptiles and amphibians, who
have very modest hearing abilities and
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nonsocial life-styles, replenish their
store of hair cells throughout life. We
mammals, on the other hand, with our
high-fidelity ears, are organisms that
depend on hearing to survive both
physically and—in the case of humans
and other primates—emotionally. Yet
we're the group stuck with a relatively
paltry and nonrenewable allotment.

ITHIN THE cochlea,
the architecture of the hair cells is
HII[)I'CI‘IICI}J’ fanctional. The 16,000 cells
are arranged in four parallel rows, one in-
ner and three outer rows (relative to their

distance from the cochlea’s central pole);
they are sandwiched between two mem-
branes, the basilar below and the tecto-
rial above. Together these two mem-
branes form a partition that spirals down
the length of the cochlea. When the
stapes pushes on the cochlea’s oval win-
dow, it sends a wave of pressure through
the perilymph, a fluid in the inner ear,
which begins a chain of events: the wave
sets the basilar membrane vibrating,
which vibrates the hair cells, which cause
a set of bristles atop the hair cells to brush
against the tectorial membrane. There
are about 100 of these bristles, or stereo-
cilia, on each human hair cell, and they
are arranged in rows according to their
height, as if posing for a class photo.
When inactive, they lean together in a
bundle in the shape of a cone. But when
they are active, their movement against
the tectorial membrane ultimately results
in a signal being sent along the auditory

nerve. Thus the hair cells as a whole act
as tiny transducers, convertng the me-
chanical impulses they pick up from the
cochlear fluid into the electrical energy
that the brain interprets as sound.
There’s an undeniably Rube Goldber-
gian aspect to this chain of events, and elu-
cidating the final mechanical link in the
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Deep within the bony fortress of an ear’s cochleq, 16,000
hair cells spiral their way down the structure’s length, sand-
wiched between two membranes. When sound waves ulti-
mately cause a pressure wave to be created in the cochlea’s
perilymph fluid, the basilar membrane and the hair cells
atop it are vibrated. Tiny bristles called stereocilia, on top
of the hair cells, then brush against the tectorial membrane,
and a signal is sent to the brain. In effect, the hair cells
act as tiny transducers, converting mechanical impulses
into electrical energy that the brain interprets as sound.

JOHN KARAPELOLU

ror: P. Moua/University “La Sapienza,” Rome/ Photo Researchers; BOTT0OM: courtesy Ed Rubel/ University of Washington
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chain (the place where, if the ear were one
of Goldberg’s fancitul contraptions for, say,
making doughnuts, the dough would hit
the fat) has occupied neuroscientist Jim
Hudspeth for most of his career. Hud-
speth, who is now director of the Center
for Basic Neuroscience Research at the
University of Texas Southwestern Medi-
cal Center, recalls his inital aim: “What I
saw as important was getting from a
macroscopic system—the whole co-
chlea—to a microscopic and cellular
system.” T'hat involved ignoring some
tantalizing questions; it forced him, he
says, to “throw away the complicated and
interesting mechanics and hydrody-
namics of the ear.” He also resigned
himself to ignoring “the complicated
and interesting stuff” that happens on the
way to the brain. “T just wanted to deal with
one step on an intimate basis.” That step
was the mechanical input to the hair cells,

HE QUESTION he and his
group of researchers set out to answer
was, [How do a hair cell’s stereocilia
move, and what happens when vou move
them? In the late 1970s, using a frog as

their experimental animal, they found
that prodding a stereociliary bundle with
an extremely fine quartz fiber—which,
given the mere millionths-of-an-inch size
of the stereocilia, became known as “the
telephone pole approach”™—sent a cur-
rent through the cells. (This current pro-
duces the chemical that excites the nerve
going to the brain.) They discovered two
surprising things: the direction of this
nudge was critical, and the magnitude of
the nudge needed to get the stereocilia
to respond was infinitesimal,

Hudspeth found that only a push from
front or back produced the current; side-
to-side nudging did nothing, for reasons
that didn't become clear to the researchers
untl later. Furthermore, Hudspeth calcu-
lated that if the cells were deflected by an
amount of prodding equivalent to that
produced by a sound at the threshold of
hearing, the cilia would move the hair
bundle about three-thousandths of a de-
gree. ( Just for scale, several atoms in a row
add up to a full degree.) In essence, then,
the whole jury-rigged mechanism—
eardrum to middle-ear bones, middle-ear
bones to oval window, oval window to
pressure wave in the perilymph, pressure
wave in the perilymph to basilar mem-
brane vibration—is distilled to this: a

movement measured in fractions of
atomic diameters. Observes Hudspeth,
“It’s as if the Eiffel Tower were to move a
thumb’ breadth.”

At the time Hudspeth was doing his
first work, biologists understood the ba-
sic mechanism of cell signaling: a stimu-
lus caused tiny pores—ion channels—to
open in the cell membrane, and the
movement of charged particles from out-
side to inside the cell registered as a tiny
current change. Vision, for example, had
been established as a process in which
light hitting the eyve’s photoreceptors
caused chemical reac-
tions that opened ion
channels and excited
nerve fibers.

Hudspeth and his
group assumed, then,
that ion channels must
be opening and clos-
ing in the hair cells
when they prodded
the stereocilia. What
troubled them was
how these relatively
sluggish biochemical
events could occur in
the ear, which is built
for speed. You can, af-
ter all, trick the eye
into believing it has
seen movement at 30
images a second, a
phenomenon the first
animators understood
intuitively. But that
speed is glacial to the
ear: 30 cycles per sec-
ond (or 30 hertz) is so
low in frequency we can barely hear it. A
young human ear can, however, process
the highest overtone on a violin, a fre-
quency of 20,000 vibrations a second. And
our ears can discern the delay when a
sound is presented to one ear six to ten
millionths of a second after it’s presented
to the other. A biochemical cascade takes
thousandths of a second—ithree orders of
magnitude slower—and couldn’t possibly
do the trick.

To get around the time problem,
Hudspeth’s group hypothesized that
there might be some kind of mechanical
gate to the ion channels in the ear, a de-
vice that could open them as briskly—
near instantaneously, actually—as the
ear’s acuity demanded. Such a device, if
it existed, would be unique to the audi-
tory system, but it would at least have the
virtue of fitting the ear’s design specs.

There were, Hudspeth makes clear,
theoretical reasons and indirect evidence
for a mechanical gate. All the same, he
savs, “it was kind of miraculous” when
the structures began to appear in scan-
ning electron micrographs, They were
first recognized for what they were by a
British lab, which, recalls Hudspeth, “was
slightly embarrassing. We'd seen some
of them ourselves, but we didn’t know
what to make of them.” The strandlike
structures, dubbed tip links, joined each
stereocilium to its tallest neighbor, rather
like wires connecting a regiment of tele-
phone poles running
over a mountain.

The front-to-back
route of the tip links
was the reason a side-
to-side prodding of the
stereocilia did not pro-
duce a current. Hud-
speth likens the links
to pieces of elastic ted
to the handle of a door
that’s kept shut by one
of those “noisemaking
door-closers at the top
of it. That'’s the intrin-
sic elasticity of the
transduction channel;
it keeps the door
closed unless you do

something about it. If you pull on the elas-
tic—that’s deflection of the hair bundle—
that tension is communicated to the door.
As the hair bundle moves, you're literally
pulling the channels ajar.” When the door
closes, silence reigns.

The micron-size gadgetry sported by
the hair-cell bristles is only part of the
unfolding story of how the ear hears.
What goes on inside the cell bodies—
particularly the bodies of the three outer
rows of hair cells—is equally intriguing.

Auditory physiologist Joseph Santos-
Sacchi of the Yale University School of
Medicine is one of those intrigued. He
shares with many of his colleagues an al-
most paternal affection for the outer hair
cells and their antcs: “This is a fun system
o work with,” he says. o show how hair
cells move and to illustrate just how much
fun it is, he made a videotape of a hair cell
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bopping along to rap star Hammer’s “Can't
Touch This.”

The outer hair cells that captivate
Santos-Sacchi are a mammalian refine-
ment of the more primitive hair cells
found in lower animals. Though the
outer hair cells are differentiated from
the inner hair cells l») their positon in
the cochlea, much more than geography
marks their distinction—the real differ-
ence lies in the realm of neuroanatomy.

A nerve is a one-way street: it goes ei-
ther toward the brain or away from it.
Most of the nerves between the inner hair
cells and the brain go from the outside in,
just as you might expect; after all, our ears
are supposed to get information about ex-
ternal events to our brains. Oddly,
though, most of the nerves between the
outer hair cells and the brain go the other
way, from brain to ear. What could the
brain be telling the outer hair cells?

In the early 1980s the outer hair cell
story got stranger still. Researchers found
that the outer hair cells were not only
wired oddly, they behaved oddly. Rather
than passively vibrating in sync with the
basilar membrane, which is more or less
what the inner hair cells do, they were
bouncing up and down like manic kids
on a trampoline. Indeed, they stretched

EACH NICGHT, under cover of darkness, a
life-and-death struggle is played out.

Night is when the bats take wing—af-
ter their avian competitors have re-
turned to their nests, and after the noc-
turnal insects, their prey, have begun to
show themselves. Bats glide through the
night, emitting ultrasonic clicks and
cries that bounce off the insects (as well
as off branches and houses and trees)
and return to tell the bats where to

swoop down for their dinner (or where to turn left to avoid
bumping into a mighty oak). But the bats are not the only ones
listening to the echoes in the night. Many insects have devel-
oped the ability to eavesdrop on the sonar signals, to give
themselves a fighting chance to evade their onrushing enemy.

Researchers have known since the late 1950s that some in-
sects can hear ultrasound. That was discovered by physiolo-
gist Kenneth Roeder of Tufts University and entomologist Asher
Treat of the City University of New York when they put elec-

and contracted at a speed that was orders
of magnitude greater than any other cell
in the body could muster.

This unexpected display of personal-
ity by the outer hair cells—called fast
motility—is now one of the hottest ar-
eas of auditory research. (Santos-Sacchi
has graphed the number of publications
since 1985 on a time axis and says that
the resulting curve can be described as
“exponential, going to infinity.”) What-
ever its research trajectory, fast motility
is hot because it poses two intriguing
questions: How are the outer cells doing
this? And why?

“Why” may turn out to be the easier
question to answer. [t’s beginning to look
as though one reason the outer hair cells
hoogie is to accelerate the motion of the
basilar membrane.

The 3.2-centimeter-long membrane
(about 1.25 inches) spi
cochlea is essentially an acoustical de-

ling inside the

coder. It processes the tangled mass of

auditory frequencies that make up a
sound like speech, sorting them into in-
dividual frequency bands. For example,
in response to high-frequency sounds,
the basilar membrane will vibrate more
strongly at the base of the cochlea’s spi-
ral than it will at its apex. Conversely,

low-frequency sounds vibrate the mem-
brane more strongly at the apex than at
the base. (Like a tiny helical kevboard up-
ended on its highest note, the basilar

membrane processes about one-third of

an octave per millimeter.)

But—and here’s the mystery—the
basilar membrane vibrates at frequencies
a hundred times faster than any move-
ment it could concetvably pick up merely
by riding the sound wave that travels
through the perilymph fluid in the inner
ear. Might the outer hair cells be danc-

ing in order to modify the movement of

the basilar membrane? Might the con-
nections between brain and outer hair
cells be there so the brain can tell the hair
cells how fast to dance?

Santos-Sacchi frames the problem thus:
“Can outer hair cell motlity function in
the living animal as we all hope it might?
That is, can the cells wiggle and modify the
mechanics of the inner ¢ t the high fre-
quencies at which the ear works? There
are reasons to think they can; after all, they
must be moving for a reason. And drugs
that were used experimentally to knock out
the hair cells definitely altered the me-
chanics of the basilar membrane.

That’s the why; the how of fast motil-
ity may be a little trickier to answer. In the

trodes on the auditory nerves of moths
and played sounds at different fre-
quencies; only at ultrasound levels did
the auditory nerves fire. Later experi-
ments, in which some moths with ears
and some without were thrown into a
chamber with bats, showed that moths
without the ability to hear ultrasound
were captured almost 100 percent of the
time while ultrasound-hearing moths
had a 90 percent chance of getting away.

Obkusly, for moths, ultrasound detection is a good thing.

It’s good for lots of other insects too. The ability to hear
ultrasound has since been uncovered in green lacewings,
tiger beetles, praying mantises, katydids, crickets, and
locusts. With the moths, these keen-eared insects repre-
sent five different insect orders: the Lepidoptera, Neu-
roptera, Coleoptera, Dictyoptera, and Orthoptera. "We
really expect this to be a pattern,” says Ron Hoy, a Cornell
neuroethologist who has been studying the different ways
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laboratory, hair cells can’t be coaxed to
maove any faster than a few thousand cycles
a second, not nearly the frequencies that
must be attained in living animals. Santos-
Sacchi suspects his laboratory apparatus
may be preventing the cells from really
cutting loose, wigglewise. He thinks the

limiting factor is the electrical resistance of

the electrode he’ using to deliver stimulus
to the cell: “It’s as if I were trying to mea-
sure how fast a car could actually go, but
my broken ankle py
ing down on the accelerator.”

However, another problem is not so
easily explained away. At the base of the
basilar membrane, where high-frequency
sounds are decoded, hair cells don’t seem
to have the juice to alter the basilar mem-
brane vibration. What researchers are left
with, then, is two remarkable phenom-
ena—the highly tuned basilar membrane
and the rapidly moving cells—and no ob-
vious bridge to connect them. “There is
something missing here,” Santos-Sacchi
admits. “Things don't quite jibe yet.” But
he’s sure the connection is there. “Think
about it,” he asks rhetorically. “Would evo-
lution go to all this trouble for nothing?”

nted me from push-

Of course, the average heavy-meral
fan could argue that evolution didn’t go
to quite enough trouble. The auditory

system is elaborate, sensitive, and inge-
nious, but it does break down before its
owners do, particularly if they're partial
to noisy environments. Yet even this
flaw may eventually yield to research.

N THE MID-1980s researchers

made a remarkable discovery about birds
that may have important implications for
us. Everyone had assumed that our feath-
ered friends, who have relatively acute

hearing, were in the same boat as mam-
mals vis-i-vis hair cells: when you abuse
’em you lose 'em. But in 1985 both Doug
Cotanche, then at the University of
South Carolina, and Ed Rubel, at the
University of Washington, found that in
young chicks hair cells could regrow.

In Rubel’s case, it was a classic story of
scientific serendipity. His lab was using
the chicks as their experimental animal to
study the ototoxic properties of a class of
antibiotics—that is, they wanted to see to
what degree the drugs damaged hearing
organs. “Raul Cruz, the medical resident
running the study, found that the num-
ber of damaged hair cells was greatest just
after we administered the drug,” recalls

Rubel. But when a little time had passed,
there seemed to be more and more
healthy cells. “He brought me the results
and I, like anybody who has completely
bought into the dogma of his field, said,
‘Raul, you must have counted the hair
cells wrong. Go back and do it again.” "

Well, as anyone familiar with Holly
wood movies or checkout-stand science
fiction could have told Rubel, the count
ing was fine but the dogma was wrong.
There really were more hair cells because
new ones were growing. Meanwhile, in
South Carolina, Cotanche and his col-
leagues were seeing what looked like
embryonic hair cells on the noise-dam-
aged cochleas of adult birds, leading
them also to suspect that the hearing or:
gan might be repairing itself. A collec-
tive “Aha!” ensued, followed by experi-
ments designed to isolate hair cell
regeneration. These have confirmed that
hair cells in birds do grow back

And the new hair cells work. The
researchers have trained starlings to
peck at a key in response to a given
tone by rewarding the maneuver with
a food pellet. Immediately after they're
dosed with ototoxic drugs, trained birds
will fail the tone test, but they gradu-
ally regain the skill as hair cells regrow.

animals hear for some 20 years. "l would not be surprised
if many insects that fly at night can hear ultrasound.”
Indeed, Hoy thinks he has just uncovered the sixth order of
ultrasound-hearing insects: the Diptera, or flies. He and his col-
leagues were studying a type of parasitic fly that flits through
the night listening for the chirping of crickets and then lays its
larvae on them. But when the researchers analyzed the fly's
hearing ability, they found that not only could it pick up the
cricket’s song, it could pick up ultrasound as wel ince they
fly around at night,” Hoy speculates, “they probably have a bat
problem. And while we haven't proved that that's what their ul-
trasonic hearing is for, it sure is circumstantial evidence.”
That many insects have developed ultrasonic hearing is in

itself an intriguing finding—in fact, for moths, green lacewings,
tiger beetles, and most species of praying mantis, ultrasound
is all they can hear. But researchers are now focusing their

attention on the organs they developed to do it. "They all have
a common structural plan,” Hoy explains. "If you're going
to hear bats, you need certain things. You need a sensory
organ contained within an air-filled chamber, where one
wall of the chamber is a tympanic membrane that, when set
into vibration, is going to set the whole organ into vibra-

tion. And you need receptor cells to pick up those vibrations.”

Interestingly, this complex solution to the bat problem,
he notes, was arrived at not once but a number of times. “In-
sects have ears all over the place,” Hoy says. "Some stick
them on their waist, some on their abdomen, some on their
thorax. And what that says is there was independent evolu-
tion of the ear. In other words, not all insect ears, not even
all moth ears, came from one ancestral source. Indepen-
dently, in each group, there's been pressure to evolve ears.”

So which came first, the bat or the insect ear? Hoy says
it depends on which insect you're talking about. For the
moths, probably the bats came first; for crickets and
grasshoppers, it was the ears. "Insects like crickets have
wings that look as if they were capable of producing sounds
way before bats came on the scene. And you don’t sing un-
less somebody's around to hear. So when bats came along,
the crickets just extended their hearing range.”

But he admits it's all just a matter of opinion. "It would be
nice if there were a fossil record to tell us. Unfortunately, though,
insect ears are very small and probably don't fossilize very well.
And not an awful lot of fossil hunters give a damn about insect
ears, so they don't look very hard.” —Lori Oliwenstein




PINNA TO
THE FORE

FORCET THE EARDRUM and those three weird-shaped

bones; forget the cochlea with its showy hair cells

and fancy frequency sorting. Focus instead on the
| most visible part of our ear, the pinna—that long-
| ignored fleshy appendage that hugs closely (or not

so closely) to the side of our head. With a few flicks

of his quill pen, Darwin shrugged off the pinna in
| The Descent of Man, citing a study of a sailor
|  who'd had one pinna cut off in a scuffle but could
' still hear just as well with that ear. "Darwin noted
that our pinnae are small and we can't move them
about as many animals can,” explains psycholo-
gist Robert Butler of the University of Chicago. "He
argued that our pinnae may have had a function earlier on in our evolutionary
history, but that now they're vestiges. That thinking simply carried the day.”

Not that the pinna’s been totally ignored over the years; flip through the
right medical text and you'll see plenty of squirm-inducing pictures of deformed
ears labeled "cup ear,” "lop ear,” and so on. And each swirl and swivel of the
pinna has its distinguished Latin title: Rufus of Ephesus, first-century Roman
anatomist, named them all one rainy day, so we have concha, meatus, anti-
tragus, scaphoid fossa, and more. But none of this descriptive stuff answers
the central, burning question: Why do we have an outer ear at all? The answer,
thanks to scientists like Butler, a pinna veteran of 25 years’ standing, is now
known: we need the pinna to locate precisely the origin of a sound.

A few pioneering experiments led the way to our deeper pinna knowledge. In the
1950s, for example, when glass tubes were stuck into people’s ear canals so that
sound bypassed the pinna entirely, researchers found that the subjects couldn’t
tell whether sounds were coming from front or behind—until, that is, a fake ear was
added to the end of the tube. Other experiments have since shown that the pinna
provides not only front-back clues but clues to the horizontal and vertical position
of a sound’s source as well. The horizontal contribution of the pinna isn’t crucial
as long as we can hear through both ears—since a sound coming from the right,
for example, will reach the right ear before the left ear and will also be louder in
the right ear. Combined, these time and intensity differences give us enough hor-
izontal information to make do. But with a pair of pinnae we do a better job.

For height information, however, the pinna stands alone. “Think about a sound
to your right, maybe at 45 degrees and a little above eye level,” says Butler. "Make
it a complex sound, like that of snapping fingers—one that's a whole mix of fre-
quencies. If you record from a microphone in your ear canal’—that is, from some-
where past the pinna—"you’ll discover that a certain frequency band is amplified.
Snap your fingers from another position and a different frequency band gets am-
plified. Well, thot's what the pinna does; it somehow amplifies different frequencies
depending on where the sound is coming from.”

It's not magic, says Butler, just physics. Sound travels through the air as waves
of air compression—the higher the frequency, the closer the waves are to each
other. When those waves hit the pinng, they pile up on each other like ocean waves
against a rock, interacting in complicated ways that diminish some of the fre-
quencies while amplifying others. Since the contours of the ear determine which
sounds are amplified and which diminished, and since the contours encountered
depend on the angle ot which the waves hit the ear, it's reasonable to suppose that
noises from one place will be tweaked differently from those from another.

The mysterious next step is how our brains change "enrichment at 6,000 hertz”
into "Oh, it came from in front of me,” and "o tad more than 8,000 hertz” into
"Cee, it came from above.” "The d has to be plex so you can compare
frequencies,” says Butler. "If the sound is pure, then we're unable to localize that
pure tone. When the frequency’s high, we'll point up. If it's low, we'll point below—
no matter where that sound is coming from.” —Rosie Mestel
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Furthermore, the birds’ ears sonnd as if
they're up and running. Although no one
yet understands why, it turns out that a click
or other soft tone made in a functioning ear
will echo microseconds later. If the hair cells
are damaged, the echo is absent. These
“otoacoustic emissions” are the best tool
yet for diagnosing deafness in infants, which
is what Susan Norton, a researcher-clini-
cian who works with Rubel, usually does.
Recently, however, she has been using the
emissions to track the recovery of hearing
in Rubel’s avian subjects. Norton finds no
emission right after the hair cells are dam-
aged; with time, as the hair cells regener-
ate, the emissions return, first to high-in-
tensity sounds and then to low.

The big question, of course, is what this
work means for human hearing, “Very lit-
tle work has been done on mammals,”
Rubel cautions. His group has looked at the
cochleas of gerbils and seen a small increase
in cell growth, although they saw no new
hair cells developing, Other labs have found
small rates of hair-cell regeneration, but only
in the segment of the inner ear that controls
equilibrium. In March, Andrew Forge of
University College in London and Jeffrey
Corwin and his colleagues at the University
of Virginia School of Medicine announced
that they had observed hair-cell regenera-
tion in guinea pigs. The Virginia researchers
also found, in culture, signs of human hair-
cell regeneration by using human tissue
taken from the area of the cochlea (called
the utricle) responsible for balance. Even
though these are balance hair cells, the re-
searchers are excited about the implications
this raises for regenerating hearing hair cells.

But first things first: the current task
is to isolate the molecule that stimulates
hair-cell proliferation in birds. (Or, if a
molecule inhibits proliferation in mam-
mals, to find that.) Several labs are now
working on the problem, aided by bio-
tech companies eager to be part of re-
search that might, over the long haul,
produce a drug useful to some of the 28
million Americans with hearing loss.

Rubel is expansive about the possibili-
ties: “We're atan absolutely wonderful ime
in the history of biology to have discovered
this,” he says happily. “We are learning so
much, and we have so many powerful tech-
niques we couldn't imagine when we were
in grad school.” Ttk early yet, he takes pains
to point out. “You've got to remember, this
whole field of hair-cell regeneration is only
four years old. But we're doing great! And
in my opinion,” he adds, “when you talk
about actually restoring hearing, hair-cell
regeneration is the only game in town,” [B]
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