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ABSTRACT A comparison of hair cells from different parts of the cochlea reveals the same 
organization of actin filaments; the elements that vary are the length and number of the 
filaments. Thin sections of stereocilia reveal that the actin fi laments are hexagonally packed, 
and from diffraction patterns of these sections we found that the actin fi laments are aligned 
such that the crossover points of adjacent actin fi laments are in register. As a result, the cross- 
bridges that connect adjacent actin fi laments are easily seen in longitudinal sections. The cross- 
bridges appear as regularly spaced bands that are perpendicular to the axis of the stereocilium. 
Particularly interesting is that, unlike what one might predict, when a stereocilium is bent or 
displaced, as might occur during st imulation by sound, the actin fi laments are not compressed 
or stretched but slide past one another so that the bridges become ti lted relative to the long 
axis of the actin f i lament bundle. In the images of bent bundles, the bands of cross-bridges are 
then ti lted off perpendicular to the stereocilium axis. When the stereocilium is bent at its base, 
all cross-bridges in the stereocilium are affected. Thus, resistance to bending or displacement 
must be property of the number of bridges present, which in turn is a funct ion of the number 
of actin fi laments present and their respective lengths. Since hair cells in different parts of the 
cochlea have stereocilia of different, yet predictable lengths and widths, this means that the 
force needed to displace the stereocilia of hair cells located at different regions of the cochlea 
wi l l  not be the same. This suggests that fine tuning of the hair cells must be a bui l t - in property 
of the stereocilia. Perhaps its physiological vulnerabi l i ty may result from changes of stereociliary 
structure. 

In the preceding paper we (21) demonstrated that each hair 
cell of the cochlea is able to specify with remarkable precision 
the length, width, number, and location of the stereocilia that 
emanate from its apical surface. Within each stereocilium is an 
organized bundle of  actin filaments (8, 20) held together by 
macromolecular cross-bridges (5, 6, 17, 20). This bundle runs 
from the tip of the stereocilium to its base where some of the 
filaments extend into the apical cytoplasm of the cell as a 
rootlet. The rootlet filaments in turn are cross-bridged to a 

second population of  filaments that run perpendicular to the 
rootlet filaments (11, 20). I f  the membrane limiting the ster- 
eocilium is removed by detergent extraction leaving the core 
filament bundle, this bundle remains stiff and rigid (9), indi- 
cating that the actin filament bundle provides the shape and 
rigidity of each stereocilium. Furthermore, in organisms ex- 
posed to high intensity sound the stereocilia often appear 
floppy or bent (12, 13). One of  the most obvious lesions in 
these noise-damaged hair cells, at least in the lizard, is a loss in 
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integrity of  the actin bundles  at the base of  the  stereocilia (22), 
again indicat ing that  the actin f i laments  provide the rigidity 
and  shape of  each stereocilium. 

F r o m  the observat ions  presented above  it seems reasonable  
tha t  the length o f  a stereocil ium would be regulated by the 
actin f i laments  wi th in  it, more  specifically, by  the  length o f  the  
actin filaments. One  would also expect tha t  the  width  of  each 
stereocil ium would be regulated by the  n u m b e r  of  actin fila- 
ments  within it, since the m e m b r a n e  forms a t ight  sleeve a round  
the fdament  bund le  (see reference 20). Lastly, the dis t r ibut ion 
of  stereocilia on  the  ha i r  cell should  be de te rmined  by  the 
dis t r ibut ion of  act in fdamen t  bundles.  Thus,  i f  we want  to 
unders tand  how an  individual  cell controls  the length, width, 
number ,  and  dis t r ibut ion of  its stereocilia, we mus t  ask how 
the cell controls the  length,  number ,  and  dis t r ibut ion o f  the 
actin f i laments  wi th in  each stereocilium. 

Over  the  years m u c h  energy has  been  expended  in our  
laborator ies  and  in those of  others  in trying to unde r s t and  how 
a cell de termines  the location of  its act in fi laments,  the polari ty 
o f  the actin fi laments,  and  how m a n y  f i laments  are assembled 
(5, 20). It seems to us tha t  the  ha i r  cell is a par t icular ly  
interest ing object  in  this  regard. A study of  the  different ia t ion 
o f  the ha i r  cell should  provide clues as to how a cell controls  
these parameters ,  because the  f inal  products,  the stereocilia, 
have  well-defined lengths and  widths. Thus,  in  an  embryo  of  
a certain age a measurement  of  the lengths of  the  stereocilia 
should  tell us whe ther  the  actin f i laments  have  assembled to 
the i r  m a x i m u m  length  or not, or a measu remen t  o f  the widths  
of  the  stereocilia should  tell us whe the r  all the actin f i laments  
in the  stereocilia are es tabl ished or more  have  yet to be started 
(10). In  essence we can assay wha t  the  cell is doing by  exam- 
ining, in a scanning  microscope, the length  and  width  of  its 
stereocilia and  then  confn 'm what  has  been  done  by  examina-  
t ion of  th in  sections. It is equal ly  impor tan t  to de termine  when  
the  act in  f i laments  become cross-bridged together  into the 
precise paracrystal l ine array seen in adults. In  microvilli,  for 
example,  po lymer iza t ion  o f  act in fdaments  is complete  before 
cross-bridging occurs (3). Fo r  this we mus t  examine  the th in  
sections in  detail. 

Before present ing our  adventures  with  the chick embryon ic  
cochlea (a subsequent  report),  we mus t  first describe how the 
actin f i laments  are organized in the stereocilia and  in the 
cut icular  plates of  chicks, since these observat ions  are essential  
for subsequent  reports. W h a t  we will show in this report  is tha t  
the packing o f  the act in f i laments  in the bird cochlea is different  
f rom that  which  we described in l izard cochleae, a l though  the  
same bond ing  rule is used (see references 6 and  20). More  
specifically, a l though  the act in f i laments  are packed with par-  
acrystall ine order  in  bo th  systems, in  birds the actin f i laments  
lie on  a hexagonal  lattice (this report),  while those in l izards 
display a l iquidlike order  (6). This  feature actually makes  the 
analysis of  how the act in f i laments  become packed in the  
embryo  and  what  regulates what  in  these embryos  more  ame-  
nable  to investigation.  But  more exciting is tha t  this type of  
packing allows us to fred out  wha t  happens  to the  act in 
f i laments  when  a stereocil ium is displaced, such as might  occur  
dur ing  sound  st imulat ion.  W h a t  we found  was tha t  the fila- 
ments  appea r  to be able to slide past one ano the r  slightly, 
thereby main ta in ing  the straightness of  the stereocilium. 

M A T E R I A L S  A N D  M E T H O D S  

Preparat ion o f  the Cochlea and  Fixat ion fo r  Electron M i -  

croscopy:  Chicks l- to 2-wk of age were sacrificed by decapitation and the 
lower jaw and soft tissues covering the nasopharynx were dissected away. Further 

dissection from this ventral orientation involved the scraping away of the cartilage, 
which exposed the cochlea. Initial/y, we attempted to fix the cochlea in situ 
briefly before removing the bony labyrinth as was carried out by Tanaka and 
Smith (19). Although this method gives adequate fixation of the hair cells as a 
whole, for our studies the preservation of the actin filaments in the stereocilia 
and in the cuficular plate was definitely inadequate. We found that the best way 
to preserve these actin-containing regions was to delay fixation until we had 
removed the cochlea completely from its home in the bony labyrinth and then to 
fix it by immersion in 1% glntaraldehyde (Electron Microscope Sciences, Fort 
Washington, PA) in 0.1 M phosphate buffer at pH 7.0 for 30 min. to/lowed by a 
brief rinse in 0.1 M phosphate buffer. The isolated cochleae were then fixed in 
1% OsO4 in 0.1 M phosphate buffer at pH 6.2 for 30 min at 0°C. An alternate 
method involved fixation of the cochleae, again by immersion in a solution 
containing 1% OsO4 and 1% glutaraldehyde in 0.1 M phosphate buffer at pH 6.2 
for 30 min at 0°C. The latter fixative was prepared immediately before immersion 
of the cochleae. After fixation the cochleae were washed three times in cold water 
and stained en bloc with 0.5% uranyl acetate for 3 h to overnight, then dehydrated 
rapidly in acetone and embedded in Epon 812. 

Detergent Extraction: The isolated cochleae were immersed in a 
solution containing 1% Triton X-100 (Sigma Chemical Co., St. Louis, MO), 30 
mM Tris, and 3 mM MgC12 at pH 7.5 for 5 min at 0°C with frequent agitation, 
then fixed in 1% glntaraldehyde in 30 mM Tris and 3 mM MgC12 at pH 7.5 for 
30 rain at 0°C. After washing, the detergent-extracted cochleae were postfixed in 
1% OsO4 in 0.1 M phosphate buffer at pH 6.2 for 30 rain at 0°C, then rinsed in 
water, stained en bloc, dehydrated, and embedded as outlined above. 

Electron Microscope Procedures: The blocks were mounted ap- 
propriately and trimmed, l-/~m sections were cut and stained with 1% toluidine 
blue and examined in the fight microscope to ensure that the stereocifia were 
oriented advantageously, and then thin sections were cut with a diamond knife 
on a SorvaU Porter-Blum Ultramicrotome II (SorvaU-Dupont, Newtown, CT), 
picked up on uncoated grids, and stained with uranyl acetate and lead citrate. 
The thickness of the sections proved to be critical. The thinnest sections, e.g., 
grey to transparent, were not the best in which to see the arrangement of bridges 
in the stereocilia; rather, sections whose color was silver to very pale gold proved 
to be optimal. 

Diffraction Patterns and Filtered Images: Diffraction patterns 
were generated on the computer. In brief, the original negatives were scanned on 
a 50-/an raster using an Optronics P1000 (Optronics International, Chelmsford, 
MA). Optical densities from the scan were used to compute a diffraction pattern 
according to the procedures presented in DeRosier and Moore (4). The diffraction 
pattern is displayed on a grey-scale graphics terminal (Grinnen model GMR-27; 
Grmnell Systems Corp., Santa Clara, CA). Filtered images were calculated on 
the computer (2) and the result displayed on the graphics terminal. Photographs 
were made directly from the video monitor using a 35-mm camera. 

Computer-generated Model: The computer-generated model in 
Fig. 12 was produced at the Brandeis University's Feldberg Computer Center on 
a PDP-10 using PLUTO, a graphics package developed by Sam Motherwell, 
Cambridge University, Cambridge, England. A Tektronix model 4001 (Tektronix, 
Beaverton, OR) with a hard-copy attachment (model 4631) was used to record 
the plots. 

RESULTS 

We have cut sections th rough  the  cochlea at  the proximal ,  
central,  and  distal  regions. A k h o u g h  the  length, number ,  width, 
and  dis t r ibut ion of  the stereocilia are different in  different parts  
of  the cochlea as indicated in the preceding paper  (21), the 
basic morphology  o f  the  ha i r  cells is similar. Fo r  this report  we 
have  conf ined our  a t tent ion to tha t  region of  the cochlea 
adjacent  to the oval window or at  a posi t ion - 2  m m  from the 
distal  end  in 1-wk-old chicks. We  chose this region because the  
oval window provides a convenien t  " l a n d m a r k "  in embryos,  
enabl ing  us, when  we tr im the  block, for example,  o f  a 10-d- 
old embryo,  to readily compare  the  structure of  the stereocilia 
at this region in a th in  section with thei r  counterpar ts  in th in  
sections of  the chick ha tchl ing  cochlea. Obviously,  for scanning  
microscopy this poses no  p rob lem since one can  examine  the 
ent ire  cochlea at  one time, but  for th in  sections we must  know 
where we are on the cochlea before cut t ing sections. This  is 
especially impor tan t  because the cochlea differentiates f rom 
the proximal  towards the distal end (16). 
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A Comparison of Tall vs, Short Hair Cells 

As mentioned by earlier investigators (10, 18, 19) and in the 
first paper in this series (21), tall and short hair cells are 
distinguished by their position on the basilar membrane, by 
the length or height of the cell, by their type of innervation, 
and by theft surface area. In a single thin section, only some of  
these features can be seen. It is more convenient to cut a section 
transversely across the cochlea and identify short and tall hair 
cells by their positions. In this brief comparison we will touch 
upon only those details that have not been described before or 

upon features of these two types of cells that will be needed for 
discussion either here or in a subsequent publication. For 
greater detail on these two types of  cells, see Tanaka and Smith 
(19), Takasaka and Smith (18), and Hirokawa (10). 

The apical surface of a tall and short hair cell can be 
compared by examination of Figs. 1 and 2. As expected, both 
cells have stereocilia arranged in rows of ascending height and 
both are separated from adjacent hair cells by a supporting cell 
on whose apical surface is a tuft of short microvilli. It is obvious 
from the micrographs that in tall hair cells (Fig. 1) the stereo- 
cilia extend from the center of the apical end of the cell, 

FiGUrE 1 Longi tudinal  section o f  the apical end of  a tall hair cell. Separating this cell f rom adjacent hair cells are suppor t ing cells 
(SP) on whose apical margins are short microvi l l i .  Beneath the stereoci l ia one sees the cut icular  plate (C) ,  which extends ob l ique ly  
towards the lateral margin of  the cell. Wi th in  it are fine, long i tud ina l ly  or iented striations, which are the root let  f i laments. The 
arrows indicate some cut icular  plate material that extends f rom the side o f  the cut icular  plate on which we f ind the shortest 
stereoci l ium to the lateral margin of  the cell. It is o f  interest that no such material extends f rom the side of  the cut icular  plate on 
which the tallest stereocil ia are attached, x 18,600. 
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FIGURE 2 Longitudinal section of the apical end of a short hair cell. Separating this cell from adjacent hair cells are supporting 
cells (5P) on whose apical margins are short microvilli. Beneath the stereocilia is the cuticular plate (C), which extends towards the 
lateral margin of the cell. The arrows indicate some cuticular plate material that extends from the side of the cuticular plate on 
which we find the shortest stereocilia to the lateral margin of the cell. No such material is present beneath the apical membrane 
that connects the cuticular plate on whose surface are the tallest stereocilia with the lateral margins of the cell. The nucleus (N) 
of this short hair cell and portions of the tectorial membrane (TAt) are indicated, x 12,000. 

whereas in short hair cells they are eccentrically placed (Fig. 
2). In both, they tend to be situated directly above the nucleus. 
This means that in short hair cells the nucleus is also displaced 
toward one margin of the cell. Interestingly, it is always the 
margin nearest the inferior surface of the cochlea. 

A careful study of the free structure of the stereocilia, which 
will be documented in a subsequent section, reveals no differ- 
ences in the organization of the actin filaments within each cell 
type even though there are more actin filaments in the stereo- 
cilia of short hair cells than in tall hair cells at the same distance 
from the distal end of  the cochlea. This was expected since the 
width of the stereocilia as revealed by scanning microscopy 
(see reference 21) is greater for short hair cells than for tall hair 
cells. This is an important point because a measurement of the 
width of  a stereocilium in a scanning micrograph gives one a 
direct measurement of  the number of actin filaments in it. 

Beneath the stereocilia is a complex network of  actin fila- 
ments called the cuticular plate (see reference 11). In both tall 
and short hair ceils the bulk of  the plate lies directly beneath 
the stereocilia, but as it descends towards the nucleus it begins 
to sweep laterally so that ultimately its most basal end makes 
contact with one side of the cell (Figs. 1 and 2). It is of interest 
that the tallest stereocilia are always situated on the margin of  
the cuticular plate that is farthest from the connection that the 
plate makes with the lateral margin of  the cell (Figs. 1 and 2). 
Likewise, in both tall and short hair cells, at the margin of the 
cuticular plate nearest the shortest stereocilia, we see a thin 
layer of filamentous material extending all the way to the 
supporting cell (see arrows in Figs. 1 and 2). This material is 
associated with the apical plasma membrane. On the margin 
of  the cuticular plate adjacent to the tallest stereocilia, this 

amorphous layer is either absent altogether or much reduced 
in comparison with the margin adjacent to the shortest stereo- 
cilia. In poorly fixed cells or cells from animals exposed to 
intense noise (unpublished observation), the margin adjacent 
to the tallest stereocilia often explodes or blebs outwards, while 
the margin adjacent to the shortest stereocilia is unaffected. 
This indicates that the amorphous material stabilizes the apical 
surface of the ceil. 

Organization o f  the Actin Filaments in the 
Cuticular Plate 

To better visualize the organization of the actin filaments 
and their interconnections within this exceedingly complex 
region of  the cell, we extracted the cells first with the detergent, 
Triton X-100, and cut longitudinal sections through the cu- 
titular plate. The detergent extraction allowed us to recognize 
longitudinally running rootlet filaments, which extend from 
the base of the stereocilia through the actin filaments making 
up the cuticular plate proper (Fig. 3). Extending from these 
rootlet filaments, which curve toward the lateral margin of the 
cell, are thin connecting filaments, each ~30 A in diameter. 
These connections often appear periodic. Although the chem- 
ical nature of  these connectives is still not known, they are 
clearly not actin since they do not decorate with S 1 of  myosin 
and they are too slender to be myosin (see references 11 and 
20). 

Transverse sections through the cuticular plate reveal that 
the rootlet filaments (Fig. 4, circles) extend into the cuticular 
plate in bundles. We also see actin filaments running perpen- 
dicular to the rootlet filaments or parallel to the apical surface 
of  the cell. It is of particular interest that the rootlet filaments 
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FIGURE 3 Longitudinal section through a portion of the cuticular 
plate of a detergent-extracted hair cell. Connecting adjacent rootlet 
filaments (R) are fine 30-,~ connectors (arrow). The dots indicated 
by A are actin filaments cut in cross section. These parallel the apical 
surface of the cell. x 111,000. 

are easily distinguishable from other actin filaments in the 
cuticular plate and from the 30-A fdaments because they are 
- 8 0  A thick, as compared with the actin filaments, which are 
50 A thick, and with the connecting filaments, which are 30/~ 
thick. 

Connection between the Stereocilium Proper 
and the Rootlet 

Near the base of the stereocilia, where contact is made with 
the apical surface of the ceils, the stereocilia taper dramatically. 
The actin fdaments in the center of  the stereocilium, as in the 
lizard (20), extend all the way to the base, while the actin 
filaments at the periphery end on the tapered membrane of the 
stereocilia. We see no morphological specialization of that 
ending. At the base of the stereocilium the filaments become 
enmeshed in a plug of electron-dense material that is not 
removed by detergent extraction (Fig. 4). Rootlet filaments 
extend from this dense material into the cuticular plate (Fig. 
5). Unfortunately, this dense material obscures the relationship 
between the rootlet filaments and the filaments that extend 
into the dense material from the stereocilium proper. Thus, we 
are not sure whether the rootlet filaments are continuous with 
the small number of filaments that extend from the center of 
the stereocilium into this dense material or whether there are 
two populations of filaments that extend into the dense mate- 
rial, one from the cuticular plate and the other from the 
stereocilium proper. What is clear, however, is that the size, 
shape, and organization of the dense material, as well as the 
number of actin fdaments that insert into this material (either 
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from the stereocilium or from the cuticular plate), are the same 
regardless of whether the stereocilium is from a tall or short 
hair cell or whether the cell is located at the distal or proximal 
end of  the cochlea. 

Organization of Actin Filaments in the 
Stereocilia 

Within each stereocilium is an organized bundle of  actin 
filaments that lie parallel to one another (Fig. 6 a). At the tip 
of the stereocilium they are attached to the membrane by some 
electron-dense material. The actin filament bundle that resides 
in each stel:eocilium is also attached to the plasma membrane 
limiting it by some free connections. These connections are 
difficult to preserve in fixed material, but we are able to detect 
them in detergent-extracted stereocilia (Fig. 9 b). Here they 
appear as periodic bumps extending from the surface. 

In transverse sections the actin fdaments in the stereocilia 
are hexagonally packed, although sometimes this packing is 
imperfect (Fig. 6 b). How much of this imperfection is due to 
improper fixation and how much exists naturally in vivo is 
difficult to predict, but our best preserved material, as judged 
by the organization of the filaments in longitudinal sections 
(see below) and the lack of blebbing of  the membranes, shows 
the highest degree of hexagonal symmetry. Detergent extrac- 
tion does not affect this type of  packing. The lines included in 
Fig. 6 b should aid the reader in appreciating the hexagonality. 

FIGURE 4 Thin section cut parallel to the apical surface of a deter- 
gent-extracted hair cell. In the upper portion of the micrograph are 
sections through the bases of several stereocilia. In the lower part of 
the micrograph the plane of section cuts across the apical end of 
the cuticular plate. The circles around the dense dots indicate the 
bundles of rootlet filaments cut in transverse section. Between these 
bundles are numerous filamentous elements which primarily lie 
parallel to the apical surface of the cell. x 78,000. 



FIGURE 5 Longitudinal section cut through the base of a stereoci- 
lium. This section illustrates the central plug of dense material that 
is connected on its apical end to the actin fi laments in the center of  
the stereocilium and on its basal end to the rootlet filaments. 
x 167,000. 

The fdaments appear to be ordered along three sets of row 
lines that intersect at 60 ° with respect to each other. 

A careful inspection of these cross sections reveals that 
adjacent f'daments, seen as dots in the micrographs, are con- 
nected together by thin cross-connections. If  the section is thin 
and somewhat oblique to the axis, we see a festooned pattern 
as indicated in Fig. 7, reminiscent of that already described for 
lizards (6, 20). This festooned pattern gives us information on 
the organization of the bridges (see reference 5). 

When we examine longitudinal sections of  the stereocilia at 
high magnification, we get images such as those depicted in 
Fig. 8 a and d. A striking feature of the images is the set of 
transverse stripes arising from the cross-bridges. These are most 
easily seen in the faltered images shown in Fig. 8 c and f .  In 
Fig. 8a and c the stripes seem uniformly spaced every 125/~ 
(see arrows), whereas in Fig. 8d  and f the stripes have an 

FtGURE 6 (a) Longi tud ina lsect ionthroughthet ipofastereoc i l ium.  
The fi lament bundle terminates near the tip in some electron-dense 
material that is attached to the membrane. Also attached to the tip 
of  this stereocilium is a port ion of  the tectorial membrane (TA4). 
Close examination of the fi lament bundle reveals that there are 
periodic bands extending across the bundle (see arrows), x 240,000. 
(b) Transverse section through a number of stereocilia. The filaments 

within each stereocilium are arranged on a hexagonal lattice. This 
can most easily be appreciated by looking at the lines that mark the 
hexagonal lattice on which the filaments lie. X 127,000. 
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FIGURE 7 Thin transverse section through five stereocilia. Careful examination of this section reveals that the filaments are 
organized in a "festooned" pattern. This pattern is illustrated in b, in which we have drawn over the micrograph in a. This pattern 
appears because the section is very thin (<300 A) and because the stereocilia are cut at an oblique angle to their long axes, rather 
than exactly normal to them. It is a property of the bridges that connect adjacent actin filaments in the bundle, x 160,000. 

apparently different pattern in which the stripes are alternately 
separated by 125 A and 250 A (see arrows). Another difference 
in the two images is that the vertically oriented filaments are 
clearly seen in Fig. 8 d and are essentially absent in a. 

Accompanying the images are their diffraction patterns seen 
in Fig. 8 b and e. Both patterns show a meridional reflection at 
1/125 A -1 (i.e., the third layer line) and an off-meridional 
reflection on the 1/375 A -1, or first layer line. The pattern in 
Fig. 8 e shows the second layer line at 2/375 A -1. The reflections 
on the first and second layer lines lie in a vertical row. This 
row line arises from interfilament interference and tells us that 
all the actin filaments are aligned with their crossover points in 
register. 

Structural Changes Accompanying Bending of 
the 5tereocilia 

In some cases the striping on the actin bundle or the pattern 
produced by the bridges is perpendicular to the bundle axis; in 
other cases it does not extend perpendicularly across the bundle 
but is situated at an oblique angle to the bundle. In studying 
this phenomenon, we noted the following: if  the stereocilia 
extend from the hair cell exactly perpendicular to the apical 
surface of the cell, then the bridges are found perpendicular to 
the axis of  the stereocilium (Fig. 9). On the other hand, if  the 
stereocilia extend at an oblique angle to the apical cell surface, 
then the bridges are found at an angle to the stereociliary axis 
(Fig. 10). The key to their behavior is that the bridges remain 
parallel to the apical surface of the hair cell when the stereo- 
cilium is displaced such as might occur when it is moved 
naturally by mechanical stimuli. This phenomenon can even 

be seen in an individual stcreocilium that somehow was bent, 
then fixed (Fig. 11 d). The basal end of  the stereocilium is not 
bent and the bridges are found running perpendicular to the 
axis. In the bent portion the bridges remain parallel to those 
below them, even though they are now running at an oblique 
angle to the new (now bent) axis. 

D I S C U S S I O N  

Packing of the Actin Filaments in the Stereocilia 
of the Bird 

Since each actin filament in the stereocilium is composed of 
monomers arranged in a double helical pattern, and since all 
the actin filaments are aligned such that the crossover points of 
their helices are in register, a fact established from the diffrac- 
tion patterns (see Results), it stands to reason that bridges 
connecting adjacent actin filaments must bond at specific sites 
along the filament. This point can be best appreciated by a 
close examination of  Fig. 12, which shows a model of  several 
filaments sitting on the vertices of a hexagonal lattice. The 
filaments are positioned so that the lowest subunit of each 
filament is pointing in the same direction; thus, the crossover 
points are fixed in register. Bridges are inserted between the 
filaments at positions in which the actin subunits are pointing 
towards each other, as is observed in the electron micrographs. 
In Fig. 12b, filaments A and B are bound by a cross-bridge 
(here indicated by a rod) at subuuit 1. Notice that as we travel 
up these two filaments the subunits no longer point towards 
each other until one-half turn of the helix has been completed. 
At this point, filaments A and B are again cross-bridged to 
each other. Filaments A and C can also be bound together but, 
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FIGURE 8 (a) Longitudinal section of a detergent-extracted stereocilium cut to illustrate a near 1,1 view. Prominent here are 
striations separated at 125 ,~ intervals (see arrows). Notice that the longitudinal striations corresponding to the filaments are not 
visible as they are in the 1,0 view (Fig. 7 d). x 310,000. (b) Computed diffraction pattern of a. The main reflection seen here is the 
meridional reflection at 1/125 ,~-1 (see larger arrow). Barely visible is a reflection on the first layer line at 1/375/~-1 (see smaller 
arrow). (c) Filtered image of b. The arrows indicate the position of the bridges. (d) Longitudinal section of a detergent extracted 
stereocilium cut to illustrate the 1,0 view. The arrows depict the striations that are separated from each other by 125 and 250/~. 
X 310,000. (e) Computed diffraction pattern of d. Notice the reflections on the first and second layer lines at 1/375/k-~and 1/187 
A -~, respectively (see small arrows). These arise from the helical symmetry of actin. On the meridian is a strong reflection at 1/125 
~-1 (see larger arrow). It arises from the cross-bridges. One of the vertical row lines arising from the packing of filaments is 
indicated by the ti lted vertical line. (f) Filtered image of d. The arrows indicate the position of the bridges. 

because of the helical symmetry of the filament, bonding occurs 
at subunit  5, not 1. Fi laments B and C bond at subunit  10 and 
so forth. Thus, the actin helix specifies the position of the cross- 
bridges. 

When all the actin fdaments in the bundle have their cross- 
over points in register, or, to put it another way, when subunit  
1 on each filament points in the same direction, the bridges 
that will form will line up to create a striated appearance. 
Neighboring fdaments would then be cross-bridged once per 
half-turn of the two-start helix or every 375 .~, and, since there 
are three sets of  neighbors in a hexagonally packed bundle, 

there will be three striations per half-turn at -125-.~ intervals, 
as can be seen in Fig. 12 c. 

We asked the computer to draw this bundle as it would 
appear when examined in the electron microscope lying on a 
grid. To do this, we simply remove the perspective so that 
fdament D lies directly behind filament A. This view, known 
as the 1,1 view, is shown in Fig. 12c. Another way of seeing 
what we have done is to mentally flip the bundle depicted from 
the top in Fig. 12a on its back. As in Fig. 12c, filament A will 
lie directly over filament D. In this view we see that there are 
three cross-bridges visible per half-turn of the helix, corre- 
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FIGure 9 (a) Thin section through the apical end 
of a detergent-extracted hair cell. Prominent is the 
cuticular plate (C) and two stereocilia that extend 
upwards from the plate. They lie perpendicular to 
the apical surface of the cuticular plate, x 13,000. 
(b) Both stereocilia are illustrated at higher mag- 
nification. The characteristic banding pattern due 
to the cross-bridges (see large arrows) is perpen- 
dicular to the long axis of this stereocilium, or 
parallel to the apical surface of the cuticular plate. 
The small arrows indicate points of cross-bridging 
to the cell membrane, x 140,000. 

sponding to the 125-A striations visible on the real bundle 
(Figs. 8 a and c). 

What is superficially confusing is that in some longitudinal 
sections of the stereocilium we see a striping pattern consisting 
of two stripes separated by 125 A, then a space of 250 A, then 
two stripes, etc. (Figs. 8d  and f) .  This is, in fact, what should 
be seen for a hexagonally packed bundle when viewed in the 
1,0 rather than the l , t  direction. The easiest way to explain 
this is for the reader to look down the row of filaments B, C, 
and D. This perspective view is shown in Fig. 12 e. In this view 
the cross-bridges between A and C are hidden by filament A. 
These hidden cross-bridges are indicated on filaments A, B, 
and D by the filled circles. As mentioned for the 1,1 view, we 
can see how this image depicted in Fig. 12e arose by mentally 
flipping the bundle depicted in Fig. 12d on its back. Thus, we 
see two cross-bridges separated by 125 A, then a gap of 250 A, 
and two cross-bridges, etc. Fig. 12f shows how a hexagonally 
packed bundle of actin filaments would appear when looked 
at along the 1,0 direction (i.e., with the perspective removed). 

The diffraction patterns shown in Fig. 8b and e are those 
expected for a bundle of actin fdaments whose crossover points 
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are in register (6). It is very similar to the pattern obtained for 
the stereocilia of the lizard cochlea (20) except for the strong 
meridional reflection (at 1/125 ,~-~) indicated in Figs. 8 b and 
e. This reflection is missing in the pattern from lizard stereo- 
cilia. It arises as the result of a combination of the presence of 
the cross-bridges and the hexagonal arrangement of the actin 
filaments. Although the lizard stereocilia have cross-brid.ges, 
the filaments are not hexagonally arranged, so the (t/125 A-l)  
meridional reflection is not,present (5), nor in the micrographs 
do we see striations at 125-Aintervals in the 1,0 and 1,1 views. 

What Happens When a Stereocilium Is Bent? 

The transverse striations in the micrographs of chick ster- 
eocilia make it possible for us to interpret what happens when 
the stereocilia are displaced such as presumably occurs during 
sound stimulation. In addition, we can obtain information on 
what happens when a stereocilium is bent not at its base but in 
the middle. 

Let us start by considering two modes of  bending of a pair 
of filaments. In Fig. 11 b we depict a bundle of three cross- 



FIGURE 10 (a) Thin section through the apical end of a detergent-extracted hair cell. Prominent are the cuticular plate (C) and 
the stereocilia. In this micrograph the stereocilia lie at an obl ique angle to the apical surface of the cuticular plate. The square 
indicates a portion of a stereocilium, which is shown at higher magnification in b. x 23,000. (b) Of interest in this micrograph is 
that the banding pattern due to the cross-bridges remains parallel to the apical surface of the cuticular plate. It is no longer 
perpendicular to the long axis of the stereocilium, x 210,000. 

bridged filaments that are bent; the lefthand trdament is 
stretched and the righthand one is compressed to achieve the 
bend. In such a situation the rows of cross-bridges remain 
perpendicular to the bundle axis and thus are no longer all 
parallel to each other. In Fig. l I c we illustrate another possi- 
bility, namely one in which the filaments are neither stretched 
nor compressed. Here the cross-bridges must bend in order to 
maintain bonding. In this situation the rows of cross-bridges 
do not remain perpendicular to the bundle axis but instead all 
remain parallel to each other. 

When we examined the micrographs of a bent stereocilium 
such as in Fig. 11 d, we found that the cross-bridges maintain 
themselves parallel to each other as suggested in Fig. 11 c. 
Thus, the actin fdaments do not stretch or compress but rather 
slip relative to each other so that the cross-bridges will appear 
tilted, since they remain attached to the same subunits. In this 
regard, there is evidence that the outer domain of the actin 
subunit can tilt by 10 °, an amount similar to the tilt required 
when stereocilia are displaced (Egelman, "E. H., and D. J. De 
Rosier, unpublished results). Thus the tilting of cross-bridges 
may in fact reflect the capacity of the actin subunit itself to tilt. 

Now we can ask what happens when a stereocilinm is 
displaced so that it bends at its base rather than its middle. 
Looking at the micrographs of stereocilia bent at their bases 
such as illustrated in Figs. 9 and 10, we clearly see that the 
cross-bridges remain parallel to the apical surface. What are 

the implications of this observation? It means that bending of 
the stereocilium at its base not only affects the 20 filaments at 
the point of bending but affects all the filaments in the bundle. 

Before we consider how this behavior affects the response of 
the stereocilia during sound stimulation, let us ask whether this 
effect is observed in other vertebrates. The lizard stereocilia are 
more difficult to analyze because they lack the 125-A period- 
icity. Nevertheless, from the diffraction patterns of the stereo- 
cilia of the lizard cochlea, we have determined that the fda- 
ments slide past one another rather than being stretched or 
compressed. Our conclusion is based on the following obser- 
vations. If the cross-bridges remain perpendicular to the bundle 
axis as a result of the stretching and compression of the 
filaments, then the row lines connecting strong intensities on 
the layer lines will always be exactly perpendicular to the layer 
lines. On the other hand, if there is a slippage of filaments past 
one another so that the fdaments are not stretched or com- 
pressed, then the row lines will shift off the perpendicular by 
the amount of the bend. In optical diffraction patterns of the 
lizard stereocilia, row lines are frequently shifted off the per- 
pendicular (see reference 20). Thus, we think they behave 
exactly like the stereocilia in birds. 

It is possible that our observations on the behavior of the 
bridges when a stereocilium is bent are an artifact of the 
preparative procedure for electron microscopy. For example, 
perhaps in the native state, the actin filaments are stretched 
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FIGURE 11 (a) Drawing depicting three filaments that lie parallel to each other. (b) Drawing illustrating what might happen if the 
filaments were bent. In this drawing the f i lament on the left is stretched, and that on the right compressed, so that the cross- 
bridges would remain exactly perpendicular to the filaments. (c) Drawing illustrating what might happen if the filaments were 
bent such that the filaments are neither stretched nor compressed. In this case the cross-bridges would no longer remain 
perpendicular to the filaments, but would remain parallel to each other. (d) Thin section through a bent stereocilium. Notice that 
the pattern of bridges fits c, but not b. Thus, the filaments must slide past one another during bending, x 147,000. 

and compressed and the cross-bridges unbent, whereas it is 
only after futation that the opposite is seen. Observations of 
the actin bundles in the sperm of Limulus shed some light on 
this question. The sperm contains a coiled bundle of cross- 
bridged actin fdaments. In the coil the bundle is not uniformly 
curved (i.e., circular) but is polygonal, consisting of sharpish 
bends (elbows) separated by straight regions (arms). In passing 
through an elbow the actin fdaments are neither stretched nor 
compressed, but, as in the stereocilia, they slip relative to each 
other. This situation is found in negatively stained bundles, in 
thin sections of bundles, and in fast-frozen, etched bundles (5). 
Thus, for Limulus, the observations are not an artifact of 
preparation. However, the crosslinking proteins in Limulus and 
in the stereocilia are different, so the two cases are not strictly 
comparable. Nevertheless, what is common to both is that 
cross-linked actin fdaments slip relative to each other rather 
than being stretched or compressed. 

the response of the stereocilia during sound stimulation. The 
amount of movement of the stereocilium depends on a number 
of factors. It depends on the torque exerted on the stereocilium 
and the opposing of this force by the built-in rigidity of the 
bundle. There are two components of the bundle to consider 
during bending. One is the base of the stereocilium, which 
consists of 20 or so filaments engulfed in some dense material 
of unknown properties. This structure seems to be identical in 
every hair cell of the cochlea. Thus, it appears to contribute a 
constant term. The second component is the cross-bridges in 
the stereocilia. Strictly speaking, we cannot differentiate be- 
tween a bending within the actin subunit, within the cross- 
bridges, or some combination of the two. For simplicity, how- 
ever, we will treat the deformation as the bending of cross- 
bridges. Thus, the amount of resistance to displacement under 
a fixed torque will depend on the number of cross-bridges 
being bent. ~ Since we know the packing of the actin fdaments 

Resistance to Displacement Depends on the 
Length and Width of the Stereocilium 

Now we can ask how the behavior of the cross-bridges affects 

E By knowing the Young's modulus for actin, we can, in principle, set 
limits on the stiffness of the cross-bridges and, therefore, on the 
resistance of the stereocilium to bending. A complete analytical de- 
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Computer -genera ted model  o f  a cross-bridged bund le  
of  actin f i laments. (a) Top view. (b) 1,1 v iew wi th perspective. If 
one f l ips the bund le  seen in a on its back, one sees this view. The 
cross-bridges are represented by the shaded lines. (c) 1,1 v iew 
w i thou t  perspective. This image simulates what  is seen in the 
electron microscope. A series o f  more or  less evenly  spaced trans- 
verse bands cross the f i laments. ( d )  Top view. The same as in a but  
rotated 30 °. (e) 1,0 v iew wi th perspective. If the bund le  in d is now 
f l ipped,  one generates this v iew instead of  the 1,1 view. ( f )  1,0 v iew 
w i thou t  perspective. This image shows the characterist ic two bands 
and a gap rather than three evenly spaced bands. It is easy to see 
that one band is missing because the cross-bridges are v iewed end 
on and appear h idden behind f i laments. The dots indicate the 
posit ions of h idden cross bridges. 

in the stereocilia, it is easy to calculate the number  of cross- 
bridges per stereocilium. For each 375 ,~ of every fdament 
there are three cross-bridges. Thus, the number  of cross-bridges 
depends on both the length and number  of fdaments. For 
example, in the tall hair cells at the low frequency end of the 
cochlea the stereocilia are 5.5 /~m in length and 0.12/~m in 
width (see the accompanying paper [21]). Each stereocilium, 
then, would contain 37,000 cross-bridges. In contrast, at the 
high frequency end of the cochlea each stereocilium is only 1.5 
/~m in length and 0.12/tm in diameter. It would contain 10,000 
cross-bridges. Thus, the stereocilia from different ends of the 
cochlea would respond differently to an applied force. 

In the preceding paper (21) we showed that in the bird the 
length and width of the stereocilia in fact vary systematically 
from the distal to the proximal end. These variations in turn 
must affect the mechanical properties and hence the tuning of 
the cochlea. This may explain some of the puzzling aspects of  
free tuning. 

For over 10 years, t'me frequency discrimination of the 

scription of this motion suffers from indeterminacy of a very high 
order, and therefore the problem must be solved numerically. This will 
be left for future work. 

peripheral auditory system has been known to be physiologi- 
cally vulnerable. Within 5 min after the onset of  hypoxia there 
is a marked loss of t'me tuning from single neuron recordings. 
Evans (7) stated: "It is difficult to conceive of  the basilar 
membrane mechanics being so sensitive to metabolic changes." 
Hence, researchers proposed that the basilar membrane  me- 
chanics acted to give coarse tuning and that there existed a 
vulnerable second f'dter that provided the fme tuning. 

Within the past several years, it has been shown that the 
basilar membrane  motion is itself physiologically vulnerable, 
counter to Evans's (7) plausible comment. Rhode (15) stated 
that within 10 min after death there is a 10-fold decrease in 
amplitude of  vibration. The question is, What  part of  this 
mechanical system is vulnerable? Given that some of the 
mechanical components of  the cochlear partition, such as the 
tectorial and basilar membranes, are extracellular, it is unlikely 
that these are the site of the physiological vulnerability. What  
is more likely is that the hair cells coupling these to membranes 
are the vulnerable point. In particular, we think that the 
stereocilia themselves are responsible for fine frequency dis- 
crimination as well as the lability of basilar membrane  motion, 
an idea suggested earlier (1, 24). Evidence for this has come 
from studies of acoustic t rauma in which a loss of i-me tuning 
is associated with a loss in rigidity of the stereocilia (12, 13). It 
is plausible that intracellular changes caused by hypoxia and 
metabolic poisoning could have a similar effect. 

A more dramatic demonstration of the importance of the 
stereocilia to fme tuning comes from studies of the alligator 
lizard. In this organism the basilar membrane  moves as a rigid 
structure for most sound frequencies and does not show the 
spatial variation associated with free tuning. Recordings from 
hair cells that sit on the membrane,  however, do show line 
tuning. Since Mulroy (14) noted a gradation of  stereocilia 
length along the papilla, Weiss et al. (23) suggested that free 
tuning results solely from the mechanical properties (e.g., 
length and stiffness) among the stereocilia. A loss oft 'me tuning 
is seen in lizards subjected to acoustic trauma. This loss is 
accompanied by morphological changes in which the actin 
filaments in the stereocilia depolymerize where they are con- 
nected to the rootlet. In addition, cross-bridges between fda- 
ments disappear. Both effects result in a loss of the mechanical 
rigidity of the stereocilia (22). 

Thus, the observations we are reporting here on the mode of  
stereocilia bending (and the relation between length and stiff- 
ness), combined with our previous report (22) on the effect of  
acoustic t rauma on stereocilia rigidity, appear to shed some 
light on the mechanism of £me frequency selectivity and the 
source of its vulnerability. 
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