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ABSTRACT membrane toward scala vestibuli. This resulted in a
shape change of the tectorial membrane and the organ
of Corti. The tectorial membrane was properlyA frequency-dependent change in hearing sensitivity

occurs during maturation in the basal gerbil cochlea. extended above the outer hair cells by postnatal day
12. This time coincides with the onset of hearing. TheThis change takes place during the first week after the

onset of hearing. It has been argued that the mass of a basilar membrane hyaline matrix increased in thick-
ness, whereas the multilayered tympanic cover layergiven cochlear segment decreases during development

and thus increases the best frequency. Changes in mass cells decreased to a single band of cells by postnatal
day 19. Before and after the period of rapid growth,during cochlear maturation have been estimated pre-

viously by measuring the changes in cochlear dimen- the observed gross morphological changes are rather
small. It is unlikely that dimensional changes ofsions. Fixed, dehydrated, embedded, or sputter-coated

tissues were used in such work. However, dehydration cochlear structures between postnatal days 12 and 19
contribute significantly in the remapping of the fre-of the tissue, a part of most histological techniques,

results in severe distortion of some aspects of cochlear quency-place code in the base of the cochlea. Instead,
structural changes affecting the stiffness of themorphology. The present experiments, using a novel

preparation, the hemicochlea, show that hydrated cochlear partition might be responsible for the shift
in best frequency.structures, such as the tectorial membrane and the

basilar membrane hyaline matrix, are up to 100% Keywords: cochlea, development, hearing, anatomy,
morphology, frequency-place code, hemicochlealarger than estimated previous studies. Therefore, the

hemicochlea was used to study the development of
cochlear morphology in the gerbil between the day of
birth and postnatal day 19. We used no protocols that
would have resulted in severe distortion of cochlear INTRODUCTION
elements. Consequently, a detailed study of cochlear
morphology yields several measures that differ from It has been shown that the onset of hearing occurs in
previously published data. Our experiments confirm gerbils at about postnatal day 12. At this time, cochlear
growth patterns of the cochlea that include a period microphonics and compound action potentials can be
of remarkably rapid change between postnatal day 6 recorded. However, after the onset of hearing, the
and 8. The accelerated growth starts in the middle of cochlea still matures (Fink et al. 1972; Harris and
the cochlea and progresses toward the base and the Dallos 1984; Yancey and Dallos 1985; Woolf and Ryan
apex. In particular, the increase in height of Deiters’ 1984, 1988; Woolf et al. 1986; Arjmand et al. 1988;
cells dominated the change, “pushing” the tectorial Echteler et al. 1989; Mu

¨
ller et al. 1991; He et al. 1994;

McGuirt et al. 1995; Ito et al. 1995; Mu
¨
ller 1996; Souter

et al. 1995, 1997; Overstreet and Ruggero, 1998, 1999;
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hearing, a shift toward higher frequencies of about Fixation of the cochlea
1.5 octaves of the “best” stimulus frequency can be

Mongolian gerbil (Meriones unguiculatus) pups rangingdetected over several days, at least in the base of the
in age from 0 to 19 days after birth (DAB) were chosencochlea (Harris and Dallos 1984; Yancey and Dallos
for the experiments. The animals were given a lethal1985; Arjmand et al. 1988; Echteler et al. 1989; Mu

¨
ller

overdose of sodium pentobarbital (Nembutal) beforeet al. 1991; Mu
¨
ller 1996; Overstreet and Ruggero 1998,

cardiovascular perfusion was performed. First, the vas-1999; Richter and Dallos 2000).
cular system was flushed with a Hanks Balanced SaltWhether the remapping of the frequency-place
Solution which contained 20 mM calcium (HBSS20),code originates from the development of the cochlear
about 1600 units of heparin (corresponding to 10 mg/amplifier (Norton et al. 1991; He et al. 1994; Mills et
100 ml; an anticoagulant) and 20 mg methoxamineal. 1994; Mills and Rubel 1996, 1998) or is brought
hydrochloride (a vasodilator).about by changes of passive cochlear mechanics

Thereafter, the animals were perfused with 2.5%(Overstreet and Ruggero 1998, 1999; Richter and
glutaraldehyde in a HBSS20 solution. Next, the animalsDallos 2000) has been examined. The results show that
were decapitated and the bullae were removed. Finally,passive cochlear mechanics contribute significantly to
the cochleae were harvested. The stapes was dislodgedthe frequency-place code remapping. Passive cochlear
and the round window membrane was punctured.mechanics are determined by the dimensions and
Once more the cochleae were placed in a 2.5% glutar-physical properties (mass and stiffness) of the selected
aldehyde fixative bath for approximately one hour.cochlear segment. Developmental changes in mass can
Then the specimens were rinsed three times in HBSS20be estimated by measuring cochlear dimensions. How-
and excess bone was trimmed from the cochleae.ever, in the majority of available work, cochlear anat-

omy has been studied in embedded and dehydrated
material. It has been noted by several investigators
that protocols used to embed or sputter-coat tissue for Hemicochlea
electron microscopy result in severe distortion of gel-
like structures (Kronester–Frei 1978, 1979; Lim 1972, After appropriate fixation, as described above, the

bony inner ears were fixed with acrylic (Locktite 404,1977). More recently, Edge et al. (1998) reemphasized
that distortion of the organ of Corti occurs as a result Hartford, CT) to a rectangular metal block placed in

a TPI vibratome (TPI, St. Louis, MO). A small dropletof dehydration protocols that are a part of the embed-
ding procedures. In particular, gel-like structures such of HBSS20 was placed on both the round window and

stapes to bathe the cochlea and to prevent fluid evapo-as the tectorial membrane or the basilar membrane
matrix are severely affected. In other words, gradients ration while the glue was consolidating. Next, the spec-

imen was immersed in HBSS20 and positioned in thein cochlear dimensions that occur during maturation
of the inner ear might be masked by dehydration of cutting bath of the vibratome. A broken half of a dou-

ble-edged razor blade was inserted into the bladecochlear structures.
With the hemicochlea (Edge et al. 1998), it is possi- holder and then brought forward slowly toward the

cochlea. The height of the specimen was adjusted soble to visualize cochlear cross sections in a radial view
without using dehydration protocols. The present that the blade was aligned with the midmodiolar plane.

The blade was returned to its original position andexperiments are designed to study changes in cochlear
morphology between postnatal days, 0 and 19 (for the speed and amplitude were selected for cutting.

The vibration amplitude of the blade was set to 200review, see Ru
¨
bsamen and Lippe 1997). Age-depen-

dent growth of different cochlear elements, including mm and the advancement of the blade was 2 mm/
min. Depending on the ease of the cut, the forwardthe tectorial membrane, could be demonstrated in

nondehydrated material. Measurements were per- movement of the blade was reduced. Once the entire
cochlea was cut, from apex to base, the speed andformed at seven different locations in the cochlea.

Results of the our experiments differ from the data of amplitude were returned to zero. The specimen was
lowered to prevent damage to the cochlea when theother groups, in particular for the aforementioned

structures, which are likely to suffer severe distortion blade returned to its original position. The cochlear
halves (hemicochleae) were carefully removed fromwhen dehydrated.
the rectangular block and were transferred into a petri
dish lid for proper orientation. Alignment of the
hemicochlea was accomplished by placing it on a smallMETHODS
bed of high vacuum grease (Dow Corning, Corpora-
tion Midland, MI, USA), which was immersed inExperimental procedures have been approved by the

NIH and by the Northwestern University Institutional HBSS20. Finally, the petri dish was placed on the stage
of an upright microscope.Review Board.
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Experimental setup outer pillar stalk and the reticular lamina above the
three rows of outer hair cells (a), the angle betweenThe experimental setup consisted of an upright Leitz
the basal lamina of the arcuate zone and the outermicroscope (Medilux Stuttgart, Germany), which was
pillar stalk (b), and the angle between the inner pillarequipped with 103, 203, magnification and 403
stalk and the basal lamina of the arcuate zone (g).Olympus water immersion lenses, an optivar (13–23),

and a trinoc viewing head. Pictures of the hemicochlea
preparation were taken with a CCD camera [Panasonic Cross-sectional surface areas
GP-MF602 (Secaucus, NJ, USA) or Optronics DEI 450

Area measurements were obtained by tracing the struc-(Goleta, CA, USA)], which was attached to one port
tures of interest. The total number of pixels withinof the viewing head. Despite most of the organ of Corti
the circumscribed area were counted and gave a mea-tissues being light transparent, different translucent
sure of the cross-sectional area. As shown in Figurestructures could still be visualized by oblique illumina-
1d, for all age groups, the surface area of the organtion. In the present experiments the light source was
of Corti (area B) is defined by the boundaries at thea series of five bright light-emitting diodes (LEDs)
reticular lamina, Hensen’s cells, the basal lamina ofarranged below the microscope’s condenser. The posi-
the basilar membrane, and upward along the innertion of the LEDs was off the optical axis so that the
phalangeal supporting cell. Area measurements of thepreparation could be illuminated by oblique light. A
tectorial membrane and its marginal band (area A),video enhancement system (Argus 20, Hamamatsu,
the inner spiral sulcus (area D), as well as the matrixBridgewater, NJ, USA) was utilized to improve the con-
found in the zona pectinata of the basilar membranetrast of the images, which then were stored on both
(area C) are as indicated.an optical laser disk recorder (Panasonic) and in the

computer. The video enhancement system was also
used to acquire the desired cochlear dimensions from Basilar membrane length measurements
the captured images.

The total length of the basilar membrane was deter-
mined using two methods. One length measurement

Calibration was achieved by reconstructing the cochlear duct from
Measurements of the cochlear structures were made several cochlear segments resulting from the cutting
using the software package NIH-image. The system was procedure. The latter was accomplished by lightly
calibrated for each magnification by using the video osmicating, dehydrating, infiltrating, and embedding
image of a calibration slide that was captured at the the two corresponding hemicochleae in plastic (Aral-
end of each series of image acquisition. Thus, it was dite-Epon Polyscience Inc., Warrington, PA, USA).
possible to convert the number of image pixels into Half-turn cochlear segments were then extracted from
for linear dimension or for cross-sectional areas. the embedded hemicochlea. Care was taken to shave

away the bone above and below the embedded organ.
Thus, the pillar heads were clearly seen when viewingLength and width measurements
the tissue on an upright microscope at a low magnifica-Various dimensions of cochlear structures were evalu-
tion. A video camera was attached to the microscopeated as shown in Figure 1a, b. Included are the radial
and the image of the cochlear segment was displayedlength of the tectorial membrane (TM), the widths of
on a video monitor. Next, an acetate sheet was tapedthe pectinate and arcuate zones of the basilar mem-
to the calibrated video display. An arc was traced longi-brane (BM), the height of the inner and outer pillar
tudinally between the pillar heads and then measuredcells, the height of the inner and outer hair cells, the
as described by Bohne (1972). All half-turn segmentsheight of Deiters’ cells, the height of the spiral limbus,
were totaled to obtain a final length measurement ofthe thickness of the layer of Claudius cells, the thick-
the basilar membrane. To assure that cutting of theness of the matrix of the zona pectinata of the BM,
cochlea does not result in shorter lengths of the basilarand the concatenated height of the Claudius cells (CL)
membrane due to lost pieces during the procedures,plus BM hyaline matrix (HM) plus tympanic cover
intact cochleae were reconstructed as well.layer cells (TCL). Other measures obtained were the

Because we are aware that procedures that includethickness of the TCL of the pectinate zone of the BM
dehydration and embedding might severely distort theand the thickness of the TM measured directly atop
cochlear preparation, we also obtained length mea-Hensen’s stripe (HS).
surements from only fixed preparations (without dehy-
dration). With our second approach the bony shell of

Angles the cochlea was removed after fixation. Thereafter,
stria vascularis was removed carefully and each turnAs shown in Figure 1c, angles between selected struc-

tures were also determined: the angle between the of the cochlea was harvested individually. Cochlear
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FIG. 1. Sketch of the radial view of
one turn of a hemicochlea. Linear mea-
sures were taken as shown in a and b.
Measures are the width of the basilar
membrane pectinate zone (a) and arcu-
ate zone (b) and tectorial membranes
(c), the height of the inner and outer
pillar cells (e and d ), the height of the
inner sulcus ( f ), the summed height of
the basilar membrane and the Claudius
cells (g), the height of the tectorial
membrane (h), and the thickness of the
tympanic cover layer cells (i). Height
of the outer hair cells and the bodies
of Deiters’ cells are measured as shown
by the arrows in b. (c) Different angles
are measured: the angle between the
outer pillar stalk and the reticular lam-
ina (a), the angle between a line paral-
lel to the BM and a line through the
outer pillar stalk (b), and the angle
between a line through the inner pillar
stalk and the basal lamina (c). (d) Cross-
sectional area measurements were
obtained according to the shaded areas
for the tectorial membrane (A), organ
of Corti (B), the hyaline matrix of the
basilar membrane (C), and the inner
spiral sulcus (D).

segments were placed under an upright microscope Corti were taken. Effects of the fixative were deter-
mined by comparing the captured images before andand the images that were captured with a CCD camera

were displayed on the screen of a monitor. The seg- after perfusion.
ments were traced along the pillar heads and added
piece-by-piece to yield the total length of the basilar

Statisticsmembrane.

Averages and standard deviations, as well as medians
and interquartile ranges were calculated for the mea-Controls
surements obtained for various cochlear dimensions

Distortion of the organ of Corti might result from the as outlined in Figure 1. The values shown in the subse-
fixation. To control for such distortions, cross sections quent figures are the medians and their respective
were observed before, during, and after perfusion with interquartile ranges. For some measures a paired t-test
the fixative used in the experiments. A hemicochlea with a criterion value of p , 0.05 was performed to
was cut and thereafter an image of the radial cross determine whether the difference between the means
section of the organ of Corti was taken as soon as of the measures is significant.
possible. The time between sacrificing the animal (no
intracardiac perfusion) and capturing the first image
was less than 20 minutes. After a control image was

RESULTStaken, the HBSS20 bath solution was exchanged for a
2.5% glutaraldehyde-containing HBSS20 solution.
While the fixative was perfused into the dish con- The development of different structures in the gerbil

inner ear was examined between postnatal days 0 andtaining the cochlea, successive images of the organ of
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the typical cross-sectional views of the hemicochlea
preparation are shown at postnatal days 0, 6, 12, and
19. Both low- and high-magnification images are
provided.

Controls

Cutting of the cochlea along its modiolar axis often
results in partial damage of the preparation. The most
common distortions resulting from cutting are the
detachment of the tectorial membrane, the stria vascu-
laris, or the spiral ligament. Significant distortions can
be detected easily by inspection. However, one cannot
rule out some microscopic loosening of the tectorial
membrane from the outer hair cells. Perfect condition
of the cross-sectional area of a half-turn is judged by
the following criteria: straight inner and outer pillar
cells, cylindrical outer hair cells of uniform diameter,
no bending between basilar membrane arcuate and
basilar membrane pectinate zones, and tectorial mem-
brane closely apposed to the third row of outer hair
cells. The most sensitive measure for the condition of
the preparation was the position of the inner hair
cell stereocilia bundles. When the cochlea preparation
deteriorated, the first visible sign was a separation of
inner hair cell stereocilia from Hensen’s stripe.

In the present experiments several locations from
the base to the apex of the cochlea were examined in
any one preparation. Acquisition of video images for
any given location of one hemicochlea requires
approximately 2.5 hours. Unfortunately, after cutting
the hemicochlea, the cochlear structures quickly dete-
riorate so that only a few images could be captured
with the preparation in good condition. In particular,
outer hair cells and Deiters’ cells changed their shape
rapidly. Within 30 minutes outer hair cells decreased
their length about 25%. To prevent these changes, the
cochleae were fixed by a rapid intracardiac perfusion.

FIG. 2. Images of the cochlea in different stages of development, Thereafter, the cochlea preparation remained in stabletaken in the basal turn of the hemicochlea. The ages chosen were 0
condition. To determine whether the fixative, by itself,day, 6 days, 12 days, and 19 days. The scale bar equals 100 mm for
generates distortion of the cochlear structures, thethe left column and 25 mm for the right column. The labeled structures

are the tectorial membrane (TM), the inner hair cell (I), the inner half-turns were superfused with 2.5% glutaraldehyde
pillar and outer pillar cell (IP, OP), three rows of outer hair cells (1, immersed in HBSS20. Images of the cross sections,
2, 3), the spiral vessel (SpV), and the basilar membrane (BM). The taken before and after perfusion, did not differ signifi-tissue was fixed prior capturing the images.

cantly (Fig. 3). The changes for the different structures
were less than 2%, except the hyaline matrix and the
tectorial membrane (Fig. 3). As previously reported,
due to fixation with 2.5% glutaraldehyde, the cross-19. In total 72 animals were used in the study: 8 at

DAB 0, 4 at DAB 3, 7 at DAB 6, 2 at DAB 7, 5 at DAB sectional area of the tectorial membrane shrunk about
5% and the cross-sectional area of the basilar mem-8, 2 at DAB 9, 2 at DAB 10, 12 at DAB 12, 7 at DAB

13, 6 at DAB 15, and 13 at DAB 19. brane hyaline matrix decreased about 4% (Edge et al.
1998). The changes observed were not significantIn contrast to studies conducted by other groups,

in our experiments no dehydration protocols were (N 5 6). This justified the use of fixatives to stabilize
the preparation.used. It has recently been reemphasized that dehydra-

tion of the cochlea generates severe distortion of the Repeatability of the measurements was tested for
one examiner who remeasured the height of the pillarinner ear structures (Edge et al. 1998). In Figure 2
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FIG. 4. Radial view of a hemicochlea. Nomenclature and distances
of the cut edges from the basal end of the basilar membrane are
shown for the different turns.

Locations of measurements

Alter cutting the cochlea, seven different cut locations
could be distinguished. The cut edges are designated
as the hook, the basal turn, the upper basal turn, the
middle turn, the upper middle turn, the apical turn,
and the upper apical turn. Figure 4 shows these land-
marks and the approximate distances (in millimeters)
for these cut edges from the basal end of the basilar
membrane. The success rate for the number of mea-
suring sites available in a preparation depended on
the age of the animal. Whereas in young gerbils most
preparations revealed pristine conditions for all seven
locations, in adult animals the number of sites in good
conditions usually decreased to four.

Basilar membrane (BM)

For an adult animal the length of the basilar mem-
brane in dehydrated and embedded tissue was 11.1

FIG. 3. Control experiments comparing fixed and unfixed tissue.
mm (N 5 3) and in fixed (but not dehydrated) mate-Shown are parts of the organ of Corti under high magnification. The
rial it was 11.4 mm (N 5 3).circles in the graph show the differences in height before and after

fixation of outer hair cells (OHC1, OHC2, OHC3), Deiters’ cells (D1, At day zero the width of the basilar membrane in
D2, D3), inner and outer pillar cells (IP, OP), hyaline matrix (HM), the base of the cochlea was 146 mm (25 mm the arcuate
and the tectorial membrane (TM). The diamonds show changes in zone and 121 mm the pectinate zone). Longitudinal
area measurements of the organ of Corti (OC) and the tectorial mem-

gradients in the width of the basilar membrane werebrane (TM). None of the changes are significant. The values are the
not found at this age; however, the hook region wasmedians and their respective interquartile ranges.
narrower than the rest of the basilar membrane (Fig.
5). During development the width of the basilar mem-
brane increased, particularly at the middle and apical
locations of the cochlea. Nineteen days after birth thecells, the height of outer hair cells, and the cross-

sectional area of the tectorial membrane in the same width of the basilar membrane was 200 mm (41 mm
the arcuate zone and 159 mm the pectinate zone) atpreparation more than four weeks apart. The varia-

tions between the measurements were less than 65%. the basal end of the cochlea (not the hook), 264 mm
(54 mm the arcuate zone and 210 mm the pectinateSimilarly, the results of the measurements obtained by

three different examiners were compared. Again, the zone) at the upper middle turns, and 252 mm (61 mm
the arcuate zone and 191 mm the pectinate zone) indifferences among the measures obtained by the dif-

ferent individuals did not differ by more than 65%. the apex of the cochlea (Fig. 5).
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FIG. 5. Width of the basilar membrane (upper left panel) and the basilar membrane pectinate zone (upper right panel). An increase in width
of both basilar membrane and basilar membrane pectinate zone can be seen with age. Lower panels show the developmental gradients along
the cochlea for basilar membrane and basilar membrane pectinate zone. The values are the medians and their respective interquartile ranges.

During hemicochlea preparation, the tympanic As seen in Figure 7, the cross-sectional area of the
basilar membrane (hyaline) matrix changed dramati-cover layer cells (TCL), the hyaline matrix of the

basilar membrane (HM), and the Claudius cells (CL) cally between postnatal days 6 and 8. In the base of
the cochlea, the cross-sectional area grew from almostcould be noted. The concatenated thickness of the

TCL, the HM, and the CL at postnatal day 0 was about nothing to 2100 mm2. Longitudinal gradients devel-
oped as well. The cross-sectional area of the basilar60 mm. No longitudinal gradients could be seen. Dur-

ing development the thickness of tympanic cover layer membrane hyaline matrix increased from 2200 mm2

(in the base) to 4995 mm2 (at about 8.5 mm from thecells decreased, whereas the hyaline mass developed
between the upper and the lower fiber bands of the basal end of the BM). Further toward the apex of the

cochlea, the cross-sectional area of the HM decreasedbasilar membrane. In the basal, upper basal, and mid-
dle turns the concatenated thickness of TCL, HM, to 4290 mm2 and about 3000 mm2 in the helico-

trema region.and CL first increased until about postnatal day 12.
Thereafter, the summed thickness of BM and CL
decreased again (Fig. 6). In the basal turn, similar Tectorial membrane (TM)
values are reached in adult animals as measured in a
newborn animal, whereas in the middle and upper- Already at birth, two segments of the tectorial mem-

brane can be distinguished: a more structured bodymiddle turn the thickness clearly increased above the
dimensions obtained at birth. Interestingly, between and a segment extending from the body across the

outer hair cells and seemingly attaching to Hensen’spostnatal day 12 and adulthood, the total thickness of
TCL, HM, and CL decreased, whereas for more apical cells. After birth, changes in the cross-sectional area

of the TM are small in the base of the cochlea com-locations it still increased. At postnatal day 19, the
thickest site along the cochlea was about 8.5 mm from pared with the changes that can be observed at more

apical locations (Fig. 8). In addition to an increase inthe basal end of the basilar membrane (Fig. 6). In
general, changes in the above-discussed dimensions the cross-sectional area, dramatic shape changes occur

between postnatal days 6 and 12, during the rapidare not dramatic, either with development or along
the length of the cochlea. increase in height of Deiters’ cells and the outer hair
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FIG. 6. Thickness of the basilar membrane (sum of tympanic cover FIG. 7. The growth of the area of the hyaline matrix. Longitudinal
layer cells and hyaline matrix) and the Claudius cells. The summed gradients are observable in adult animals (lower panel). The maximum
thickness of the basilar membrane and Claudius cells increases during is seen at about 8.3–8.6 mm from the basal end. The period of rapid
development for more apical turns, whereas it decreases in the base growth is between postnatal days 6 and 8 (upper panel). The values
after postnatal day 12. However, compared with birth, even in the are the medians and their respective interquartile ranges.
base the total thickness of basilar membrane and Claudius cells did
not change significantly. Most rapid changes are between postnatal
days 6 and 8. The values are the medians and their respective inter-
quartile ranges.

understanding of the rapid-growth period, the time
pattern of the onset of rapid growth was reexamined
in a series of animals that were taken from one single

cells (Fig. 9). Thickness and width of the body of the litter. The animals were sacrificed during the time
tectorial membrane changed the most between postna- period of rapid growth, two animals precisely every 24
tal days 0 and 6. Likewise, the cross-sectional area of hours over a time span of three to four days. The
the body of the tectorial membrane varied the most resulting data are shown in Figure 12.
between postnatal days 0 and 6, particularly in the At birth, inner and outer pillar cells are approxi-
more apical turns (Fig. 10). mately the same height throughout the cochlea (Fig.

13). No longitudinal gradients are seen. Accelerated
growth of the pillar cells can be detected betweenOrgan of corti and its cellular structures
postnatal days 6 and 8 (Fig. 13). During this period
outer pillar cells grow longer than the inner pillar cellsThe organ of Corti drastically changes its cross-sec-

tional area during maturation. At birth, the cross-sec- (Fig. 13). Moreover, in adult animals a gradient in the
height of both types of pillar cells can be seen alongtional area increases monotonically from the base of

the cochlea (2150 mm2) toward the apex (2580 mm2). the cochlea.
Outer hair cells reveal similar growth patterns asInduced by the increase in the height of Deiters’ cells,

the fastest growth occurs between postnatal days 6 and Deiters’ cells. At birth, little longitudinal difference
can be observed in cell height (Fig. 14). The cells8 (Fig. 11). Deiters’ cells located in the basal turn are

about 10 mm long at birth. Their height remains almost are about 20–25 mm long throughout the cochlea. A
period of rapid growth is seen between postnatal daysunchanged until postnatal day 6. Thereafter, within

two days, their height increases to 50 mm (Fig. 11). 6 and 8. Finally, at postnatal day 8, outer hair cells
have almost reached their adult height. Outer hair cellThe first changes could be observed at the upper basal

turn (about 4.8 mm from the basal end of the basilar height increases from about 20 mm in the base to
about 50 mm in the apex. No significant differencesmembrane, Fig. 12). Later growth occurs in the more

basal and apical locations. In order to produce a better in height of the outer hair cells of row 1 (OHC1)
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FIG. 8. Cross-sectional area of the tectorial membrane. Longitudinal
gradients are shown in the lower panel. The largest cross-sectional
area is found 8.3–8.6 mm from the basal end of the basilar membrane.
(Upper panel) A rapid growth of the cross-sectional area occurs
between birth and postnatal day 6. Thereafter, only small changes
in the cross-sectional area are detected. The values are the medians
and their respective interquartile ranges.

FIG. 9. Sequence of images taken in basal turns (left column) andversus outer hair cells of row 2 (OHC2) or outer hair
middle turns (right column) at postnatal days 6, 8, 10, and 12. The

cells of row 3 (OHC3) could be detected. rapid growth of Deiters’ cells and outer hair cells “pushes” the tectorial
membrane toward the scala vestibuli. The inner spiral sulcus already
started to open. Finally, at postnatal day 12, outer hair cells wereAngles located below the structured segment of the tectorial membrane. This
time coincides with the reported onset of hearing. Scale bar equalsAt birth the outer pillar cell forms roughly a right
50 mm.

angle (b) with the basilar membrane and an angle of
about 758 with the reticular lamina (a), whereas the
inner pillar cell reveals an angle of about 658 (g).

the reticular lamina (a) decreases from 758 to 678.When the cochlear duct opens between postnatal days
Little variation in this angle is seen along the cochlea.2 and 3, the outer pillar cell initially remains perpen-

dicular to the basilar membrane, whereas the inner
pillar cells reveal an angle of about 558. During devel-

DISCUSSIONopment, the feet of the pillar cells separate. In addition
to the inner and outer pillar feet separating (widening
of the arcuate zone; see Fig. 5), the pillar cells grow Gerbils do not hear at birth. As shown by several

groups, significant structural and functional changesin height; the outer pillar cell more than the inner
pillar cell. The result is a decrease in the angle between occur in the cochlea and hearing develops over an

approximately three-week period before it becomesthe stalk of the outer pillar cell and the basilar mem-
brane from about 908 to 458 (Fig. 15). Furthermore, adult like at about postnatal day 19 (Fink et al. 1972;

Harris and Dallos 1984; Woolf and Ryan 1984, 1988;the angle of the inner pillar cell stalk to the basilar
membrane increases from about 558 to 708 (Fig. 15). Yancey and Dallos 1985; Woolf et al. 1986; Arjmand

et al. 1988; Echteler et al. 1989; Harris et al. 1990;Interestingly, there is little variation in the latter angles
throughout the cochlea. Norton et al. 1991; He et al. 1994; Mills et al. 1994;

Ito et al. 1995; McGuirt et al. 1995; Mu
´
ller et al. 1991;The angle between the outer pillar cell stalk and



204 RICHTER ET AL.: Development of Gerbil Inner Ear

FIG. 11. The time pattern of the growth of the three rows of Deiters’FIG. 10. The growth of the cross-sectional area of the organ of Corti.
cells. In immature cochleae, Deiters’ cells have the same height along(Upper panel) It is apparent that the period of rapid growth occurs
the cochlea (lower panel). After the period of rapid growth betweenbetween postnatal days 6 and 8. (Lower panel) It is apparent that the
DAB 6 and DAB 8, longitudinal height differences can bee seen.biggest cross-sectional area is found in adulthood at about 8.4 mm
Cells are longer in the middle and apical locations along the cochlea.from the basal end of the basilar membrane. No longitudinal gradients
The period of rapid growth occurs between postnatal days 6 and 8.are found at birth. The values are the medians and their respective
It is not detectable from the upper panel whether maturation occursinterquartile ranges.
in a base-to-apex time pattern. The values are the medians and their
respective interquartile ranges.

Mu
´
ller 1996; Mills and Rubel 1996, 1998; Overstreet

and Ruggero 1998, 1999; Richter and Dallos 2000). affected by fixation (see below) or by the cutting proce-
Thereafter, only subtle maturation of cochlear func- dures (Edge et al. 1998). Our experiments present an
tion can be detected (McGuirt et al. 1995). Some mor- itemized study of the development of the inner ear
phological studies in the gerbil have addressed the from birth of the animal to postnatal day 19. Develop-
maturation of gross morphology of the inner ear dur- mental changes of the inner-ear dimensions and adult
ing this time period (Schweitzer et al. 1996; Souter et like morphology are presented in detail, in particular
al. 1997). In these studies development of inner-ear for hydrous structures of the inner ear.
structures was correlated with the physiology of hear-
ing. It has been shown that during the first two weeks

Dimensional changes and frequency-placethe basilar membrane (Souter et al. 1997), the inner
code remappingand outer pillar cells, and the reticular lamina under-

went significant changes in dimension (Souter et al. A developmental shift of the frequency-place code of
the basilar membrane was first suggested by Rubel and1997). However, all previous studies used either fixed,

dehydrated, or sputter-coated material. Hydrous struc- Ryals (1983). Their proposal was based on data from
sound-exposed chick cochleae. In gerbils, the charac-tures, such as the tectorial membrane or the hyaline

matrix of the basilar membrane, are subject to severe teristic frequency of single auditory nerve fibers that
originate in the base of the cochlea shifts about 1.5shrinkage from the dehydration (Lim 1972; Kro-

nester–Frei 1978, 1979; Edge et al. 1998). octaves toward higher frequencies (Echteler et al.
1989). Considering that the maturation of the cochlearBecause the mechanical properties (mass and stiff-

ness) of the inner ear are notably determined by the amplifier might contribute a change in best frequency
of about 0.6 octave, the remaining shift of approxi-dimensions and properties of the different structures,

it is of special interest to obtain the undistorted dimen- mately 1 octave needs to be explained. For simplicity,
we consider a simple mass–spring resonant system forsions of the inner ear. The hemicochlea allows us to

study such dimensions, inasmuch as it is minimally which the resonance frequency v is calculated by
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FIG. 12. Two examples used to determine time patterns in onset of rapid cochlear maturation. The height of Deiters’ cells was measured at
postnatal days 5, 6, 7, 8, and 9 in littermates. The animals were killed exactly 24 hours apart. The period of rapid growth is detectable in the
upper basal turn first and then spreads toward the apex and the base.

have seemingly minor contributions to the frequency-v 5 !k/m
place code shift in the base of the cochlea during

where k is stiffness and m is mass. Either stiffness has development. Rather, change in stiffness (Echteler
to increase by a factor of 4 or the mass has to decrease 1995) and/or cochlear micromechanics (Richter and
by a factor of 4 to result in a 1 octave shift of the Dallos 2000) might be the major factor in the fre-
resonant frequency. As a first approximation, similar quency-place code remapping between postnatal days
numbers might be expected for the developmental 12 and 19.
change in cochlear-cross section to account for the Moreover, none of the previous studies that
residual 1-octave shift in best frequency. In the present addressed this matter (Schweitzer et al. 1996; Souter
study, changes are not seen for any of the basal et al. 1997) revealed a decrease of mass by a factor of
cochlear dimensions between postnatal days 12 and 4. Mass has been represented by the cross-sectional
15 that would exceed a factor of 1.2. In particular, the area of the organ of Corti or the basilar membrane,
areas of the basilar membrane, the organ of Corti, and respectively. In the base of the cochlea, Schweitzer et
the tectorial membrane were inspected. Dimensional al. (1996) reported dimensional changes that were
changes were also minor for the concatenated thick- generally less than a factor of 1.2, except the area of
ness of the basilar membrane. In other words, mass the organ of Corti that decreased by a factor of 1.9.
changes due to change in gross cochlear morphology The dimensional changes in basilar membrane were



206 RICHTER ET AL.: Development of Gerbil Inner Ear

FIG. 13. Growth of the inner and outer pillar cells (IP, OP). Rapid height changes occur between DAB 6 and DAB 8 (upper panels). In adult
animals pillar cells are longer in the mid and apical locations of the cochlea (lower panels). The values are the medians and their respective
interquartile ranges.

of the same order in the measurements of Souter et apical, the thickness still increases after postnatal day
12. While in the base of the cochlea some of theal. (1997), less than a factor of 1.3. These numbers

are far from the expected fourfold decrease in reported maturation patterns of cochlear dimensions
are similar in previous studies (Schweitzer et al. 1996;cochlear dimensions.
Souter et al. 1997), the measured values are quite
different, in particular after the HM has developed.Basilar membrane
In other words, between postnatal days 0 and 6 the
concatenated thickness determined for the BM andThe measured width of the basilar membrane in our

study was similar to that reported by Plassmann et CL or the thickness for the BM alone differs less than
10% between the present and previous studies. Afteral. (1987). No significant changes were found after

postnatal day 12; this matches the findings of the HM is formed, however, the differences between
previous studies (Plassman et al. 1987; Schweitzer etSchweitzer et al. (1996).

Schweitzer et al. (1996) and Souter et al. (1997) al. 1996; Souter et al. 1997) and ours approach 100%.
The discrepancies are due to differences in the HM, areported a decrease in thickness of the basilar mem-

brane between days 12 and 19. In contrast to the latter translucent structure that is subject to severe shrinkage
caused by dehydration of the tissue (Edge et al. 1998).results, our experiments show a much more complex

maturation pattern. Throughout the cochlea, the tym- Consequently, differences between this and the previ-
ous studies can be explained by the different meth-panic cover layer cells decrease in thickness. Further-

more, a translucent noncellular structure, the hyaline ods used.
Longitudinal gradients are, in general, as reportedmass, develops between the upper fiber band and the

lower fiber band of the basilar membrane. The concat- by Plassmann et al. (1987). In the basal part there is
a plateau reaching from the hook region of the cochleaenated thickness of the three structures (TCL, HM,

and CL) increases between birth and postnatal day 12. to about 2 mm from the basal end of the basilar mem-
brane. Thereafter, the thickness of the basilar mem-Thereafter, in the basal, upper basal, and middle turn

of the cochlea, the total thickness of TCL, HM, and brane increases monotonically until it reaches a
maximum at about 8.5 mm from its basal end. In ourCL decreases to its adult values. At locations further
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discontinuity exists between the interdental cells and
the tectorial membrane at this stage of development.
Another, clearly distinct segment of the tectorial mem-
brane extends from the structured part of the tectorial
membrane across the outer hair cells. It is unclear
whether this structure is tightly attached to Hensen’s
cells or is free-floating.

During early maturation of the cochlea, the tectorial
membrane undergoes shape changes. Most prominent
are those between postnatal days 6 and 12 when the
fastest lengthening of Deiters’ cells occurs. The growth
of these cells pushed the tectorial membrane toward
the scala vestibuli. The tectorial membrane appeared
as a rigid body that did not retract significantly toward
the modiolus. Thus, outer hair cells were finally
“pushed below” the tectorial membrane. It is possible
that the second distinguishable part of the tectorial
membrane, the amorphous extension, remains and
forms part of the marginal band. In gerbils it has been
shown that the marginal band manifests as a small
extension to the body of the tectorial membrane in the
base of the cochlea, but manifests as a large, noselike
structure in the apex (Edge et al. 1998). The size of
the marginal band is adultlike by postnatal day 12. In

FIG. 14. Growth of the outer hair cells. Rapid height changes occur
other words, during the rapid growth of Deiters’ cellsbetween postnatal days 6 and 8 (upper panel). This is true for all
and outer hair cells, the marginal band is seeminglythree rows of outer hair cells. Furthermore, the three rows of outer

hair cells were similar in height (upper panel). In adult animals, outer developing as well. Because the entire surface area of
hair cells show longitudinal gradients along the cochlea, but not in the tectorial membrane is not changing significantly
immature animals. As demonstrated by the height of first row outer after postnatal day 6 the marginal band likely develops
hair cells, the measure increases from base to apex. The changes are

apart from the structured part of the immature tector-small in 0-day-old animals, but clearly observable 19 days after birth.
ial membrane.The values are the medians and their respective interquartile ranges.

Organ of Corti and its cellular structures
experiments, the maximum in BM thickness is located
slightly closer to the apex of the cochlea than reported We find that the cross-sectional area of the organ of

Corti increases by a factor of 4 between the day ofby Plassman et al. (1987). Further towards the apical
end of the basilar membrane, the thickness de- birth and adulthood. The greatest change occurs

between days 6 and 8 and correlates with the growthcreases again.
of Deiters’ cells and the lengthening of outer hair cells.
Between postnatal day 12 and adult, changes observedTectorial membrane
in the base of the cochlea are small and insignificant.

Souter et al. (1997) demonstrated that the develop-Almost no information is available about the develop-
ment of the tectorial membrane in gerbils. Further- ment of the supporting structures in the inner ear,

such as pillar cells, starts in the middle and thenmore, whatever data were published for the gerbil
tectorial membrane, they have been derived from spreads toward the base and the apex of the cochlea.

This pattern can be confirmed by our experiments.dehydrated material, which was subjected to severe
shrinkage (Souter 1997; Edge et al. 1998). The results However, in contrast to data of Souter et al. (1997),

in our experiments the inner pillar cell did not changeof the present experiments show that the tectorial
membrane in the basal turn is almost adultlike at post- its height as much as did the outer pillar cell. The

present study revealed a large increase in the heightnatal day 12.
Light microscopic images of the tectorial mem- of the outer pillar cell. Furthermore, the rapid growth

of both pillar cells occurred at the same time afterbrane reveal two distinct segments: a more structured
(central) and an amorphous (lateral) part. At postna- birth.

In adult animals the stalk of the inner pillar cell, thetal day 6, the structured part of the tectorial membrane
is located mainly above the interdental cells and ends stalk of the outer pillar cell, and the basilar membrane

arcuate zone form a triangle. The angles included inabove the pillar heads. It is not clear whether an actual
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FIG. 15. Angles between the outer pillar stalk and the basilar membrane arcuate zone (OP/BM) and the inner pillar stalk and the basilar
membrane arcuate zone (IP/BM). None of the angles measured change along the cochlear partition (lower panels). During development,
however, OP/BM decreases and IP/BM slightly increases (upper panels). The values are the medians and their respective interquartile ranges.

this triangle change during development when the changes during development. The changes are
brought about by the increased height of Deiters’ cellspillar cells are growing and the pillar feet separate. As

the outer pillar cells grow more than the inner pillar and outer hair cells. Furthermore, this angle expands
from more basal to more apical locations along thecells, the angle between the outer pillar stalk and the

basilar membrane becomes steeper compared with the cochlea.
angle between the inner pillar stalk and the basilar
membrane. In particular, the angle between the outer
pillar cell (initially about 908) and the basilar mem- Development from base to apex or vice versa?
brane decreased to about 508.

Interestingly, the angles, once achieved in develop- Boettcher (1869) and later Retzius (1884) showed that
the final development of the inner ear starts in thement, do not show differences between more basal

and more apical locations in the cochlea. Thus, it is base of the cochlea and progresses toward the apex.
This finding has been confirmed by other investigatorsunlikely that these angles provide an additional factor

in the frequency-place code along the cochlea. Simi- (Streeter 1917; Wada 1923; Bast and Anson 1949;
Hoyte 1961; A

¨
ngga

˚
rd 1965; Pujol and Marty 1970;larly, the angle between the stalk of the outer pillar

cell and the reticular lamina remains constant, not Tanaka et al. 1979). Contrary to these latter reports,
Lorente de No

´
(1933), Larsell et al. (1944a,b), Bred-only at different locations in the cochlea but also dur-

ing the postnatal development of the inner ear. The berg (1968), Mair (1973), Romand and Romand
(1982), and Souter et al. (1997) showed that the finalangles measured in the present study are comparable

to those obtained in other studies. For adult animals development of the cochlea starts in the midcochlear
location and progresses toward the base and the apex.Souter et al. (1997) measured the angle between the

OP and the BM as 50.78 (47.08 in our study) and the Our own data show an onset of the period of rapid
growth in the upper basal to middle turn of theangle between IP and BM as 678 (70.08 in our study).

In contrast to the above, the angle between a line cochlea. In other words, growth starts about 4.5–6.8
mm from the base and progresses toward the apexparallel to the surface of the basilar membrane and a

line parallel to the surface of the reticular lamina and the base.
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