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Tectorial Membrane: A Possible Effect on

Frequency Analysis in the Cochlea

Abstract. Mathematical analysis and computer and network simulations of the
cochlea show that, given appropriate values of specific physical constants, radial
shear motion between the tectorial membrane and the reticular lamina may provide
the sharpening of frequency analysis observed in cochlear nerve fibers in comparison
with the mechanical amplitude distribution on the basilar membrane. According to
the analysis, the sharpening occurs through an interaction of the longitudinal me-
chanical propagation constant of the tectorial membrane with the wavelength on the

basilar membrane.

On the basis of model investigations,
Békésy (/) suggested that a coarse me-
chanical frequency analysis in the coch-
lea of the inner ear is sharpened by neu-
ral processes. More recent experiments
confirm that neural tuning curves de-
rived from the responses of cochlear
nerve fibers are considerably sharper
than corresponding mechanical filter
curves measured on the basilar mem-
brane (BM) of the cochlea (2, 3). Bék-
ésy’s hypothesis in connection with
these and related findings induced one of
us (4) to suggest a specific neural sharp-
ening mechanism. However, the sugges-
tion has been invalidated by recent re-
cordings from cochlear inner hair cells,
which revealed that their receptor poten-
tials as well as their impedance changes
are as sharply tuned as the nerve fiber
responses (5). This seems to restrict the
possible sharpening mechanisms to me-
chanical ones acting either directly on
the inner hair cells or distally to them.
Although some such mechanisms have
been suggested in the past (6, 7, 8), they
are either difficult to reconcile with the
currently available empirical informa-
tion, are based on misconceptions, or
lack plausible physical implementations.
As a consequence, we attempted to look
again at cochlear micromechanics.
Somewhat unexpectedly, we saw a po-
tential mechanism so obvious after the
fact that it is difficult to understand how
it could have remained undiscovered un-
til now.
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It is generally accepted that cochlear
hair cells, like similar mechanoreceptors
of the vestibular and lateral line systems,
are excited by the deflection of their ste-
reocilia toward their kinocilia or basal
bodies (9). In the cochlea, this means a
deflection in an approximately radial di-
rection, away from the spiral bony
lamina. In view of the observed mode of
BM motion (/0) and the structural rela-
tionships within the scala media, such a
deflection is expected to occur during
BM displacement toward the scala vesti-
buli (/7). For the outer hair cells, the de-
flection must result from radial shear mo-
tion between the reticular lamina (RL),
in which the cells are embedded, and the
tectorial membrane (TM) to which their
stereocilia are attached (/2). Evidence
for a similar attachment of the stereocilia
of the inner hair cells is controversial but
does not appear to be essential since the
endolymph in the narrow gap between
TM and RL must participate in the shear
motion and entrain the stereocilia. In this
respect it should be noted that the ste-
reocilia are interconnected (/3) so that
the endolymph should not be able to
move freely among them. Whether maxi-
mum excitation of the inner hair cells oc-
curs during maximum BM velocity or
displacement (/4, 15, 16) is not crucial
for the following analysis, however.

If the excitation of the hair cells is pro-
portional to radial shear motion between
the RL and TM, it must follow essen-
tially the same distribution along the
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cochlea as the shear motion does. The
latter must depend on the radial com-
ponents of the mechanical coupling of
the part of the TM overlying the hair
cells to the organ of Corti and to the spi-
ral limbus. If this part were tightly
coupled to the organ of Corti and loosely
to the spiral limbus, for instance, it
would move together with the RL and no
shear motion would occur. We show
that, in addition, the shear motion must
depend on. the longitudinal coupling
within the TM and on the wavelength on
the BM. The situation is illustrated in
Fig. 1. In agreement with anatomical evi-
dence, the TM is assumed to be attached
to the organ of Corti, most strongly at its
outer margin and at the three or four
rows of the outer hair cells and more
weakly at the Hensen'’s stripe and the in-
ner hair cells (/7, /8). Near the basal end
of the cochlea, the wavelength is the
longest, and the phase of BM motion
changes slowly with distance. Accord-
ingly, the TM is driven in the same radial
direction over a substantial length and
should be maximally entrained. Thereby
the radial shear motion between the TM
and the RL should be minimized. As the
wavelength becomes shorter toward the
vibration maximum of the BM, the radial
force on the TM rapidly changes direc-
tion with distance, and its effect should
be partially nullified by the averaging ef-
fect of the longitudinal coupling within
the TM. This averaging effect should
minimize the radial TM motion and max-
imize the radial shear motion. The mech-
anism of enhancing the shear motion in
regions of short wavelengths can be ap-
proximated analytically in terms of the
mechanical analog shown in Fig. 1B. The
longitudinal coupling in the TM per unit
length is represented by the mechanical
admittance Y,; Z, is the mechanical im-
pedance per unit length of the attach-
ment to the organ of Corti, and Z, the
impedance of the corresponding cou-
pling to the spiral limbus. Y,, Z,, and Z,
are assumed to apply to the radial com-
ponents of motion of the TM and RL.
Morphological appearance as well as
static measurements (/0) suggest that,
outside the compliance of the BM, the
mechanical elements are either constant
throughout the cochlear length or vary
slowly by comparison with the longitudi-
nal space constant of the TM, so that
their longitudinal space derivatives can
be neglected. Since the purpose of this
report is to demonstrate a principle
rather than to describe the exact condi-
tions in the cochlea, we assume for sim-
plicity that the mass of the TM is negli-
gible and that all the impedances, 1/Y,,
Z,, and Z,, reflect similar viscoelastic
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properties so that, although their magni-
tudes may differ, their angles are approx-
imately the same. The structure (/7, 18)
and mechanical properties (/0) of the TM
as well as of the stereocilia (/3) suggest
that such assumptions may not be far
from the truth. We note, however, that
their partial relaxation does not abolish
the mechanism under consideration and
can introduce additional effects that fur-
ther enhance the cochlear frequency
analysis. We assume further that the im-
pedances Z, and Z, and the admittance
Y, are independent of amplitude, and we

Y, dx

Fig. 1. (A) Schematized cross section through
the organ of Corti and associated structures.
(B) A network model of the tectorial mem-
brane with its attachments. Abbreviations:
BM , basilar membrane; JHC, inner hair cells;
OHC, outer hair cells; RL, reticular lamina;
SBL, spiral bony lamina; SL, spiral limbus;
SM, scala media; ST, scala tympani; SV,
scala vestibuli; TM, tectorial membrane; 7y
and 7(x), radial velocities of the reticular
lamina and tectorial membrane, respectively;
Y ,dx, mechanical admittance of the longitudi-
nal coupling within the tectorial membrane
per length element; and Z, dx and Z,dx, me-
chanical impedances of tectorial membrane
attachments to the organ of Corti and to the
limbus.
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neglect the bending moments within the
TM. Some nonlinear effects are men-
tioned at the end of the report. Judging
from Békésy’s (/0) description of the
mechanical properties of the TM, the
bending moments are unlikely to be im-
portant. In any event, they would not af-
fect the fundamental process under con-
sideration.

The mechanical network of Fig. 1B
implies that the TM with its attachments
is equivalent to a transmission line hav-
ing a propagation constant 1y =
(Y,Z,,)"2, with Zy, = Z, + Z,. Since the
impedance angles are assumed to be the
same, the propagation constant is real
and equal to the space constant, y = a.
A purely real propagation constant
means that the motion of the TM pro-
duced at one location decays ex-
ponentially along the membrane without
phase lag. Thus, a radial RL motion
(€, t,) at location £ and time ¢, contrib-
utes at location x a TM motion dn(x, t,)
= Knp(€, t,) exp (—alx — ¢)d¢, where K
is to be determined from the imped-
ances. The total motion at location x can
be found by integrating over ¢, which
gives

dnlr 1) = K f "€, 10) exp [~alx — )]

d + K[ “iule. 10 exp [-até — 0] - de

where ¢ is the length of the TM. The in-
tegrals may be evaluated numerically for
any reasonable function wg(¢, f,). For
our first-order simulation, we assumed
that the radial motion of the RL, mg(¢,
1,), is directly proportional to BM motion
perpendicular to its resting position. This
is reasonable for vibration amplitudes
within normal physiological range.
When the wavelength along the basilar
membrane, Ag, is much greater than the
space constant « of the TM, the function
nr(€, 1,) may be approximated by a con-
stant ¢ (f,). Under such conditions the
integration yields 7;c(Z,) = 2K9gc(8)/ @,
except near x = 0and x = ¢, and the lon-
gitudinal symmetry of the structure dic-
tates that frc(fy) = Nrc(t)Z2/(Z, + Zy),
so that K = oZ,/2(Z, + Z,). When Z, >
Z,, K = a/2 and yc(ty) = Nre(ty). This
means that, for a negligible mass and a
substantially stronger coupling of the
part of the TM overlying the hair cells to
the organ of Corti than to the spiral lim-
bus, the radial motion of the TM be-
comes nearly equal to that of the RL. As
a result, the shear motion between the
RL and the TM approaches 0, and stimu-
lation of the hair cells is minimized.
When Ay < 1/a, the radial motion of the
TM tends toward 0. This result can be
demonstrated by taking the convolution

integrals over one wavelength, since exp
(—alx — &) =exp [—allx — & + A\p)]. If,
over one wavelength, the wave pattern
can be approximated by a sinusoid, the
integrals nearly vanish. When the radial
motion of the TM is minimum, the shear
motion between it and the RL is maxi-
mized. In the cochlea, the wavelength
decreases from the base to somewhat
beyond the vibration maximum of the
BM, then almost suddenly becomes in-
finite as the BM resonance is passed (/9,
20). Accordingly, the derived effect of
the wavelength on the shear motion is
capable of sharpening the spatial distri-
bution of hair-cell stimulation.

The observed mode of BM motion (/0)
suggests that the radial motion of the RL
is not constant but decreases from the
outer hair cells toward the spiral lamina,
being intermediate at the inner hair cells.
Because of its coupling to the organ of
Corti in the vicinity of the outer hair cells
on one side and to the stationary limbus
on the other, the TM should exhibit a
similar but not necessarily identical gra-
dient of radial motion. If we denote the
motions of the RL and TM in the vicinity
of the outer hair cells by 7y and %, and,
in the vicinity of the inner hair cells, by
Crnr and Cpiy (G, Cy < 1), the result-
ant shear motion at the level of the inner
hair cells R will be ng = Cgng — Crip. If

"

"

Fig. 2. Analog voltage amplitudes of BM dis-
placement (broad maximum) and of shear mo-
tion between the RL and the TM at one point
of a cochlear network analog as a function of
frequency. The periods of the oscillations are
proportional to the frequency and to the con-
stant sweep speed. The amplitudes have been
normalized to have approximately equal max-
ima. (A) The ratio C;/Cy was chosen to mini-
mize the analog shear motion at low frequen-
cies. (B) The ratio was increased somewhat to
show the phase reversal of the shear motion at
low frequencies.
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nr = Ny for long waves, the shear motion
becomes 7g; = Ng(Cq — Cr). Depending
on whether C; = Gy, Cp < Cg or Cp >
Cr, the shear motion may vanish, be in
phase, or in phase opposition with the
motion of the RL. In the last case, maxi-
mum excitation of the inner hair cells
and of the primary neurons ending on
them should occur during the dis-
placement of the BM toward scala tym-
pani. Such phase reversals occurred sys-
tematically in Mongolian gerbils (/5, 76).

We modeled the shear motion at the
inner hair cells, through the use of both
digital and analog simulation. In the lat-
ter, an electrical network was con-
structed for the TM on the basis of elec-
tromechanical analogies of the second
kind (VR - ﬁfb Zvlcctrical - Yme('hanival)
and connected to a network analog of the
cochlea (21). The results obtained for
one point along the cochlea as a function
of log frequency are shown in Fig. 2 by
means of oscilloscopic traces. The trace
with the broad envelope corresponds to
the amplitude of the BM, and that with
the narrow envelope, to the amplitude of
the shear motion. The maximum is
sharpened toward both low and high fre-
quencies, in qualitative agreement with
the tuning curves obtained on mamma-
lian cochlear nerve fibers. A direct quan-
titative comparison of a model tuning
curve and an average neural tuning curve
is shown elsewhere (22). In Fig. 2A the
ratio of constants C;/Cy was so chosen
as to make the model shear motion prac-
tically disappear at low frequencies; in
Fig. 2B the ratio was slightly increased
to show the phase reversal at these fre-
quencies. The reversal can be seen by
comparing the oscillation phases of the
two traces. The phase reversal is accom-
panied by a minimum in the model shear
motion below the main maximum. The
minimum may correspond to a notch
sometimes observed in neural tuning
curves below the characteristic frequen-
cy (23).

Only experiments can determine
whether sharpening of cochlear frequen-
cy analysis involves the mechanism we
have described. What our model results
demonstrate is the availability of such a
mechanism, given appropriate physical
constants. The results are in agreement
with the recordings of receptor poten-
tials and transmembrane impedance
changes in the inner hair cells (5). Fur-
thermore, they are consistent with re-
sponse phases observed in the cochlear
nerve at low sound frequencies (/5, /6)
and with an earlier conclusion that these
phases arise from an interaction of two
components that nearly cancel each oth-
er 4). The linear mechanism described
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does not replicate the well-known non-
linear phenomena in the cochlea, how-
ever, especially the phenomenon of two-
tone suppression (24). In preliminary ex-
periments we have demonstrated that
two-tone suppression is produced in our
model when the model coupling between
the organ of Corti and the TM is made to
increase with the magnitude of the shear
motion. Such an increase appears plau-
sible in a mechanical system.

J. J. ZwisLocK1

E. J. KLETSKY

Institute for Sensory Research,
Syracuse University,
Syracuse, New York 13210
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Hippocampal Afterdischarges: Differential Spread of

Activity Shown by the [*C]Deoxyglucose Technique

Abstract. Differential spread of afterdischarge activity initiated electrically in ven-
tral and dorsal parts of the hippocampal formation was studied by the
[“C]deoxyglucose technique in rats. Afterdischarges initiated in either the ventral or
dorsal hippocampal formation, without activation of the ventral subicular cortex, in-
creased glucose utilization in the lateral septum. In contrast, afterdischarges initi-
ated by direct activation of the ventral subicular cortex increased glucose utilization
in extensive areas of the ipsilateral amygdala, claustrum, hypothalamus, preoptic

region, and basal forebrain.

The hippocampal formation (/) has
been implicated in various functions in-
cluding memory, spatial orientation, and
the neuroendocrine control of specific
hormones (2). It is also the structure
most frequently showing pathology in
patients with temporal lobe epilepsy (3).
Related to this finding is its extremely
low threshold to electrical stimulation
for eliciting afterdischarges (AD’s),
paroxysmal bursts of intense activity in-
volving the synchronous firing of many
neurons.

MacLean’s suggestion in 1949 (¢) of
functional differences between ventral
and dorsal hippocampal formation has
been supported by a growing body of an-
atomical (5, 6) and physiological (7, 8)
evidence showing significant differences
in the projections of ventral and dorsal
parts of the hippocampal formation. Re-
cently, a unit study in the awake primate

demonstrated that while the dorsal hip-
pocampus projects almost exclusively
via the fornix system, the ventral hippo-
campus influences hypothalamic and
basal forebrain nuclei primarily via non-
fornix pathways (8).

It seemed appropriate to study these
differential projections by using the
[*“C]deoxyglucose (DG) technique, de-
veloped by Sokoloff and colleagues (9,
10), to metabolically map the spread of
AD’s electrically initiated in the ventral
and dorsal hippocampal formation. Our
results show markedly increased meta-
bolic activity throughout the amygdala,
hypothalamus, preoptic region, and ba-
sal forebrain associated with hippocam-
pal AD’s only when there is direct acti-
vation of the ventral subicular cortex (/).
In contrast, hippocampal AD’s initiated
in either the ventral hippocampus or dor-
sal hippocampal formation resulted in a
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