male was silenced or the subordinate
males were deafened, the results were
very similar.

A dominant male that was audible to
his subordinates devoted less time to
fighting and more to courting and, conse-
quently, had a higher rate of copulation.
Our study, as well as more detailed stud-
ies of female behavior (5), indicates that
male chirping does not affect female be-
havior directly. We conclude that acous-
tic signals influence male mating success
because inaudible males are interrupted
by other males more often during court-
ship than are audible males. The struc-
tural similarity in chirps produced during
courtship and during aggression may re-
flect a convergence of function: no mat-
ter what the context, male chirps signal
an aggressive warning to other males.

The chirps of many species of crickets
have a different structure for each of
several contexts (/3). Most species of
field crickets are solitary, and the males
produce loud species-specific ““calling”
songs that attract females from a dis-
tance and possibly serve a role in the
territorial spacing of neighboring males
(3). The less intense ‘‘courtship’ chirps
of solitary males are audible to females
in the immediate vicinity, but may not be
detectable by other males (5); female
field crickets discriminate against males
that do not chirp during courtship (4).
““Aggressive’’ chirps usually have yet
another structure (/3). A gregarious
cricket such as Amphiacusta maya need
not produce a calling song but is very
likely to be interrupted during courtship.
Thus a male in a gregarious species, at
risk of constant interruptions and fights,
produces ‘‘war propaganda’’ whenever
he chirps.

CHRISTINE R. B. BoAkEg*
ROBERT R. CAPRANICA
Section of Neurobiology and
Behavior; Cornell University,
Ithaca, New York 14853

References and Notes

1. R. A. Fisher, The Genetical Theory of Natural
Selection, (Dover, New York, ed. 2, 1958), p.

2. L. Fairchild, Science 212, 950 (1981); R. D.
Howard, Evolution 32, 850 (1978); M. J. Ryan,
Science 209, 523 (1980).

3. R. D. Alexander, in [nsects, Science, and Socie-
tv, D. Pimentel, Ed. (Academic Press, New
York, 1975), p. 3'3 P. D. Bell, Can. J. Zool. 58,
1861 (1980); W. Cade, Science 190, 1312 (1975);
in Sexual Selection and Reproductive Competi-
tion in Insects, M. S. Blum and N. A. Blum,
Eds. (Academic Press, New York, 1979); D. J.
Campbell and E. Shipp, Z. Tierpsychol. 51,260
(1979); A. V. Popov and V. F. Shuvalov, J.
Comp. Physiol. 119, 111 (1977); S. M. Ulagaraj
and T. J. Walker, Science 182, 1278 (1973).

4. T. Burk, thesis, University of Oxford (1979);
in ()rthoplemn Mating Systems: Sexual Compe-
tition in a Diverse Group of Insects, D. T.
Gwynne and G. K. Morris, Eds. (Westview,
Boulder, Colo., in press).

5. C. R. B. Boake, thesis, Cornell University
(1982).
6. Another gregarious Phalangopsine cricket,

Phaeophilacris spectrum, communicates with
infrasound rather than with audible signals. The
same signal is produced during courtship and
aggressmn but a second signal 1s added in high-
intensity aggressive interactions [M. von Dam-
bach and L. Lichtenstein, Z. Tierpsychol. 46, 14
(1978)].

7. Three marked males were housed in each cage.
One female was put in immediately before ob-
servations began. Most aggressive interactions
occurred in the vicinity of the female, when a
male was interrupted during courtship. The in-
teractions varied in intensity from one male
antennating the other and displacing him, to
fights in which both males stood on their hind
legs, hit each other with their front legs, tried to
bite, and chirped continuously. All aggressive
interactions [described in (5)] and all attempts to
copulate were recorded for 0.5 hour. If the
female had mated during this period, she was
removed; otherwise, she was left in the cage for
another 0.5 hour. The ranks of males were
assigned on the basis of the number of aggres-
sive interactions that each male won during each
observation session. A cage was observed only
once per day.

8. Fifty cages each containing three males were
observed for one to four sessions cach (7). If
mating in this species occurs by chance alone,
then each male should have achieved approxi-
mately 0.33 of the copulations in his cage. To
test this hypothesis, one day on which just one
copulation occurred was chosen at random for
each cage, and the number of times that the
dominant or a subordinate male copulated was
compared with an expected value of the domi-
nant male copulating in 0,33 of the cases and the
stibordinates in 0.67. Dominant males copulated

in 39 cases and subordinates in 11 (x> = 45,
d.f. = 1, P << .001).

9. Males were silenced by first anesthetizing them
with CO, or N, or restraining them, then waxing
the stridulatory file on the undemde of the right
wing. This allowed them to move their wings
normally but they were unable to produce
sound. Control males were anesthetized or re-
strained similarly and in the second experiment
a drop of wax was put on their pronota.

10. Seven of 40 copulations in 57 observations were
made by silent males.

11. Fisher test, not significant, 14 experimental and
9 control cages.

12. Subordinate males were deafened by tearing the
tympana on their prothoracic legs. The domi-
nant males were handled in similar fashion ex-
cept that the analogous sites on their metatho-
racic legs were scratched rather than their pro-
thoracic tympana. All of the males walked nor-
mally after this operation.

13. R. D. Alexander, Evolution 16, 443 (1962).

14. We thank R. Hoy and G. Hausfater for advice at
many stages in this research and writing; S.
Arnold, L. Heisler, R. Jaeger, and M. Wade for
suggestions about the manuscript; and J. Alt-
mann and B. Jones for computer time. Parts of
this research were supported by NINCDS grant
09244 to R.R.C. and by the Olganwatmn for
Tropical Studies, the George F. Harris Founda-
tion, Sigma Xi, and NSF BNS77-09447. While
writing this report, C.R.B.B. was supported by
PHS training grant MH-15181.

* Send requests for reprints to Allee Laboratory
of Animal Behavior, University of Chicago, 940
East 57 Street, Chlcagc 111, 60637.

29 March 1982; revised 15 June 1982

Intracellular Recordings from Cochlear Outer Hair Cells

Abstract. Intracellular recordings were made from outer hair cells in the third turn
of the guinea pig cochlea, and the electrical characteristics of the cells were
compared to those of inner hair cells, supporting cells, and extracellular spaces from
the same recording region. Outer hair cells have higher membrane potentials than do
inner hair cells, but they produce smaller a-c receptor potentials. The frequency
response characteristics of both types of hair cells are probably not significantly
different. In the frequency region where tuning is optimal, both cell types produce
depolarizing d-c receptor potentials, but outer hair cells also generate hyperpolariz-

ing responses at low frequencies.

The most advanced auditory organs
have two morphelogically distinct senso-

ry receptors. Electrical characteristics of

individual mammalian receptors have
been described only for one type, the
inner hair cell (/). We now describe
results of a 4-year study of cochlear
outer hair cells (2). Information from
single outer hair cells may explain some
central questions of cochlear physiology,
such as the role of this receptor cell in

hearing and the types of interaction, if

any, that occur between outer and inner
hair cells.

Anesthetized guinea pigs were main-
tained at a constant core temperature
and their heart rates were monitored; in
later experiments, exhaled CO, was also
measured. To assess the normalcy of the
ear, a wire electrode was placed in the
scala tympani of the first cochlear turn,
and tone-burst—generated compound ac-
tion potentials were recorded. In prepar-
ing for the recording of hair cell poten-
tials a fenestra (~ 0.3 by 0.5 mm) was
made in the bone over the stria vas-
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cularis in the third turn of the coch-
lea. Microelectrodes were introduced
through the stria and aimed at the organ
of Corti. The cochlea was back-lighted
with a fiber optics illuminator, so that the
shadow of the organ of Corti could be
seen through the fenestra. Attempts
were made to insert the electrodes so
that they would travel parallel with the
reticular lamina (3) (Fig. 1A). Electrodes
were driven by a motorized microdrive
in increments of multiples of 2 um (4).
Only responses obtained with tone-burst
stimuli are presented.

The continuous recording of electrode
position and a characteristic sequence of
d-c potential changes (Fig. 1B) help iden-
tify the location of the electrode tip with-
in the organ of Corti. Cell types may be
identified by a combination of recording
depth, membrane potential, and re-
sponse magnitude. In all supporting cell
types the membrane potential is high
(steady-state values range up to —100
mV) and electrical responses are small-
er, at any frequency, than those mea-
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sured in scala media or in the extracellu-
lar spaces in the organ of Corti. Inner
hair cells (N = 19 stable recordings) are
characterized by low steady-state mem-
brane potentials (median, —20 mV; high-
est, —47 mV) and large receptor poten-
tials (up to 25 mV, peak to peak). At the
best frequency of the cell, these respons-
-es can be up to a hundred times larger
than the corresponding extracellular re-
sponse. These findings are in harmony
with the observations of Russell and
Sellick on first-turn inner hair cells (7).
Outer hair cells (N = 22) can be recog-
nized from their large steady-state mem-
brane potentials (median, —71 mV; high-
est, —94 mV) and large receptor poten-
tials (up to 15 mV, peak to peak) (5). The
cell’s a-c response is between 3 and 15
times greater than the extracellular po-
tential. Response patterns at various
electrode locations are shown in Fig. IC.

We compared observations made
among a-c response magnitudes record-
ed at various locations in the same organ
of Corti (Fig: 2A). All functions, except
the scala media plot (6), depict bandpass
filter characteristics. Around the best
frequency there is a relatively sharply
tuned tip segment with a high frequency
slope of more than 40 dB per octave; The
low frequency slope flattens out in a tail
section which begins about 10 dB below
the maximum at the tip. Direct compari-
son between the inner and outer hair
cells in the same cochlea show that the
tuning characteristics are compafable,
even though the tip-to-tail ratio tends to
be smaller in outer hair cells. This ratio,
however, is highly variable among ani-
mals, ranging from 0 to 20 dB. Higher
ratios probdably correspond to better
preparations.

When a-¢ and d-c receptor potentials
recorded from an outer hair cell are
compared, several striking observations
can be made. First, outer hair cells pro-
duce both depolarizing and hyperpolariz-
ing d-c responses, whereas the d-c out-
put of inner hair cells is always positive
(I). Second, the d-c response of outer
hair cells appears to be much more
sharply tuned than the a-c component.
Third, around the best frequency of the
cell, the a-c and d-c response magnitudes
are commensurate. The behavior of the
d-c receptor potential is similar to the
patterns described for the gross summat-
ing potential (7), which also undergoes a
polarity reversal along thé frequency
axis. In addition, we have shown that the
summating potential is much better
tuned than the gross cochlear miicro-
phonic (8), further suggesting a similarity
between intracellular responses of outer
hair cells and the gross cochlear poten-
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tials. Both a-c and d-c intracellular re-
sponses are largest at the same frequen-
¢y when measured at low sound levels.
With an increase in the magnitude of the
stimulus both types of responses satu-
rate, and the a-c response peak shifts to
lower frequencies. Thus, for example, at
70 dB (Fig. 2B) the a-c maximum occurs
at 600 Hz even though at low sound
levels it is at 800 Hz, the same frequency
at which the d-c maximum is maintained
over the whole range of intensities.

1 minute f

ey

a b cd e

3 minutes

Our results reveal some potentially
significant similarities, as well as differ-
ences, between the electrical character-
istics of inner and outer hair cells. The
a-c potential produced by either the in-
ner or outer hair cells peaks at the same
frequency which is determined by the
cell’s location along the cochlear spiral.
In other words, there does not appear to
be a systematic tuning disparity between
the two types of receptors located at the
same place. The sharpness of tuning

Fig. 1. (A) Cross-section of the
third turn of a guinea pig co-
chlea. The recording electrode
was inserted through the stria
vasculafis by a fenestra in the
cochlear bone. The optimal
electrode path is parallel to the
reticular lamina and situated
just below it. OHC, outer hair
cell; IHC, inner hair cell; sv,
stria vascularis; hc, Hensen’s
cell; tm, tectorial membrane;
rl, reticular lamina; of, outer
tunnel; dc, Deiters’ cell; ns,
Nuel space; pc, pilar cell; and
is, inner sulcus. (B) The d-c
potentials measured during a
typical electrode track through
the cochlear scala. The ap-
pearance of a potential can be
correlated with the location of
the electrode tip with the aid
of the distance scale provided.
Electrode tip potentials are
balanced to zero on the outer
surface of the tissue lining the
cochlear duct. At point a the
electrode penetrates the stria
vascularis and enters the en-
dolymphatic space. This is sig-
naled by the positive endo-
cochlear potential (EP = 57
mV). After encourtering the
EP, the electrode travels with-
in the endolymph from 80 to
180 um, depending on its posi-
tion and orientation, before
reaching the organ of Corti.
Hensen’s cells are contacted
first, and their penetration is
clearly marked by a d-c shift
from positive to negative of up
to 180 mV (point b). A further
advance of the electrode tra-
verses the Hensen’s cell layer
and locates the tip within the
outer tunnel of Corti (point c).
The d-c potential in the outer
tunnel or in any fluid space
(12) within the spiral organ is
zero or slightly negative (less
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than —10 mV). At electrode location d a cell is registered; it is, however, quickly lost. This is
probably a third-row outer hair cell. At a depth of SO wm another cell is penetrated (point ¢) and
held with a stable membrane potential. (The range of holding times for outer hair cells is from
1.2 to 33 minutes; the many cells that were lost before a minute are not considered.) This is
another outer hair cell. At marker f contact is lost with the hair cell in which the electrode
dwelled for 7.5 minutes. A 3-minute segment of recording is omitted. (C) Averaged responses
(N = 32) to tone bursts from various electrode locations. Two stimulus frequencies were used
(100 and 600 Hz), and all presentations are at the same sound level (70 dB with respect to 20
pPa). The vertical bar represents 1 mV, except for the two; top right-hand traces, for which it is
0.2 mV. The recording electronics is a-c coupled with a low frequency cutoff of 1 Hz. Recording
electrodes typically possess a bandwidth extending to 1700 Hz (upon optimal capacitance

compensation).
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Fig. 2. (A) Peak-to-peak a-c 10

response magnitude as a func-
tion of stimulus frequency, re-
corded from various locations 3+
within the same organ of
Cofti. Sound pressure is con-
stant at 40 dB (with respect to
20 wpPa); at this level the re-
sponses are linear. Inner hair
cells (O), outer hair cells (W),
scala media (@), and organ of
Corti fluid space (O). (B)
Comparison of the frequency
dependence of the a-c and d-¢
receptor potential components
from one outer hair cell. Data
are obtained from averaged re-
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sponses with tone-burst stimuli 0.1
having a constant sound level

of 70 dB (with respect to 20

wPa); a-c responses are peak-

to-peak magnitude, and d-c re-

sponses are measured between

prestimulus baseline and half

the excursion of the a-c wave-

form; a-¢c (O) and d-c (@).

appears to be similar in both types of
cells. Although some evidence suggests
that inner hair cells can be better tuned,
tuning appears to vary more from animal
to animal than from cell to cell in a
particular animal. This variation most
likely refiects the nonuniformity of phys-
iological conditions among our subjects.
We have compared equal intensity re-
sponse curves with single auditory nerve
fiber rate functions obtained at the same
sound level from fibers (recorded from
chinchillas in our laboratory) for which
the best frequency matched those of our
hair cells. The range of tuning for these
single fibers encompassed our saniple,
but our best tuned hair cell is not as
sharply tuned as the best nerve fiber; it is
much better tuned, however, than the
poorest one. Since single fiber tuning
itself is relatively shallow in the frequen-
cy range of interest (600 to 1000 Hz),
quantitative comparisons between fiber
and hair cell tuning are not particularly
revealing. Our data therefore support the
suggestion that the sharpness of tuning
seen in single fiber discharge patterns is
already established at the hair cell level,
and the degree of sharpness is probably
determined by the mechanical tuning of
the basilar membrane-organ of Corti
complex (9).

In agreement with work (/) on inner
hair cells, we find that the magnitude of
a-c and d-c receptor potentials is remark-
ably large. The responses of inner hair
cells appear to be about three times
greater than the ones recorded from out-
er hair cells. There also does not appear
to be a systematic difference in sensitiv-
ity between the two types of hair cells.
Thus schemes that assign different oper-
ating regions of sound intensity for outer

584

Frequency (kHz)

L
0
0.5 1 2

~-0.03

0.1 b—w i
0.1 0.5 1 2

Frequency (kHz)

and inner hair cells aré not supported by
these dita. At their best frequency the
operation of both inner and outer hair
cells becomes markedly nonlinear above
approximately 50 dB. The nonlinearity is
manifested by saturation and production
of harmonics and of a d-c component.
Although it has been suggested that out-
er and inner hair cells operate in phase
opposition (/0), we find no evidence to
support such a contention. At the best
frequency the a-c receptor potentials
produced by the two sensory cell types
are approximately in phase; and, as was
mentioned above, the d-c receptor po-
tentials are depolarizing. Thus the intrin-
sic electrical behavior of the two hair cell
types is similar around their best fre-
quency.

The most striking difference between
the electrical characteristics of outer and
inner hair cells is in their resting mem-
brane potentials: the inner hair cells ap-
pear to operate at about half the mem-
brane potential of the outer hair cells,
and thus resemble supporting cells in this
respect. There is no readily evident ex-
planation for this difference in resting
potentials. Although the input resistance
of our receptor cells is highly variable,
the two céll types show overlapping dis-
tributions ranging between 10 and 34
megohms (/7). ‘
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