survival of Hyla in replicates with higher
predator densities can be attributed in
part to a reduction in interspecific com-
petition corresponding to a predator-me-
diated reduction in the survival and den-
sity of Scaphiopus and Bufo (Table 1).

Differences in survival to metamor-
phosis among the species of anurans
resulted in significant differences in tad-
pole guild composition at different levels
of newt predation (Table 1). The reversal
in guild composition shown in Fig. 1
resulted from the steadily decreasing
survival of Scaphiopus and Bufo that
accompanied increased newt density,
while Hyla survival increased along the
same direction of the predation gradient.
Differential predation experiments con-
ducted with these species in the labora-
tory have demonstrated that Scaphiopus
and Bufo are relatively preferred prey of
Notophthalmus, and this result may ac-
count for their relatively poorer survival
at higher predator densities (/2).

The above results demonstrate that
predation and competition can interact
to produce deterministic patterns of rela-
tive abundance in a guild of vertebrate
prey. Furthermore, the outcome of inter-
specific competition among tadpoles in
the absence of predators is not a reliable
predictor of tadpole relative abundance
when newts are added to the community.
Notophthalmus can act as a keystone
species (13) and prevent the virtual ex-
clusion of competitively inferior species
by reducing the survival and density of
competitively superior anurans. Any
general predictive theory of community
ecology must consider the importance of
biological interactions among and within
trophic levels to account for these re-
sults. While descriptive studies of verte-
brates may provide only questionable
support for the importance of interspe-
cific competition in the structuring of
communities, results from controlled ex-
periments can demonstrate that analogs
of natural communities may be dramati-
cally structured by interactions among
competitors and their predators.

PETER J. MORIN
Department of Zoology,
Duke University,
Durham, North Carolina 27706
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Auditory Intensity Discrimination After Selective Loss of

Cochlear Outer Hair Cells

Abstract. The contributions of the inner and outer hair cells of the mammalian
cochlea to auditory intensity discrimination were evaluated in a combined behavior-
al-anatomical study of the guinea pig. Intensity difference thresholds were un-
changed from baseline values after selective destruction of outer hair cells, suggest-
ing that those cells are unnecessary for normal intensity discrimination.

The two populations of auditory re-
ceptor cells, the inner and the outer hair
cells, differ morphologically in several
important respects (I, 2). Neural inner-
vation patterns of the two cell types also
differ; outer hair cells receive only 5
percent of the afferent innervation of the
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cochlea, and inner hair cells receive the
rest (3).

Although precise functions have been
assigned to the two populations of visual
receptor cells, the rods and the cones,
comparatively little is known regarding
the possible differential activity of the
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Fig. 1. Right ear cytocochleogram of S20.
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inner and outer hair cells. Behavioral
experiments suggest that monkeys (4),
guinea pigs (5), and chinchillas (6) are 40
to 60 dB less sensitive to pure-tone audi-
tory stimuli after loss of the outer hair
cells. Electrophysiological data (7) con-
cur with these behavioral results, indi-
cating that the outer cells are responsible
for normal absolute auditory sensitivity.
We now describe a combined behavioral
and histological attempt to further distin-
guish activity of the two types by assess-
ing intensity discrimination in the ab-
sence of the outer hair cells. Intensity
difference limens (DL’s) were defined as
the minimum difference in intensity be-
tween two presentations of a pure tone
reported reliably by the subjects. Our
results suggest that the integrity of the
outer hair cells is not necessary for inten-
sity discrimination; subjects showed no
change in DL’s after destruction of the
outer hair cells.

Three 3-month-old male albino guinea
pigs (Cavia porcellus) were trained to
report absolute thresholds (AT’s) and
DL’s in a positive reinforcement operant
conditioning procedure according to the
psychophysical method of constant stim-
uli (8). Baseline AT’s were determined
for subjects S16, S17, and S20 at 2.0, 8.0,
16.0, and 32.0 kHz, and DL’s at 2.0, 8.0,
and 16.0 kHz for S16 and at 2.0 and 8.0
kHz for S17 and S20. DL’s were mea-
sured at 20- and 70-dB sensation level
(SL), that is, 20 and 70 dB above each
subject’s AT at each test frequency.
AT’s were considered stable when five
successive determinations were within
10 dB at each test frequency; DL’s were
judged stable when the last five determi-
nations were within 2 dB at each test
frequency and SL. Threshold at each
frequency was defined as that absolute
intensity, or intensity difference, to
which subjects responded 50 percent of
the time and was determined by linear
interpolation of the points bracketing 50
percent on psychometric functions. The
mean DL before treatment at 70-dB SL
was 3.2 dB.

After both AT and DL criteria had
been satisfied simultaneously, subjects
were subcutaneously injected with the
aminoglycosidic antibiotic kanamycin
sulfate (Kantrex) 100 mg per kilogram of
body weight per day for 37 (S16), 38
(S17), and 63 (S20) days. The treatment
selectively destroys a guinea pig’s outer
hair cells in the basal portions of the
cochlea while leaving the corresponding
inner hair cells relatively intact (9).
Thresholds were measured throughout
the period of kanamycin administration,
and treatment was discontinued when
the AT had shifted to 40 to 50 dB at 16.0
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Table 1. Percentages of inner and outer hair
cells remaining in the basal quarter (S16) or
third ($17 and S20) of the cochlea of the better
ear of each subject.

Hair cells remaining (%)

Subject
Outer Inner
S16 4 76
S17 50 99
S20 2 97

kHz (S16) or 8.0 kHz (S17 and S20).
Thresholds were assessed until they had
been stable for 4 weeks after treatment.
Subjects were then killed and their co-
chleas prepared for microdissection and
light microscopy (10). Cytocochleo-
grams were constructed, in which the
percentages of remaining inner and outer
hair cells were plotted as a function of
their position on the basilar membrane.
The clearest results were seen in S20,
for which the complete cytocochleogram
for the right ear (Fig. 1) reveals that all
three rows of outer hair cells were de-
stroyed in the basal region of the co-
chlea, while the corresponding inner hair
cells were still present. The left ear
showed a similar pattern of hair cell loss.
Condensed histological data from the
cytocochleogram of the less impaired ear

S16 16-kHz Test tone {-¢

Absolute threshold shift (dB)
Intensity difference threshold shift (dB)

|
L 820 8-kHz Test tone 1-6

o] 20 40 €0 80
Days after drug initiation

Fig. 2. Absolute threshold shift (lower filled
circles) and intensity difference threshold
shift, assessed at both a constant sound-pres-
sure level (filled circles, upper part of each
subject’s data) and a constant sensation level
(open circles), measured at the same frequen-
¢y for each subject as a function of days after
the drug treatment was initiated. Arrows indi-
cate the termination of drug treatment for
each subject.

of each subject are shown in Table 1.
Data of Prosen (/1) has suggested that
8.0 kHz is encoded by receptor cells
located one-third, and 16.0 kHz one-
fourth of the total length of the basilar
membrane from its basal end. Hence
stimulus detection at 8.0 kHz for S20,
and 16.0 kHz for S16, was probably
mediated by inner hair cells.

Data of S17 are more difficult to inter-
pret with regard to the contribution of
the outer cells to detection of stimuli 8.0
kHz and above, since half of those cells
were still present in the basal third of the
cochlea. However, since 99 percent of
the inner hair cells in this cochlear region
were retained, any absolute threshold
shift at high frequencies in S17 must
have been the result of outer hair cell
loss.

During drug treatment, all subjects
suffered a 40- to 55-dB permanent hear-
ing loss at the highest DI. test frequency
(Fig. 2). During the period of decline in
absolute sensitivity to high frequencies,
the sound-pressure level (SPL, re 0.0002
dyne/cm?) of the standard stimulus in the
DL test was changed daily to maintain a
constant 20-dB SL; this level depended
on the magnitude of the shift in AT
measured at the test frequency on the
previous day. Intensity DL’s were deter-
mined at 20- and 70-dB SL before treat-
ment; hence what was 70-dB SL for the
normal cochlea became 20-dB SL for the
kanamycin-damaged cochlea after a 50-
dB permanent AT shift. Intensity DL’s
could therefore be compared at the same
SL (20 dB SL) and the same SPL (the
SPL. equivalent to 70-dB SL for each
subject) before and after kanamycin
treatment and loss of outer hair cells
(Fig. 2). Just as the AT increased by 40
to 55 dB at the highest DL test frequen-
¢y, the DL at that frequency decreased
by 3 to 4 dB when measured at an
unchanging SL. When measured at a
constant SPL throughout the same time
course, however, no change in the DL
accompanied the 40- to 55-dB AT shift at
the same frequency.

DL’s at the frequencies where no sig-
nificant AT shift occurred—2.0 kHz for
S17 and S20 and 2.0 and 8.0 kHz for
S16—were unchanged when measured at
a constant SL during that time course in
which the DL at the highest test frequen-
cy decreased. Hence the apparent in-
crease in sensitivity did not represent a
change with extended training.

The histological data suggest that the
high-frequency AT shift was a function
of outer hair cell loss, since inner hair
cells were 76 to 99 percent present in the
basal portions of the cochleas of all sub-
jects. Intensity discrimination was unaf-
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fected at those frequencies, while abso-
lute sensitivity declined by 40 to 55 dB;
we therefore conclude that the outer hair
cells are unnecessary for normal intensi-
ty discrimination. Although the precise
mechanism of intensity discrimination is
not clear, the results suggest that those
processes contributing to the discrimina-
tion are unimpaired at high SPL’s even
though cochlear mechanics may con-
ceivably be altered by outer hair cell
loss.

Although the stereocilia of inner hair
cells remaining after kanamycin treat-
ment may not appear normal when ex-
amined by scanning and transmission
electron microscopy (/2), the DL’s we
measured must have depended on activi-
ty of the inner hair cells. To our knowl-
edge this is the first demonstration that
the outer cells are not necessary for
auditory intensity discrimination. Al-
though several investigators have indi-
cated that normally hearing human sub-
jects and those with a moderate sensori-
neural hearing loss have DL’'s of the
same magnitude (/3), patterns of hair cell
loss in the hearing-impaired patients
could only be inferred without histologi-
cal confirmation.

The contribution of the outer hair cells
to frequency discrimination and frequen-
cy selectivity is equivocal (/4). Assess-
ing all data regarding differential func-
tions of the two types of hair cells, we
conclude that the outer cells, essential
for normal absolute sensitivity, are not
necessary for at least one aspect of su-
prathreshold auditory signal detection—
intensity discrimination.

CyNTHIA A. PrROSEN*, D. B. Moopy
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Reward-Induced Stereotypy: Modulation by the Hippocampus

Abstract. In animals with hippocampal damage, the signaled administration of
reward is sufficient to induce the sort of behavioral stereotypy and locomotion that
heretofore has been observed only after drug administration. Haloperidol returns
these behaviors to normal. The interaction of the hippocampus with reward helps to
explain many well-known characteristics of animals with lesions in the hippocampus
and may have relevance for catecholamine-based clinical disorders.

Two of the most pervasive and proba-
bly least controversial features of the
behavior of animals with extensive bilat-
eral hippocampal lesions are excessive-
ness (/, 2) and invariability (3, 4). While
these characteristics are sometimes ex-
hibited in situations in which reward is
not explicitly provided, they are espe-
cially visible when the brain-damaged
animal is positively or negatively rein-

N
T

Mean stereotypy

A B c D

Session
Fig. 1. Mean stereotypy scores of animals
with hippocampal (closed circles) and neocor-
tical (open circles) damage during free-fed
(A), deprived (B), signaled reward (C), and
drug (D) phases. Stereotypy scores: 0, asleep
or stationary; 1, active; 2, predominately
active but with bursts of stereotyped rearing
and sniffing; 3, constant stereotyped activity
over a wide area; and 4, constant stereotyped
sniffing or head-bobbing in one place (6).
Groups differed significantly in phase C
[F(1, 12) = 120.7, P < .001]. Drugs affected
both groups significantly [#(6) = 13.0 to 27.6,
P < .001].
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forced. Behavior established by these
means is intense, rigid, and difficult to
change (2, 4). An understanding of the
interaction of the hippocampus with the
dynamics of reward would help to ex-
plain much of the functional diversity
that continues to be ascribed to the
structure.

We now report that rats with extensive
bilateral hippocampal damage display an
exaggerated reaction to reward. This re-
action consists of behavioral automa-
tisms that bear a remarkable resem-
blance to the peculiar stereotyped and
locomotor acts (‘‘stereotypies’’) that fol-
low d-amphetamine administration. Re-
ward-induced stereotypy is returned to
control levels by the administration of a
catecholamine antagonist.

These findings were obtained from
seven rats with bilateral lesions of the
hippocampus and seven with aspiration
ablations of the neocortex (5). The ani-
mals lived in clear polystyrene observa-
tion units equipped with movement
transducers (phonograph cartridges with
digitized outputs) that provided activity
data. These data were recorded from
1300 to 1400 hours, the midpoint of the
lights-on period. After two habituation
days, the rater, who was unaware of the
animals’ surgical and drug conditions,
entered the experimental room at 1300
hours daily and scored the degree of
stereotypy as specified by a rating scale
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