(17). The pheromone has a molecular
weight of less than 1000 (as determined
by ultrafiltration) and is insensitive to
drying, autoclaving, and treatment with
IN acid or base for 1 hour at room
temperature. _Partial purification is
achieved by organic extraction of dried,
starved culture media followed by dieth-
ylaminoethyl-cellulose and silicic acid
column chromatography (see Table 1).
Pheromone purified to this extent is suit-
able for biological experiments. Howev-
er, the pheromone can be further puri-
fied by silica gel thin-layer chromatogra-
phy with solvent systems developed for
the separation of prostaglandins (/8).
The extreme stability of the pheromone
suggests that it is not a prostaglandin.

The pheromone is capable of inducing
dauer larva formation even in the pres-
ence of abundant food, such as bacteria
on a petri plate. Incorporation of purified
pheromone into NGM agar medium (/9)
at 200 and 400 activity units per milliliter
of medium induced 11 = 3.2 percent
(mean =* standard error) and 28 * 6 per-
cent dauer larvae, respectively. The
presence of pheromone did not greatly
affect the overall developmental rate of
the worms which did not form dauer
larvae. The only observed effect of the
pheromone was to increase the frequen-
cy of dauer larva formation. Dauer lar-
vae formed in the presence of bacteria
and pheromone were larger and darker
than starvation-induced dauer larvae and
closely resemble those produced by mu-
tants which form dauer larvae constitu-
tively in the presence of food (9).

We studied the pheromone’s effect on
two types of C. elegans behavior, egg-
laying and chemotaxis. Starved liquid
culture medium induced adult hermaph-
rodites to retain eggs so that the rate of
egg laying was reduced by 86 = 3 per-
cent in a 2-hour period, but this effect
was not produced by partially purified
pheromone even at approximately twice
the concentration found in starved me-
dia. Thus, other unidentified compo-
nents of starved media appear to modu-
late egg laying. The effect of pheromone
on chemotaxis was assayed by use of
sodium ion and cyclic adenosine mono-
phosphate as attractants in orientation
assays (20). In typical tests, 85 to 100
percent of 30 adult worms responded to
the attractants. Neither incorporation of
pheromone [organic extract of starved
media (Table 1)] into the chemotaxis
assay plates nor growth of worms with
pheromone before testing affected their
ability to respond to either of these two
attractants. This shows that the phero-
mone does not interfere with chemore-
ception per se.

In suinmary, a fatty acid-like phero-
mone, produced constitutively by C. ele-
gans, enhances dauer larva formation
and inhibits recovery. The concentration
of pheromone and availablity of food are
apparently monitored by the chemosen-
sory organs of the L.2 and dauer larvae,
and the integration of these opposing
signals determines the course of larval
development. Pheromone-mediated con-
trol of dauer larva formation is not
unique to C. elegans since at least two
other dauer-forming species (of un-
known genus) produce a different phero-
mone. The stability and potency of the
C. elegans pheromone suggest that if
similar compounds are involved in con-
trol of parasitic nematode development,
a highly specific anthelmintic agent
could be developed. At present, the most
effective nematocides (27) are neurotox-
ins which pose a potential health hazard
to other animal species, including man.

JAMES W. GOLDEN
DonALD L. RIDDLE
Division of Biological Sciences,
University of Missouri,
Columbia 65211

References and Notes

1. N. E. Gary, in Pheromones, M. C. Birch, Ed.
(North-Holland, Amsterdam, 1974), pp. 200-—
221.

2. B. P. Moore, in ibid., pp. 250-266.

3. F. H. Bronson, in Chemical Ecology: Odour
Communication in Animals, F, J. Ritter, Ed.
(Elsevier/North-Holland, Amsterdam, 1979),
pp. 97-104.

4. A. O. Anya, Adv. Parasitol. 14, 267 (1976).

5. L. Byerly, R. C. Cassada, R. L. Russell, Dev.
Biol. 51, 3 (1976).

6. R. C. Cassada and R. L. Russell, ibid. 46, 326
(1975).

7. M. Klass and D. Hirsh, Nature (London) 260,
523 (1976).

8. D. L. Riddle, M. M. Swanson, P. S. Albert,

ibid. 290, 668 (1981).

9. M. M. Swanson and D. L. Riddle, Dev. Biol. 84,
27 (1981).

10. P. S. Albert, S. J. Brown, D. L. Riddle, J.
Comp. Neurol. 198, 435 (1981).

11. All monoxenic liquid cultures consisted of a §
percent (weight/weight) suspension of E. coli
strain X1666 in S medium (/2) which was inocu-
lated with approximately 100 worms per millili-
ter and incubated at 25°C on an orbital shaker.

12. J. Sulston and S. Brenner, Genetics 77, 95
(1974).

13. S. W. Emmons, M. R. Klass, D. Hirsh, Proc.
Natl. Acad. Sci. U.S.A. 76, 1333 (1979).

14. A synchronous population of 10,000 L1 larvae
was obtained by incubation of hypochlorite-
isolated eggs in M9 buffer for 20 hours at 20°C.
These larvae were then grown in a liquid culture
(1.5 ml) at 20°C. At 15, 24, 36, 48, and 60 hours
the culture was centrifuged and the supernatant
fluid was collected. The worms were resus-
pended in fresh media and incubated until the
next time point. Each of the supernatant sam-
ples, including the M9 buffer used to synchro-
nize the worms, was centrifuged at 15,000g for 5
minutes, and the supernatant fraction was used
in the pheromone bioassay.

15. Unsynchronized populations of worms from
both starved and nonstarved liquid cultures
were washed three times with distilled water by
low-speed centrifugation. The pelleted worms
and an equal volume of distilled water were
homogenized, on ice, by ultrasonic treatment.
The homogenate was centrifuged -at 15,000g for
10 minutes and the supernatant fluid was collect-
ed and tested. Worms from both starved and
nonstarved cultures contained 200 units of pher-
omone per milliliter of culture.

16. The axenic medium was an autoclaved solution
of 4 percent soy peptone (Sheffield Products), |
percent Bacto yeast extract, 0.05 percent hemo-
globin (Sigma Chemical Company), and 0.005
percent cholesterol (R. Bolle, personal commu-
nication).

17. J. W. Golden and D. L. Riddle, unpublished
results.

18. J. M. Bailey, R. W. Bryant, S. J. Feinmark, A.
N. Makheja, Prostaglandins 13, 479 (1977).

19. S. Brenner, Genetics 77, 71 (1974).

20. S. Ward, Proc. Natl. Acad. Sci. U.S.A. 70, 817
(1973).

21. H. Van den Bossche, Biochem. Pharmac. 29,
1981 (1980).

22. Supported by DHHS grant HD11239 and by
Research Career Development Award HD00367
to D.LL..R. from the National Institute of Child
Health and Human Development and by DHHS
grant GM07494 to J.W.G. Some nematode
strains were provided by the Caenorhabditis
Genetics Center, which is supported by contract
NOI-AG-9-2113 between the National Institutes
of Health and the curators of the University of
Missouri.

12 May 1982

Aggressive Signal in ‘‘Courtship’’ Chirps of a

Gregarious Cricket

Abstract. Unlike other known species of crickets, Amphiacusta maya in Central
America mates in groups. Experimentally silenced males experience reduced mating
success, not owing to decreased receptivity by females, but owing to increased time
spent fighting with other males that persistently interrupt silent courtships. Thus, the
data indicate that “‘courtship’’ chirping functions as a warning to other males, rather

than as a signal to females.

In a discussion of sexual selection,
Fisher (/) stated that ‘‘a sprightly bear-
ing with fine feathers and triumphant
song are quite as well adapted for war-
propaganda as for courtship.’” His spe-
cific example was bird behavior, but his
concept has general implications for
many other organisms. It appears that
female choice is frequently involved in
the evolution of the conspicuous acous-
tic signals that precede mating (2, 3). In
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particular, the chirps of male crickets
have been shown to attract females and
to increase the probability that a female
will mate with a male (3, 4). However, in
the gregarious cricket Amphiacusta
maya Hubbell (Gryllidae: Phalangop-
sinae) the function of chirping appears to
be ‘‘war propaganda’’ rather than court-
ship.

Amphiacusta maya, in Central Ameri-
ca, mates in groups. The groups, which
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consist of adults of both sexes plus sub-
adult nymphs, form each dawn in large
holes such as hollow trees (5). For a few
hours after dawn, males fight one anoth-
er and court females; both of these activ-
ities are accompanied by chirping.
Chirping occupies about 33 percent of
courtship time and is nearly continuous
during aggressive interactions (5). The
chirps produced during aggression and
courtship are indistinguishable in their
temporal and spectral characteristics (5,
6) so that the communicative signifi-
cance of ‘‘courtship’ or ‘‘aggressive’’
chirps depends on the context. We found
that caged groups of laboratory-reared
animals displayed behavior similar to
that seen in the field and thus provided a
readily manipulated model of the natural
situation.

Caged groups of males in the labo-
ratory formed dominance hierarchies
through aggressive interactions (7).
Dominance was correlated with mating
success (8). The relative importance of
acoustic signals in female choice and in
intermale competition was evaluated by
experimentally silencing certain males
(9). Silencing a male could influence two
processes in intermale competition,
namely, the establishment of rank and
the maintenance of rank.

We studied the effect of chirping on
the establishment of rank by the follow-
ing procedure. Three males were ranked
in each cage on the basis of three sepa-
rate observation sessions (7). Then new
groups of three males, each of similar
initial rank, were formed and placed in
new cages. One of the males in each of
the new groups was silenced, while the
others were allowed to produce normal
chirps (9). On the day after this manipu-
lation, a silent male was dominant in just
one of 19 experimental groups (cumula-
tive binomial probability, .005). The
dominance rankings established in these
trials were maintained over two addition-
al observation sessions per group. The
mating success of silent males was low
(10), as predicted by their inability to
establish a high rank. '

The effect of chirping on the mainte-
nance of rank was studied by silencing a
male after he had become dominant and
then monitoring his subsequent aggres-
sive interactions upon return to his origi-
nal group. Silenced males did not drop in
rank more frequently than dominant nor-
mal males in control groups (/1). Thus
silencing affected a male’s ability. to
achieve initial dominance over his rivals,
but not his ability to maintain already
established dominance. Although si-
lenced males were able to maintain es-
tablished dominance rankings in a group,
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Table 1. Comparisons of behavior before and after silencing the dominant male. N.S. not

significant.
. Number of observations
Uninterrupted .
Item females atitempts by : ej o oopr

% ominant . By sub-
(ﬁﬁgs) male that By domll'.,_ or}c/iinate
failedt nant male: male

Before S5x24 24 of 32 23 19

After 4.5+ 4.0 8of 9 10 24
Significance N.S N.S. P = 05 P=.05

*Before silencing, there were 17 observations of six groups with six females. After silencing, there were 15

observations of the same six groups with six new females. Mann-Whitney U test.
30-minute samples. The copulation failures represent female rejection of the male; x test.

tThese data derive from
tForty-seven

half-hour observation sessions before and 37 after silencing the dominant male; x* test.

mating success after silencing was much
reduced (13 of 16 copulations before
silencing and 5 of 18 copulations after;
x> = 16.54, d.f. =1, P < .001).

The reduction in mating success was
not due to discrimination by females. In
tests in which one male and one female
were caged together, the likelihood of
copulation and the latency to copulation
were not affected by silencing the male
(5). In the experiments with groups, the
female’s response to courtship was ei-
ther to stand still or to walk, and walking
was considered to be a rejection of court-
ship, We compared the total time that
females walked (7) when all three males
were normal and when the dominant
male had been silenced. Females did not

0.6 A P=.006

2 0~67C P=.003
£
.S o204 2 0.4 +
S§E= £
o £ = k=
% ED o2 % 0.2 1
T - ()]
g s
= ©
- [+
2 0.6 B p=.03 £ 0.6~D+P=.OO5
o S = '
“® £ 0.4 0.4
s c 2 g
2% § £ |
5 & o. 5 0.2
o
@ &

Before After Before After

Fig. 1. Effects of rendering the dominant male
inaudible (mean *+ 2 x standard error). Val-
ues are the proportion of time devoted to a
behavior in the interval before copulation, or
if no copulation was observed, 30 minutes,
whichever interval was shorter. (A) Propor-
tion of time that the dominant male spent in
fighting before and after he was silenced. (B)
Proportion of time that the dominant male
was fighting before and after the subordinates
were deafened. (C) and (D) Proportion of time
‘‘alone with female’’ for the dominant male
(C) before and after the dominant male was
silenced and (D) before and after the subordi-
nates were deafened; these time proportions
include either antennation or courtship of the
female. For (A) and (C) 18 groups were ob-
served; for (B) and (D), 6 groups were ob-
served. Mann-Whitney U tests were used
throughout.

behave differently in these two situations
(Table 1). When one female was in a cage
with three males, the rate at which the
silent male’s uninterrupted copulation
attempts failed was no higher than it had
been before silencing (Table 1); this veri-
fies that females did not discriminate
against silent males. However, silent
dominant males tried to copulate less
frequently and subordinates tried to cop-
ulate more frequently than before (Table
1).

The changes in rates of copulation
attempts may have been the result of
increased interference by subordinates
when a dominant male was silenced. A
dominant male was considered to be
‘‘alone’’ with a female if he was the only
male that was touching or courting her.
Before silencing, 73 percent of the domi-
nant males’ attempts to copulate oc-
curred when they were alone with a
female, and the time alone was 43 per-
cent of the total time that a dominant
male was actually touching or courting a
female. After the dominant male had
been silenced, his time alone with the
female dropped significantly (Fig. 1), al-
though his total time touching or court-
ing her did not change. A large part of
the extra time that subordinate males
spent near the female was devoted to
fighting with the dominant male. After
being silenced, dominant males fought
more frequently, although they contin-
ued to win (Fig. 1).

The reduced mating success of si-
lenced dominant males conceivably
could have been due to some other dis-
turbance related to our muting proce-
dure, rather than to the silence of the
dominant males. We tested this possibili-
ty by performing a reciprocal experiment
in which subordinates were deafened,
whereas the dominant males underwent
a sham operation (/2). These dominant
males spent significantly more time fight-
ing and less time alone with the female
after the subordinates were deafened
(Fig. 1). Thus, whether the dominant
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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 (3), 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 (3); female
field crickets discriminate against males
that do not chirp during courtship (4).
“Aggressive”’ chirps usually have yet
another structuré (/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’’ whencver
he chirps.

CHrisTINE R. B. Boakr*
RORERT R. CAPRANICA
Section of Neurobiology and
Behavior, Cornell University,
Ithaca, New York 14853
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Intracellular Recordings from Cochlear Outer Hair Cells

Abstract. Iniracellular recordings were made from outer hair cells in the third turn
of the guinea pig cochlea, and the celectrical 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 morphologically distinct senso-
ry receptors. Electrical characteristics of
individual mammalian rcceptors 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 ccll in
hearing and the types of intcraction, if
any, that occur betwecn 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
car, 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 clectrodes 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 pm (4).
Only responses obtained with tone-burst
stimuli are presented.

The continuous recording of ¢lectrode
position and a characteristic scquence 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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