ization (23). The observations reported
here, taken with earlier results, support
the hypothesis that in immature animals,
thyroid hormones and NGF interact at
the cellular level to promote microtubule
formation, axonogenesis, and possibly
synaptogenesis (7, 23, 25). In the adult ani-
mal, such an interaction may be of im-
portance for synaptic transmission and
translocation of molecules across the cell
membrane, possibly by the induction of
a phosphatidylinositol effect (26) at the
cell membrane.
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Temporal Pattern as a Cue for Species-Specific Calling Song

Recognition in Crickets

Abstract. Female crickets can recognize conspecific calling song from its temporal
pattern alone. In Teleogryllus oceanicus, the song pattern consists of three classes of
interpulse intervals arranged in a stereotyped sequence. Females recognize a model
song in which the sequential order of intervals is random. This argues against the
hypothesis that recognition results from matching auditory input to an internal tem-

plate of the song.

Many animals can recognize species-
specific signals (/). A current problem in
neuroethology concerns the mechanisms
underlying such recognition. One class
of possible mechanisms entails com-
parison of sensory input with an internal
model of the signal. For example, birds
have been suggested to judge auditory
input against a species-specific song
blueprint or template, both to select a
conspecific song model to imitate (2) and
to guide the development of song motor
patterns (3). Comparison of auditory in-
put with aninternal template has also
been suggested as underlying species-
specific phonotaxis in crickets @, 5).
Male crickets produce a species-specific
calling song, which attracts conspecific
females (6). The song consists of a series
of sound pulses delivered according to a
stereotyped temporal pattern generated
by the central nervous system (7). Fe-
males can recognize their conspecific
song on the basis of its temporal pattern
S, 9).

It has been suggested that the neural
machinery constituting the hypothesized
template for song recognition in females
has some elements in common with the
male’s song-pattern generator (5, 10).
Such an overlap in the neural substrates
for song production and song recognition
could explain two important observa-
tions. (i) The song pattern produced by

0036-8075/79/0427-0429$00.50/0  Copyright © 1979 AAAS

males and the pattern preferred by fe-
males are genetically coupled; inter-
specific hybrid males have songs that dif-
fer from either of the parental types, and
hybrid females prefer these hybrid songs
(). (i) Song production and song recog-
nition vary in similar ways with temper-
ature; females prefer the songs of males
that are singing at the same temperature
at which they are listening (8). An ex-
treme version of the hypothesis of over-
lap between the neural substrates for
song production and recognition is that
the template in the female (who does not
sing) consists of an internal copy of call-
ing song, produced by the same neural
machinery responsible for song pattern
production in the male. We now present
evidence that argues against this extreme
view.

The calling song of Teleogryllus oce-
anicus consists of a series of sound puls-
es separated by three distinct classes of
interpulse intervals, arranged in a repeat-
ing stereotyped sequence (Fig. 1, A, B,
and E). The repeating unit (phrase) of the
song (Fig. 1A) can be described as a
string of four intrachirp intervals fol-
lowed by nine pairs of alternating inter-
and intratrill intervals, followed by an
additional intertrill interval, all of the in-
tervals being separated by sound pulses
(11). We reasoned that if female T. oce-
anicus rtecognize their species calling
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song by matching it against an internal
model of the song, then this match would
be destroyed if the three types of inter-
vals, instead of occurring in their normal
sequence, occurred in random order. We
produced such a song by programming a
computer to repeatedly shuffle the ordi-
nal positions of the intervals of the nor-
mal 7. oceanicus calling song phrase
(12). The computer produced a series of
electrical pulses in the required temporal
sequence, and these pulses were used to
trigger an electronic circuit, which syn-
thesized the actual sound pulses (/3)
(Fig. 1C). The shuffled song (Fig. 1) has
interpulse intervals of the same dura-
tions and in the same relative numbers as
normal.song (Fig. 1H), but these inter-
vals do not occur in any regular pattern
(compare Fig. 1F with Fig. 1E).

We compared the attractiveness to 7.
oceanicus females of shuffled song, nor-
mal 7. oceanicus song, and the song of a
related species, Teleogryllus commodus
(Fig. 1, D and G), in two behavioral as-
says. In a walking phonotaxis assay, a
virgin female 7. oceanicus was placed at
the starting point in an arena in which
two loudspeakers played two different
songs (/4). To minimize visual cues the

speakers were hidden behind a gauze
curtain. The cricket was allowed 3 min-
utes in which to leave the starting area
and an additional 3 minutes to walk to
and climb up the gauze curtain in front of
one of the speakers. If she failed to meet
either of the time limits or if she climbed
up the curtain at a point not directly in
front of one of the speakers, the trial was
discarded. Each cricket was used only
once. The relative numbers of crickets
choosing each song indicated the relative
attractiveness of the two songs of a pair.
Positional effects were eliminated by al-
ternating the speakers from which the
two songs were played from trial to trial.
The second behavioral assay exploits
the fact that tethered crickets in station-
ary flight in a windstream attempt to turn
in response to sound stimuli (/5). A com-
ponent of their steering behavior is a rud-
der-like movement of the abdomen and
hind legs in the direction of the attempt-
ed turn (Fig. 2D). In the discrimination
assay, two songs were presented simul-
taneously from speakers located 90° to
the cricket’s left and right. An image of
the cricket was displayed on a video
monitor, and steering movements were
observed both visually and electronically
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Fig. 1. (A) Oscillograph of 7. oceanicus calling song. The three types of interpulse intervals
(measured from the beginning of one sound pulse to the beginning of the next) are indicated.
The horizontal bar represents 1 second. (B-D) Oscillographs of electronically synthesized mod-
els of T. oceanicus song, shuffled song, and T. commodus song, respectively; time bars repre-
sent 1 second. (E-G) Sequential interval plots for these three songs. The abscissa represents the
ordinal positions of intervals in the song, and the ordinate the durations of these intervals. The
regular pattern of intervals present in 7. oceanicus song is absent in shuffled song. (H-J) The
relative proportions of the different intervals in 7. oceanicus, shuffied, and T. commodus songs,

respectively.
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by a photocell mounted on the video
monitor screen. The photocell was ar-
ranged so that, as the dark image of the
abdomen and legs moved across the oth-
erwise bright screen, the amount of light
falling on the photocell varied. Thus the
amplitude of the photocell output reflect-
ed the instantaneous position of the ab-
domen and legs. We presented the two
songs first, for example, with song A
from the left and song B from the right,
and then reversed this relationship at 30-
second intervals for a total of 3 minutes.
The cricket responded to these reversals
by moving its abdomen and legs to fol-
low the preferred song; these move-
ments are easily seen on the photocell
records (Fig. 2, E-G).

In both the walking and flight assays
the intensities and carrier frequencies of
the two songs of a pair were carefully
matched [intensities were 65 dB (mea-
sured at the starting point) in the walking
assay and 75 dB (at the position of the
cricket) in the flight assay (/6); carrier
frequencies were either 4.5 or 5 kHz in
both assays]. Both assays took place in
an anechoic room, with temperature held
at 24° to 26°C. This temperature range is
similar to that at which the natural call-
ing songs upon which the synthetic mod-
els are based were recorded (23.5° to
25.5°C) (11).

To verify that 7. oceanicus females
could make species-specific song choices
using only the temporal pattern of the
song as a cue, we first allowed them to
choose between models of T. oceanicus
song and the song of a closely related
species, T. commodus (Fig. 1, D, G, and
J). Although the natural songs of these
species differ not only in temporal pat-
tern but also in carrier frequency (7. oce-
anicus,4.5t05.4kHz; T. commodus, 3.5
to 4.4 kHz) (17, 18), the synthetic models
of these songs were presented at identi-
cal carrier frequencies (either 4.5 or 5
kHz). The T. oceanicus females pre-
ferred their conspecific song pattern in
both the walking and flight assays (Fig.
2, A, E, and H).

The flight assay appears to be more re-
liable than the more traditional walking
assay. In the walking assay, 35 percent
of the crickets chose the ‘‘wrong’’ song,
but none did so in the flight assay (/9).

When T. oceanicus females were pre-
sented with a choice between their nor-
mal conspecific song pattern and
shuffled song, they did not discriminate
between the two. In the walking assay,
nearly equal numbers of crickets walked
to each song (Fig. 2B); in the flight assay,
most crickets failed to display any dis-
criminatory behavior; that is, they con-
tinued to fly straight, as if they received
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balanced auditory input from the left and
right (Fig. 2F). In a minority of trials
crickets did choose one song or the oth-
er, but, as in the walking assay, the two
songs were chosen equally often (Fig.
20).

Since T. oceanicus females preferred a
model of 7. oceanicus song to a model of
T. commodus song, if shuffled song were
truly interpreted as identical to normal
conspecific song then it too should be
preferred over T. commodus song. In the
walking assay, 7. oceanicus females
failed to discriminate between shuffled
song and T. commodus song (Fig. 2C),
but shuffled song was preferred to T.
commodus song in the flight assay (Fig.
2, G and J).

The failure to distinguish between
shuffled song and 7. commodus song in
the walking assay indicates that shuffled
song is not interpreted as identical in all
respects to normal conspecific song. The
failure to distinguish between normal
and shuffled song in both the walking and
flight assays, however, as well as the
preference for shuffled song over T. com-
modus song in the flight assay, argues
strongly that 7. oceanicus females can
interpret as conspecific a song (shuffled
song) which cannot be matched to an in-
ternal copy of the normal song pattern
(20). Thus, some other mechanism for
song recognition must exist either in-
stead of or in addition to such a template-
matching mechanism. We stress, how-
ever, that our findings do not rule out the
possibility that the central nervous
mechanisms for song production and
recognition might have some elements in
common.

We cannot explain why shuffled song
was preferred over T. commodus song in
the flight assay but not in the walking as-
say. It is possible that, for unknown rea-
sons, the flight assay is more sensitive to
small differences in song attractiveness
than the walking assay. Such an in-
creased sensitivity would be consistent
with the observed absence of errors in
the T. oceanicus-T. commodus discrimi-
nation in the flight assay. (Those crickets
that walked toward T. commodus song in
the walking assay might have done so be-
cause they chose directions randomly. If
the flight assay were more sensitive there
would be fewer random choices and
hence fewer errors.) Increased sensitivi-
ty might permit the detection of a dif-
ference in the attractiveness of T. com-
modus song and shuffled song that is too
small to be detected in the walking as-
say.

In addition to its increased reliability
(and, perhaps, sensitivity), the flight as-
say has other advantages. First, statisti-
27 APRIL 1979

cally significant behavioral expression of
a song preference is detectable within
minutes, instead of in hours as with the
walking assay (2/). Consequently, data
can be collected quickly, and several

repetitions of an experiment can easily
be done on a single animal. Second, and
perhaps more important, the flight assay
provides a simple, easily monitored mo-
tor correlate of phonotactic behavior.
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Fig. 2. (A-C) Results obtained with the walking assay for discrimination between (A) T. ocean-
icus (Oc) and T. commodus (Co) songs, (B) T. oceanicus and shuffled (Sh) songs, and (C)
shuffled and T. commodus songs. Significant discrimination occurred between T. oceanicus and
T. commodus songs [P < .05, G test (24)] but not between the other song pairs. In (A), N = 37;
in (B), 148; and in (C), 51; the ordinates represent proportions of responses. (D) Tracings of
photographs of a tethered flying cricket (dorsal view), the one on the left with no sound stimula-
tion and the one on the right with synthesized T. oceanicus song played from the left. The
flexion of the abdomen and hind legs to the left indicate that the cricket is attempting to turn
toward the sound source. (E-G) Records of steering movements for a single cricket in the flight
assay. A photocell viewing an image of the cricket was arranged so that bending of the abdomen
and hind legs to the left resulted in an upward deflection of the trace, and bending to the right in
a downward deflection. The song played from the left is indicated above each trace, and that
from the right below. The positions of the two songs were reversed at 30-second intervals; the
switch points are indicated by vertical lines. The cricket ‘‘followed’ T. oceanicus song in the T.
oceanicus-T. commodus pair (E), failed to follow either song in the T. oceanicus-shuffled
pair (F), and followed shuffled song in the shuffled-T. commodus pair (G) (25). (H-J) Results of
24 trials with 12 crickets for each of the three song pairs. The ordinate indicates the proportion
of trials on which either one song or the other was followed, or on which no apparent discrimi-
nation (no following, Nd) occurred. In (H), the most common behavior was to follow 7. ocean-
icus song; in (D), failure to discriminate was most common; and in (J), following shuffled song
was most common (P < .005 in all cases, G test) (26).

431



The steering movements monitored in
our assay have been studied, in the lo-
cust, at the level of single identified mo-
tor neurons (22). Further, flight behavior
survives considerable surgical assault
(23). It should be possible to record from
a cricket’s nervous system as it performs
acoustic discriminations and thus to cor-
relate neural activity with its behavioral
consequences.

GERALD S. PoLLACK

RonaLD R. Hoy

Section of Neurobiology and Behavior,
Cornell University,
Ithaca, New York 14853
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Voltage Dependence of Junctional Conductance in

Early Amphibian Embryos

Abstract. Isolated pairs of blastomeres from early amphibian embryos (Ambys-
toma, Rana, Xenopus) are electrotonically coupled. Junctional conductance and
permeability to the dye Lucifer Yellow are markedly and reversibly decreased by
moderate transjunctional polarization in either direction. The relationship between
Junctional conductance and transjunctional voltage is sufficiently steep that a physi-
ological role in regulation of intercellular communication is plausible.

It is generally accepted that gap junc-
tions mediate electrotonic coupling and
exchange of ions and small molecules be-
tween cells. The degree to which ionic
current spreads from cell to cell is read-
ily measured electrophysiologically, and
in favorable geometries junctional con-
ductance can be unambiguously deter-
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mined. Conductance and permeability
are dynamic properties of the junctional
membrane and can be altered by a varie-
ty of experimental treatments (/, 2). Sub-
stances that can permeate gap junctions
conceivably serve regulatory or signaling
functions, and control of intercellular
flow of small molecules may play an im-
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portant role in tissue differentiation (3).
We report here that conductance of junc-
tions between blastomeres of the am-
phibian embryo is markedly reduced by
application of small voltages across the
junctions. The sensitivity is sufficiently
great that a physiological role in con-
trolling intercellular communication is
plausible.

Pairs of blastomeres were mechanical-
ly isolated from axolotl (Ambystoma
mexicanum) or anuran (Xenopus laevis
and Rana pipiens) embryos between the
32-cell stage and late morula. All stages
and species showed similar electrical
properties. Cells were placed in physio-
logical saline solution ¢) containing up
to 0.05 percent colchicine to inhibit mi-
tosis. Each cell was impaled by two elec-
trodes for applying current and recording
voltage.

Intact cell pairs were always elec-
trotonically coupled. When small rec-
tangular current pulses of either sign
were applied in one cell, constant volt-
ages were recorded in both cells once the
membrane capacity had been charged
(Fig. 1, A and B). Larger current pulses
resulted in increased input resistance of
the directly polarized cell and decreased
electrotonic spread to the other cell (Fig.
1, A, to A, and B, to B,). Essentially
identical results were obtained when cur-
rent was applied in either cell (not illus-
trated). The coupling coefficients (5)
could decay from 0.8 or more to 0.1 or
less. Uncoupling developed more rapidly
with larger polarizations. The cells re-
covered to their initial state within 1 sec-
ond after a pulse was terminated. These
findings suggest that junctional resist-
ance increases as a function of trans-
junctional voltage. The nonjunctional
membrane of single blastomeres is elec-
trically linear over a comparable voltage
range.

In order to measure junctional cur-
rents directly, a double voltage clamp
procedure was devised. Each cell of a
coupled pair was placed in a separate
voltage clamp circuit and held at its rest-
ing potential (—40 to —60 mV). Voltage
steps were then delivered to one of the
cells. In this procedure any current flow-
ing via the junctions from the pulsed cell
into the second cell is exactly matched
by current of the opposite polarity inject-
ed into the second cell, which is supplied
by its voltage clamp to keep its mem-
brane potential constant. This trans-
junctional current (/;) injected into the
second cell gives a direct measure of
junctional conductance (g;) when divided
by the magnitude of the step change in
transjunctional voltage.

Consistent with data from current
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