
ceptors may have evolved into internal 
sensory organs encased in cartilage or 
bone. 

MICHAEL A. BARRY 
ROBERT L .  BOORD 

School of Life and Health Sciences 
and Institute for Neuroscience, 
University of Delaware, Newark 19716 

References and Notes 

1. C. Patterson. Phil. Trans. Roy. Soc. Lond. Ser. 
B 269. 398 (,l975). 

2. H. W. Norr~s  and S P. Hughes. Anat. Rec. 18, 
205 (1920). 

3. E. P. Allis, Quart. J. Microscop. Sci. 45. 87 
(1902). 

4. W. E: Agar, Anat. Anz. 28. 298 (1906). 
5. Mature clearnose skates averaged 35 to 41 cm in 

wingspan; cow-nose rays were juveniles with 
wingspans of 31 to 35 cm; the single mature 
butterfly ray weighed 27 kg: juvenile smooth 

doefish were 45 to 106 cm lone: iuvenile sandbar 
sharks were 61 to 81 cm longTa"nd mature spiny 
dogfish were about 122 cm long. 

6. G. L. Rasmussen, Anat. Rec. 139, 465 (1961). 
7. M. Mesulam, J .  Histochem. C)ptochem. 26, 106 

(1978). 
8. W. G'. Ridewood, Anat. Anz. 11. 28 (1896). 
9. In skates, all visible hair cells were counted and 

an estimate was made of the number of hair cells 
destroyed during exposure of the inside of the 
organ. In the SO'S of sandbar shark and smooth 
dogfish. the total number of hair cells was 
estimated on the basis of sample counts at high 
magnification ( x  2500 or x5000). In the smooth 
dogfish each SO has a total of approximately 
15,000 hair cells. 

10. A.  J .  Hudspeth and D. P. Corey. Proc, ~Wnt. 
Acad. Sci. U.S .A.  74, 2407 (1977). 

11. R. L. Boord and C. B. Campbell, Am. Zool. 17. 
431 (1977): D. Koester, J .  Comp. Neurol. 221. 
199 (1983). 

12. P. F. A. Maderson and T. Jaskoll. A m  Zooi. 16, 
200 (1976). 

13. Supported by PHs  grant NS 11272. 

10 May 1984; accepted 24 July 1984 

Initiation of Behavior by Single Neurons: 
The Role of Behavioral Context 

Abstract. Flying crickets avoid sources of ultrasound, possibly echolocating bats, 
by making rapid steering movements that turn them away from the stimulus. 
Electrical stimulation of a single, identijied sensory interneuron (Int-1) elicits 
avoidance steering; depressing its response to ultrasound abolishes avoidance 
steering. Int-1 is necessary and suficient for this behavior but only while the cricket 
is in flight. Thus, the suficiency of Int-1 for eliciting this behavior is contingent on 
behavioral context. 

The extent to  which discrete and iden- 
tifiable behavioral acts are controlled by 
single interneurons has led to  the con- 
ceptualization of key neural elements in 
the control of behavior, ranging from 
feature detectors (1) to command neu- 
rons (2). Although it is clear that certain 
behavioral acts can be attributed to  ac- 
tivity in particular neurons, the role of 
initiating behavior has usually been as- 
signed to premotor interneurons (2, 3). 
We now report an escape behavior in a 
cricket that is elicited by an identified 
sensory interneuron, but only when spe- 
cific sensorimotor conditions are met. 
Moreover, activity of the neuron is nec- 
essary for production of the behavior. 
Thus, the accepted tests of a neuron's 
direct role in behavior-necessity and 
sufficiency (2)-can yield different out- 
comes depending on the behavioral state 
of the animal. We found that under spe- 
cific, behaviorally relevant conditions, a 
sensory interneuron can take on some of 

the characteristics associated with deci- 
sion-making (2, 3). 

Tethered, flying crickets respond to 
acoustic ultrasound stimulation with 
short-latency movements of their ap- 
pendages, head, and abdomen, which 
are directed away from the source; this 
avoidance response is reminiscent of 
that of moths (4) and is probably a bat 
avoidance behavior (5-8). We have de- 
veloped an experimental preparation for 
intracellular recording from a minimally 
dissected cricket (Teleogryllus oceani- 
C U S )  without interfering with flight be- 
havior ["flight" was defined as  visible 
movement of the wing stubs or rhythmic 
movement of the thorax and assumption 
of the characteristic posture of flight (9)] 
(Fig. 1A). A dye-filled microelectrode 
was inserted into the axon or  a dendrite 
of a single, identified interneuron, Int-1, 
to  permit intracellular recording of its 
response to ultrasound, intracellular cur- 
rent injection to alter its membrane po- 

tential, and iontophoretic injection of 
Lucifer yellow (10) to  allow identifica- 
tion of Int-1 by its unique morphology (6, 
7, 11, 12). Avoidance steering during 
flight was monitored from electromyo- 
grams (EMG's) recorded in the dorsal 
longitudinal muscles (DLM's) of the ab- 
domen (13). Thus, we were able to alter 
the excitability of Int-1 in an animal 
during flight and directly observe the 
effects of such alteration on the behav- 
ioral response to ultrasound. 

The neuromotor correlates of steering 
are shown in Fig. 1A. Ultrasound from 
the right speaker excited the right Int-1, 
and after a short latency (30 to 70 msec) 
the left DLM's of the second abdominal 
segment fired while the right DLM's 
were silent. Avoidance steering is char- 
acterized by the activation of the DLM's 
contralateral to  the side of acoustic stim- 
ulation (14), which in free flight would 
cause the animal to turn away from the 
speaker. Steering never occurred unless 
the animal was in flight, regardless of 
how strongly Int-1 was stimulated by 
ultrasound. Int-1 responded to ultra- 
sound with a high-frequency burst of 
action potentials (up to 500 spikes per 
over 30 to 100 msec); its response was 
graded with respect to sound level from 
40 to 95 dB [sound pressure level (SPL)] 
(Fig. 1B) (6, 7, 15). Only when Int-1 
discharged above about 220 spikes per 
second (16) were the contralateral 
DLM's activated. 

To test whether activity in Int-1 alone 
is sufficient to elicit a steering response, 
we excited Int-1 after "anode break" 
(17). In Fig. 2A, Int-1 discharged at a 
high rate, 400 spikes per second (a typi- 
cal response to an 85-dB, 30-kHz tone 
pulse), which turned on the contralateral 
DLM's; the ipsilateral DLM's remained 
inactive. Both Int-1 and the DLM's dis- 
charged for a prolonged period until Int-1 
was again hyperpolarized (not shown). 
The latency between the first Int-1 spike 
and the start of the DLM response 
(49 t 16.1 msec, X t standard error of 
the mean) was comparable to that elicit- 
ed by ultrasound in this animal (51 * 
10.3 msec) [t(18) = -0.05, P > 0.101. 
Furthermore, above a rate of 220 spikes 
per second in Int-1, the DLM response 
was positively correlated with spike rate 

Table 1. Activity in Int-1 and avoidance behavior. Values are given as means i standard errors of the mean 

Measure 
Int-1 membrane potential 

N Mean * 
difference P 

Normal Hyperpolarized 

Int-1 spike rate (spike per second) 9 325 i 16.8 167 2 13.5 157 i 9.20 17.1 <0.0005 

Relative DLM response (arbitrary units) 9 1.0 i 0.30 0.03 i: 0.05t 1.00 i: 0.16 6.44 <0.0005 

*One tailed t-test for paired samples, +Not significantly different from zero [t(9) = 1.33, P > 0.10J. 
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t Fig. 1 (left). (A) The experimental prepara- 
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A I tion. The cricket was positioned ventral side 
1 -' L Int-1 up. Simultaneous recordings were made dur- 
2 c*n?-r- R DLM ing flight from Int-1 (21) and both the left (L) 
3 L DLM and right (R) abdominal DLM's (13). A 30- 

kHz, 85-dB, 30-msec sound pulse was pre- 
B sented from a loudsoeaker 90" to the animal's 

L Int-1 
long axis. In this example, the microelectrode 

R DLM crosses the midline to record from the axon of 
3 L DLM the right Int-1; the sound pulse is from the 
4 30 

kHz right. The Int-1 record is shown above that of 
I 4 the contralateral DLM's. Ordinal calibration 

applies only to the intracellular records. (B) 
Relation between the discharge rate of Int-1 
and steering in flying cricket; (22). The line 
y = 0 .174~  - 31.4 was calculated from the 
linear regression of the DLM resDonse for Int- 
1 spikevrates greater than 220 spikes per 
second. The slope was 0.174 * 0.10 (295 

3 percent confidence interval); the predicted 
4 DLM response for an Int-1 spike rate of 250 

spikes per second was 12.1 i- 4.41 and that 
for a rate of 450 spikes per second was 46.9 i- 5.69 (t standard error). Fig. 2 (right). (A) 
Sufficiency. The left Int-1 is excited when anode break ( 1 7 )  causes the right DLM's to 
discharge. Recordings: trace 1, intracellular recording from a dendritic region of the left Int-1 
during flight; trace 2, EMG from a right DLM; trace 3, EMG from a left DLM. Int-1 had been 
hyperpolarized (-8 nA current) for 3 seconds before the current was turned off at the upward 
arrow (17). This caused Int-1 to discharge at 400 spikes per second initially (21), which excited 
the right DLM's (trace 2). The left DLM's remained silent (trace 3). Because of the poor 
electrical characteristics of our electrodes, the bridge would not stay in balance during 
prolonged current injection; the intracellular recording of Int-1 (trace 1) was high-pass filtered 
0 1 0 0  Hz) to suooress some of the artifact resulting from anode break. No acoustic stimulus - 

0 , qm *,.a. , . , , was used in this experiment. (B) Necessity. ~ e c o r 2 i n ~ s  are as in (A). Trace 4, the acoustic 
o 200 400 stimulus, is 30 kHz, 82 dB (SPL), 300 msec long, played to the left ear (22). (i) Control: Normal 

Int -1  r e s p o n s e  ( s p i k e l s e c )  Int-1 and steering responses recorded from a flying cricket (9). (ii) Hyperpolarizing Int-1 (-15 
nA, downward arrow) prior to ultrasound presentation depressed its discharge sufficiently to 
prevent activation of the DLM's. Int-1's spike rate was reduced from about 330 spikes per 

second to less than 170 spikes per second. Hyperpolarizing current was terminated at the upward arrow (18). (iii) Control trial following 
hyperpolarization in (ii): both the left Int-1 and the right DLM regained responsiveness to ultrasound. Approximately 200 to 300 msec elapsed 
between (i) and (ii) and between (ii) and (iii). Voltage calibration refers only to the Int-1 records in (B). 

(r = 0.91, P < 0.01, n = 8). In an intact' 
flying animal, such activation of the con- 
tralateral DLM's would be sufficient to 
produce a strong steering response, simi- 
lar to that produced in response to a 
pulse of ultrasound (30 kHz, 80 to 85 
dB). As long as anode break caused Int-1 
to discharge above about 220 spikes per 
second, the contralateral DLM's were 
activated; if the rate was too low, the 
DLM's did not respond. Finally, if the 
animal was not flying, the DLM's did not 
respond, even if Int-1 discharged at rates 
~n excess of 500 spikes per second. 
Hence, only under the behaviorally rele- 
vant conditions of flight was the firing of 
Int-1 sufficient to initiate steering. 

To test whether Int-1 is necessary for 
ultrasound avoidance steering during 
flight, we stimulated Int-1 with a hyper- 
polarizing current, which moved its 
membrane potential farther away from 
spike threshold and so lowered its excit- 
ability to the synaptic currents generated 
by an ultrasound stimulus. When this 
was done just before acoustic stimula- 
tion [Fig. 2B(ii)], the number of action 
potentials produced by ultrasound was 
reduced, coinciding with the complete 
failure of the abdominal steering muscles 
to respond to ultrasound [compare with 
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Fig. 2B(i)]. When the hyperpolarizing 
current was turned off, Int-1's membrane 
potential rebounded to resting level (18). 
The effects of hyperpolarizing Int-l were 
completely reversible [Fig. 2B(iii)]: both 
Int-1 and the DLM's recovered their 
responsiveness to ultrasound as soon as 
the current ceased (Table 1). It was not 
necessary to suppress activity in Int-l 
completely to eliminate steering, but 
only to lower the spike rate below about 
220 spikes per second. We conclude that 
activity in Int-1. above a critical thresh- 
old level, is necessary to initiate ultra- 
sound avoidance steering. 

Examples of single-neuron control of 
behavior, in which the criteria of neces- 
sity and sufficiency can be applied in 
"naturally" behaving preparations are 
rare (2). Perhaps our most interesting 
finding is that Int-1, a primary auditory 
interneuron (6), is sufficient for avoid- 
ance steering only in a "flying" animal 
(the proper behavioral context) and only 
if it discharges above a relatively high, 
but behaviorally relevant, spike rate. Int- 
1 does not make direct connections with 
the motoneurons responsible for abdom- 
inal steering; rather, it receives innerva- 
tion from auditory receptors in the first 
thoracic ganglion and sends its axon to 

the brain (19). Because of Int-1's posi- 
tion in the sensory-to-motor hierarchy, 
its influence on the behavior is unique; 
Int-1 functions as a feature-sensitive unit 
(a "bat-detector") that sends a graded 
signal to the flight steering system (6, 7). 
The ability of Int-1 to affect steering, 
however, is contingent on the behavioral 
state of the animal; steering is gated by 
the action of the flight oscillator. Similar 
gating of sensory information by a flight 
oscillator has been reported in locusts 
(20). 
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A Psychological and Mathematical Artifact 

Gingerich (1 )  has shown that many of 
our orthodox comparisons for evolution- 
ary rates between different groups of 
organisms are wrongly stated as  a result 
of measurement over different temporal 
scales. Thus, he demonstrates that verte- 
brates may not evolve more rapidly than 
invertebrates, while Pleistocene mam- 
mals may not exceed their earlier Ter- 
tiary forebears in rate of change. 

Nevertheless, Gingerich's quantitative 
apparatus for illustrating this phenome- 
non is an artifact of human psychology, 
and his chosen mode of mathematical 
plotting is not a property of the empirical 
world. H e  bases his conclusions on the 
continuous and straight array of data, 
with slope of -1.0, for a plot of the 
natural logarithm of the evolutionary 
rate (in darwins) as  the ordinate and the 
natural logarithm of the measurement 
interval (in millions of years) on the 
abscissa. 

The formula for rate in darwins (2) is 
the ratio of final to  initial state, o r  In 
x2 - In ,TI (where x  is the morphological 
character being measured at  times t 2  and 

t l )  divided by time in millions of years. 
(Comparison of rates in darwins is valid 
regardless of the time interval if the 
organisms' rate of change is exponential. 
If rates of change are not exponential, 
then comparisons are valid only if the 
same time interval is used for both orga- 
nisms.) Gingerich then regresses this ra- 
tio against time in millions of years. In 
other words, Gingerich had plotted time 
(on the abscissa) against its own recipro- 
cal (lit) on the ordinate, and his negative 
slope arises necessarily from this artifi- 
cial redundancy. Hallam (3) has com- 
mented on this problem, while Bonner 
(4) avoided just such an artifact by con- 
sidering rate in darwins with respect to 
time as  a univariate problem (5). 

The plotting of a variable against its 
reciprocal is not devoid of empirical in- 
formation if the numerator of the ratio is 
free to vary. The slope must be negative 
(unless the numerator varies directly 
with and at least as  strongly as  its de- 
nominator), but it may take a variety 
of forms with interesting implications. 
However, in Gingerich's case, as  he 

notes with some puzzlement ( I ,  p. 160). 
the numerator has an average value of 
1.2 at all values of the abscissa. In such a 
situation, the slope must be -1.0 be- 
cause the plot really does reduce to  kit as 
a function of t, where k is a constant. 

But why should the numerator, a mea- 
sure of absolute evolutionary change in a 
lineage, be constant? Surely this invari- 
ance cannot be a property of the world. 
Amounts of evolutionary change smaller 
than In x2 - In xl  = 1.2 must exist un- 
less all changes are per sultuin to this 
degree. Likewise, larger amounts of 
change must occur if mammals have 
their ultimate ancestors in prokaryotes 
and all organisms are related by evolu- 
tionary descent. The average value of 1.2 
at all scales must be a property of human 
perception, not of the world. That is, we 
rarely notice smaller degrees of change, 
while larger amounts are accompanied 
by so much uncertainty about actual 
ancestors and descendants that we do 
not identify lineages with confidence and 
d o  not make the evolutionary links. Gin- 
gerich says as  much when he states: 
"Organisms differing by a factor of much 
more (or less) than 1.2 are so different (or 
so similar) that they are rarely compared 
in calculating rates" (1, p. 160). None- 
theless, whatever the reason for a con- 
stant average numerator, the simple fact 
of its invariance renders the smooth and 
straight form of Gingerich's plot a math- 
ematical necessity, not a source of em- 
pirical information. 

Incommensurability of categories rep- 
resents another problem with Ginger- 
ich's analysis. The very fast rates (up to 
60.000 darwins) for laboratory selection 
experiments and the very low rates of 
longest intervals (less than 1 darwin) are 
not random samples of their scales and 
cannot. therefore, be directly compared. 
As Schindel argues (6 ) ,  the fastest rates 
are for populations when they change, 
and do not include the millions of natural 
populations that are not evolving and 
would display rates in darwins of flat 
zero. The slowest rates do represent a 
potential average for all lineages (since 
all change to some degree over such long 
intervals), but they are so low primarily 
because they average long periods of 
stasis with shorter intervals of change at  
higher rates. Even Gingerich, a leading 
gradualist in the so-called gradualist- 
punctuationalist debate, says as  much: 
"The longer the interval, the more stasis 
and evolutionary reversal are likely to be 
averaged in the result" (1, p .  160). 

This analysis does not deny the value 
of Gingerich's main practical point: 
proper comparison of rates must either 
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