mark the relative frequencies of short
IRTs which occurred on individual
first, second, and third days after ad-
ministration of the two highest doses.
The combined results shown in the bot-
tom, panel of Fig. 2 are representative of
the results obtained with the individual
subjects shown in the upper panels.
Relative frequencies of overestimation
errors were low and stable on placebo-
control days prior to A%-THC admin-
istrations (black squares). When A®-
THC was given, overestimation errors
increased in relative frequency with
increasing dose level (black circles).
This effect of A%>-THC on accuracy of
timing performance diminishingly per-
severated on days following drug ad-
ministrations (open circles). Relative
frequencies of overestimation errors
were elevated up to 3 days after ad-
ministrations of the higher doses of
A%-THC (numbered open triangles).
The other timing error,” A-B IRTs
longer than 90 seconds in duration,
were typically low in relative frequen-
cy, never exceeding 10 percent of the
work output. The drug had no observ-
able effect on this type of timing error.
These data are important for several
reasons. The fact that doses of 1.0
mg/kg and larger decreased the fre-
quency of food-reinforced operant be-
havior confirms effects that have been
observed with other species (4). The
finding that high doses of the drug
continue to exert an effect for up to 3
days also is of interest in view of bio-
chemical data indicating that metabo-
lites of A®-THC persist in the body for
up to a week after ingestion (5). Fi-
nally, the fact that drug effects were
obtained at the 0.25 mg/kg dose level,
well within the effective dose range for
humans, and the fact that the change
in timing behavior appears to confirm
data on humans, both suggest that the
chimpanzee may be a useful animal in
studies of marihuana.
DoNALD G. CONRAD
TiMoTHY F. ELSMORE
FrANK J. SODETZ
Department of Experimental
Psychology, Walter Reed Army
Institute of Research,
Washington, D.C. 20012
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Attentiveness to Sensory Stimuli: Central Control in Locusts

Abstract. Wind-angle changes evoke yaw-correcting deflections of the abdomen
in tethered locusts, but only if the wings are beating. In flight, the central neuronal
flight motor drives abdominal motoneurons in rhythmic bursts. Wind angle inputs,
which are inadequate alone to drive these motoneurons, alter the number of spikes
per burst, and the alterations are reciprocal in opposite nerves. Burst frequency

and phase are unaffected.

How an animal determines at any
moment whether or not to respond to a
given sensory stimulus is a long-stand-
ing problem in the study of animal be-
havior. In the past, this role of con-
trolling responsiveness has often been
relegated to an ill-defined ‘“central
excitatory state” or level of “arousal.”
In the desert locust (Schistocerca
gregaria ph. gregaria), this process
can be studied quantitatively in indi-
vidually identified motoneurons.

A tethered locust responds to head-
on wind from a miniature wind tun-
nel by lifting its abdomen, legs, and
antennae into flight posture and beat-
ing its wings as in normal flight (1).
Pivoting the wind tunnel in a hori-
zontal arc about the head mimics most
of the aerodynamic conditions of yaw
in free flight. This stimulus, which the
locust monitors with a bank of delicate
cephalic wind-receptor hairs (2),

evokes a complex yaw-correcting ma-

neuver involving the wings (3), abdo-
men, legs, and head (4). If the locust
spontaneously ceases flying in the main-
tained wind stream, none of these
movable members respond to wind-
angle changes, but all movements re-
appear in full measure the instant
flight spontaneously resumes (4).

We have studied the motor mecha-
nisms involved in yaw-correcting move-
ments, and have focused on the switch-
like mechanism whereby the insect
attends to a flight-relevant stimulus

(wind-angle change) during flight and
apparently ignores the same stimulus
during flightless intervals. In studying
the abdomen’s response—a lateral, rud-
derlike deflection determined by the
wind angle (4)—we find that during
flight, the central neuronal flight mo-
tor, known to coordinate the patterned
wing movements, also drives abdominal
motoneurons in synchronous impulse
bursts. In a head-on wind, the bursts
of both sides are of approximately
equal strength and cause balanced
rhythmic contractions of opposite ab-
dominal muscles, which lift the abdo-
men into flight posture and cause a
slight vertical vibration. Wind-angle
changes modulate, in a bilaterally re-
ciprocal fashion, the number of im-
pulses per motoneuron burst and
thereby unbalance the contractions of
the two sides and cause a lateral de-
flection. The wind input, while suffi-
cient to modulate ongoing neural ac-
tivity, is inadequate by itself to acti-
vate the motoneurons.

During flight, the abdomen under-
goes high-frequency, low-amplitude vi-
brations in the vertical plane. Me-
chanical recordings of this movement
(Fig. 1A) show that the vibrations
are synchronous with the wingbeat.
To determine whether this vibration
originates in the abdominal muscula-
ture or results passively from me-
chanical coupling to the vibrating tho-
rax, we isolated the abdomen from the
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thorax and left the soft, pliable nerve
cord as a bridge between the two body
sections. The abdomen still vibrated
synchronously with the wingbeat (Fig.
1B), while cold block applied to the
nerve-cord bridge extinguished the
vibration of the abdomen but left the
thoracic movements apparently unaf-
fected (Fig. 1C). This strongly impli-
cates central or peripheral neurons of
the flight system in the production of
the abdominal vibrations (5).

We investigated the motor supply to
the dorsal longitudinal (DL) muscles
of the first abdominal segment, which
is important in the abdomen’s yaw-
correcting responses (6). Metathoracic
nerve 4 (7) innervates the abdomen,
where its main terminal branch com-
prises the entire DL motor supply of
the first segment. As determined by
histological and physiological evidence,
this terminal branch contains approxi-
mately 15 axons. One of these is the
afferent fiber of a stretch receptor em-
bedded within the muscle (8), and the
remainder are efferent to the DL
muscle.

Just before entering the muscle, the
terminal branch subdivides into three
twigs. The spike of each motor axon
can usually be recorded in each of
these twigs, a result suggesting that
every motor axon contributes a process
to each twig. Since the relative spike
heights of the different processes of
any cell are nearly constant from one
animal to another, and since several
of the cells have characteristic firing
patterns, we could usually identify
each of ten or more individual motor
axons in different animals, in spite of
the relatively large neuron population
sampled. To do this, we used an en
passant suction electrode on the main
terminal branch, plus suction electrodes
on transsected stumps of at least two
of the three twigs.

We have detected two major func-
tional groups of motor axons (9, 10).
In this report we treat a group con-
sisting of the five axons of greatest
diameter (5 to 8 um), as measured in
the main terminal trunk (I1). This
group, employed primarily in flight-
associated movements, we call A fibers.
We have also reported (10) on a sec-
ond group, comprising about seven
units of diameter 0.5 to 3 um (I2),
which is involved both in flight and
in ventilatory pumping (B fibers).

The A fibers are usually silent dur-
ing flightless periods. In flight, how-
ever, they fire in bursts that are syn-
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chronous with the wingbeat (Fig. 2),
and their activity evokes contractions
at this frequency in the DL muscle.
These twitches, along with those of
other segmental DL muscles, are largely
responsible for the abdominal vibra-
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Fig. 1. Mechanoelectrical recordings made
simultaneously from a locust’s thorax
(lower traces) and abdomen (upper
traces) under three different conditions of
tethered flight. (A) During normal
tethered flight, recordings show vibrations
of the abdomen synchronous with the
wingbeat. (B) After the entire insect, ex-
cept for the nerve cord, has been trans-
sected between the thorax and abdomen,
vibrations of the abdomen and wingbeat
are still synchronous. (C) After cold block
of the nerve cord bridging the thorax-
abdomen gap, the wingbeat is normal,
whereas vibration of the abdomen is
blocked. Time scale for B and C is the
same.

tions recorded in Fig. 1, A and B.
Since visual inspection indicates that
the muscle remains partially contracted
throughout a barrage of flight bursts,
this activity probably also serves to
raise the abdomen into flight posture.

Figure 2 also shows that wind-angle
changes, which in the intact insect
evoke lateral posturing of the abdo-
men, also affect the number of spikes
per burst. In this case, a 20° turn to
the left totally suppressed one burst
from the A fibers in the right nerve
and greatly inhibited the next burst,
after which there was considerable re-
covery. In the intact animal, this wind-
angle change evokes an abdominal
movement to the left.

Figure 3A represents the separate
wind-angle responses of the five A
fibers for left and right turns about
the head-on position. For all five units
on the right side, the number of
spikes per burst increases for turns
toward the right and decreases for
turns toward the left, with a latency
of less than one wingbeat (100 msec)
(13). Whereas the number of spikes
per burst varies with wind angle, burst
frequency and phase with respect to
the wingbeat apparently do not. Figure
3B groups the responses of all A fibers
and shows that the number of spikes
per burst is least for wind from the
left and greatest for wind from the
right, and that the center value de-
pends upon the direction of the most
recent wind-angle change (14). These
differences are generally greater for
more rapid or more extensive wind-
angle turns.

The modulation of ongoing burst
activity by wind-angle changes suggests
a simple explanation for the switching
of the abdomen’s controlling neurons
from ‘“attentiveness” to “inattentive-
ness,” as detected at the behavioral
level. The wind-angle inputs may con-
tribute weak excitatory synaptic po-
tentials to ipsilateral follower neurons
and weak inhibitory potentials to
contralateral follower neurons. In
contrast, these follower cells may re-
ceive strong synaptic drive from the
thoracic flight system. Although the
excitatory wind inputs alone are in-
adequate to depolarize these follower
cells to threshold, both excitatory and
inhibitory wind inputs could modulate
membrane potential (and therefore im-
pulse frequency) of a follower cell that
was already driven beyond threshold
by the more potent synaptic drive of
the flight system. The follower cells in
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this scheme are equated with either the
motor or premotor neurons.

What is the source of the ongoing
flight bursts in the abdominal DL
muscles? The two most likely sources
are the central flight motor of the
meso- and metathoracic ganglia (15)
and sensory feedback from some re-
ceptors signaling the phase of the
wingbeat (16). We eliminated the
latter possible source by cutting all
peripheral nerves of the thorax and
transsecting the ventral nerve cord be-
tween the metathoracic and first ab-
dominal ganglia. These operations al-
most certainly eliminated all afferent
input phased to the wingbeat. Record-
ings made under these conditions
from cut central stumps of the nerve
containing the A fibers of the first ab-

dominal segment (this nerve is a root
of the metathoracic ganglion) and from
a motoneuron to wing-depressor mus-
cles (thoracic DL’s) show normally
synchronous efferent bursts. Wind-angle
changes have their usual effect on the
A fibers while leaving the wing nerve
essentially unaffected. These experi-
ments strongly suggest that the A-fiber
bursts are produced by the central
flight motor.

Since the abdominal and thoracic
DL muscles are serially homologous,
it is meaningful to consider the de-
gree of similarity between their neu-
ronal controls. Both muscles are in-
nervated by five large motor axons
(17), although simultaneous record-
ings show that the abdominal and tho-
racic axons are separate units. While
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Fig. 2 (left). Simultaneous recordings from terminal twig 1, 2,
and 3 of the nerve to the right DL muscle of segment A,. These
twigs have been cut near the entrance to the muscle, and the
insect has been pinned to a wax block. Also shown is a phono-
cartridge recording of the thoracic movements (T), which are
in fixed phase with the wingbeat. A 20° change in wind angle
to the left, achieved by rotating a miniature wind tunnel, is
indicated by trace WA (arrows indicate the beginning and end of
the wind tunnel’s rotation). Impulses of four different A fibers
register the largest spikes in twig 1. (One of these fibers, As, is
indicated by a dot under the records for each of its seven im-
pulses shown.) Smaller spikes are from B fibers or other axons
(10). The figure shows that A fibers have a fixed phase with
respect to the wingbeat, and that a wind-angle change away from
the side recorded suppresses burst activity. Fig. 3 (right).
(A) Activity during flight of the five right-side A fibers (A: to As,
in order of decreasing spike size). Wind flow is from the center
(C) (burst 1 to 5), from 15° left (L) (burst 7 to 11), again
from the center (burst 13 to 17), from 15° right (R) (burst 18
to 21), and again from the center (burst 24 to 26). Data are
from the experiment shown in Fig. 2. Compared to activity in
wind from the center, activity in all cells is depressed in wind
from the left and enhanced in wind from the right. A. fixed point
of the wingbeat (WB), determined by a phonocartridge recording

a group of smaller fibers (B fibers and
others) also innervates the first ab-
dominal DL muscle, small fibers that
appear histologically to innervate the
thoracic DL’s are not known to make
functional connections to the muscles.
As indicated above, the burst rhythms
during flight in the two muscles and
their motoneurons are synchronous
and nearly in phase. We have found
further similarities with regard to res-
piratory function (10).

Our results show that the central
flight motor is used by the locust ner-
vous system as an indicator of flight
activity. In this capacity, the flight
motor serves two functions, apart from
patterning the wingbeat—it lifts the
abdomen into flight posture (partialiy
through mechanically summating ver-

Wind

100 msec

N A o0
1 iy

Spike/burst (mean)

angle
DOroO

from the thorax, is shown by circles on the top trace. Parallel oblique lines, drawn as regression lines to these circles, are reference
markers to show that wind angle does not affect frequency or phase of the A-fiber bursts. Wind-angle changes are shown in the
bottom trace. (B) The mean number of spikes per burst for all right-side A fibers for wind-angle sequences in (A). Firing activity
is lowest for wind from the left and highest for wind from the right. Activity in wind from the center is greater when wind direc-
tion has returned from the left than when it has returned from the right or has remained constant at center (first bar on graph).
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tical vibrations), and it sensitizes the
A fibers or their premotor cells to
wind-angle inputs. Neurons employed
in other specific flight orientations may
be similarly affected by the flight
motor (4, 18). Therefore, this central
oscillatory network is multifunctional.
JEFFREY M. CAMHI

MA1yA HINKLE

Section of Neurobiology and Behavior,
Cornell University, Ithaca, New York
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Locust Motoneurons: Bursting Activity Correlated
with Axon Diameter

Abstract. A group of abdominal motoneurons in the locust can be driven by
either or both of two central neuronal oscillators of different characteristic fre-
quencies. Much of the motor cells complex activity can be explained by the
varying strengths of activation from these two rhythmic sources and by a cell-to-
cell gradation in sensitivity to driving inputs, a property that is correlated with

axon diameter.

A current goal of behavioral neuro-
physiologists is to define the causal
factors for specific patterns of output
from an animal’s nervous system. In
most studies one or more natural or
electrical stimuli are employed as in-
puts, and their interacting effects are
studied as outputs at the motoneuron,
muscle, or behavioral level. In many
invertebrates, however, rhythmic motor
activity can be produced independently
of sensory stimuli by definable central
networks, which comprise an impor-
tant part of the neuronal machinery.
We have studied the interaction of two
such central neuronal oscillators on a
specific group of locust motoneurons.
We find that each of several output
conditions is explained on the basis of

nals, each with a range of possible
amplitudes. The responsiveness of each
motoneuron to this summed signal is
correlated with its axon diameter.
The abdomen of the desert locust
(Schistocerca gregaria ph. gregaria)
engages in several stereotyped behavi-
ors. During flight it (i) assumes a rigid
horizontal posture about which it vi-
brates slightly in synchrony with the
wingbeat, (ii) performs lateral yaw-cor-
recting deflections, and (iii) performs
vertical stall-avoidance deflections (7).
At all times except approximately the
first 10 seconds of flight, the abdomen
also undergoes rhythmic ventilatory
pumping motions (2). All of these
behavior patterns result in part from
contractions by the powerful dorsal

summation of the two oscillatory sig- longitudinal (DL) muscles in each
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Fig. 1. Ventilatory bursting activity of
abdominal B fibers. (A) A continuous rec- A8

ord of a strong ventilatory burst was re- 2007 B
corded from three points on the nerve:
the main terminal trunk (MT), branch 1,
and branch 2. One spike of each spe-

cifically identified B fiber is labeled. The 5 "°°
burst included no A fibers. The recording &
shows that smaller spikes begin earlier and <
end later in the burst than larger spikes. 5_’-, 100
(B) Graph of interspike interval as a func- £
tion of time for units B: (A), B: (X), and %
B: (O) during a weak ventilatory burst. § s

Unit Bs, first and last to fire, shows a
smooth initial increase in frequency. Unit
B., firing over the next longest interval,
attains a slightly lower maximum fre-
quency. Unit B, fires only twice and has 250 500 - 750
a long interspike interval. Time (msec)

1000
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