sponds to the N-state absorption spec-
trum only at wavelengths greater than
600 nm (7).

At lower light intensities, the LRP
responses in these cells show little or
no dependence on wavelength of stimu-
lation or of preceding adaptation, ex-
cept for a small increase in sensitivity
‘in red-adapted cells. Ogden and Strat-
ten (8) showed that the LRP action
spectrum in such cells, when white-
adapted, shows a peak at 535 nm; and
we have found the same peak in red-
and blue-adapted cells. The absorption
spectrum of the N state of the ERP
pigment probably has a peak some-
where near 535 nm (Fig. 2). This coin-
cidence of action-spectrum peaks sug-

gests that the same pigment, and in

particular its N state, may be responsi-
ble for the LRP. However, the increase
in sensitivity of the red-adapted cell
(which has a reduced proportion of pig-
ment in the N state) apparently also re-
quires some role for the P state.
Clearer evidence for the identity of
the ERP and LRP pigments and for
the role of the N state in the LRP
comes from the observation that strong
red illumination (9) of a blue-adapted
cell (and no other combination) in-
duces an extended depolarization,

which can take from seconds up to 30

minutes in the dark to decay back to
baseline but can be suppressed by
further strong blue illumination (Fig. 1,
trace G) (10). As with the ERP rever-
sal, the state of color adaptation of the
cell—with respect to the presence or
absence of a tail in the response to red
light—was fully preserved in the dark
for at least 60 minutes. Furthermore,
the absolute amounts of light neces-
sary to bring about the various LRP
and ERP changes are approximately
equal. For example, the amount of red
light needed to induce a saturated LRP
tail in a blue-adapted cell is about that
which reverses the ERP response from
negative to positive in the same cell (11).
Now, according to our hypothesis, red
illumination of a blue-adapted cell (the
tail-producing combination) activates
mainly the N state of the ERP pigment,
while all other 'combinations either
activate both states to comparable de-
grees or activate mainly the P state.
The action spectrum for the induction
of this tail also follows the N-state ab-
sorption spectrum in the narrow region
—above 600 nm (Fig. 2)—in which
the N-state spectrum is determined.
The action spectrum of the suppres-
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sion of the tail (Fig. 2), on the other
hand, closely follows the absorption
spectrum of the P state (that is, the
ERP action spectrum - of the red-
adapted cell).

This suggests that strong activation
of the N state of the ERP pigment in-
duces the LRP tail, which can be sup-
pressed or prevented from appearing by
strong P-state activation.

Finally, that the tail induction by N-
state activation and the tail suppression
by P-state activation act on the same
membrane process is suggested by
bridge measurements. These measure-
ments show decreases in cell resistance
roughly in parallel with the courses of
the depolarizations during and after
the various stimuli, including during
the decay or suppression of the tail
(12).
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no such color-adaptation

Response Decrements in the Cochlear Nucleus of
Decerebrate Cats during Repeated Acoustic Stimulation

Abstract. In the cochlear nucleus of decerebrate, paralyzed cats, multiple-unit
responses to an acoustic stimulus showed significant decrements when the stimulus
was repeatedly presented once every 5 seconds. These decrements developed in
the absence of peripheral receptor adaptation. The responses recovered to the level
prior to stimulation when stimulation was withheld for 5 to 10 minutes. Dishabit-
uation by somatic stimulation of the forepaw, however, was less effective than in
the intact cat. The continued development of response decrements after strych-
nine blockade of peripheral olivocochlear influences and central postsynaptic inhib-
ition suggests a mechanism of decreased synaptic effectiveness, which has previ-
ously been postulated for neuronal habituation in brainstem and spinal cord.

The extent to which response decre-
ments develop in the auditory relay
nuclei during acoustic habituation has
long remained unclear. Particularly in
the more peripheral nuclei of the acous-
tic pathway, for example, the cochlear
nucleus, evoked potential studies over
the past 10 years have provided both

positive (1) and negative (2) support
for such response plasticity. These con-
tradictory data may largely reflect con-
founding and important variables of
acoustic habituation experiments that
have only gradually become recognized;
for example, the sound-ficld alterations
that accompany movements of the un-
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restrained animal, the decrease in sen-
sory input produced by middle ear
muscle contractions, and the activating
effects of movement and of arousal
stimuli on the middle ear muscles. When
these variables are controlled, how-
ever, by presenting acoustic stimuli
through earphones fixed on the head
and by blocking ear muscle contractions
and body movements with a paralyzing
agent, multiple-unit responses from .the
cochlear nucleus show small but signifi-
cant decrements during repeated acous-
tic stimulation (3). These response dec-
rements show spontaneous recovery
with rest (3) and can be dishabituated
by a brief electrical shock applied to
the skin of the forepaw (4). Thus, it
seems clear that decrements in the sen-
sory response per se can develop in a
specific: sensory relay during well-con-
trolled habituation procedures; however,
the mechanisms underlying such decre-
ments are obscure. It has been sug-
gested that cochlear nucleus response
decrements reflect a buildup of inhibi-
tion mediated by recurrent projections
from cortex, thalamus, and midbrain
reticular formation (5) or by inhibitory
fibers acting directly on the hair cells of
the cochlea (6). We have investigated
these possible sources of habituation and
have shown that significant response
decrements continue to develop in the
cochlear nucleus after functional dele-
tion of these recurrent forebrain and
peripheral inhibitory systems.

Adult cats were anesthetized with
methoxyflurane  (Metofane, Pitman-
Moore) while venous and tracheal can-
nulas were inserted and the common
carotid arteries were ligated bilaterally.
Later, the animals were placed in a
stereotaxic instrument and decerebrated.
The posterior neocortex was aspirated
until the midbrain tectum could be vis-
ualized ‘and a midcollicular brainstem
transection was then made with a blunt
spatula. Blood loss was minimized by
avoiding section of the underlying basi-
lar artery and by lightly packing the
lesion with Oxycel. Anesthesia was
terminated and intravenous Flaxedil in-
fusion was initiated (20 mg initial dose
and 20 mg/hour, thereafter) concur-
rently with artificial respiration; heart
rate was continuously monitored. The

completeness of brainstem transection

was verified after each experiment by
gross dissection of the perfused. brain.

Multiple-unit recordings from the
cochlear nuclei were made through
concentric electrodes that consisted of
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Responses to repeated tone presentations recorded concurrently from the
(A) cochlear nucleus and (B) round window in the decerebrate cat.

Integrated mul-

tiple-unit activity, computer averaged over five-trial blocks, is shown for habituation
trials 1 to 5 and 46 to 50. Activity typical of the cochlear nucleus multiple-unit
response and the round window micirophonic potential is shown in the lower traces.
Duration of the 1.5-second, 2500-hz tone stimulus is indicated by solid bars.

34-gauge stainless steel wire within 25-
gauge stainless steel hypodermic tub-
ing; both components were insulated
with Epoxylite except for small bared
tip areas. The round window micro-
phonic potential was recorded through
a silver ball electrode that was held
securely on the round window mem-
brane by cementing the lead wire with-
in a narrow groove drilled in the adja-
cent bulla. Recordings were amplified
by Tektronix 122 preamplifiers and
taped on an Ampéx FR 1300 FM tape
recorder. Histological verification indi-
cated nine electrode placements in the
dorsal, two in the anteroventral, and
one in the posteroventral subdivisions
of the cochlear nucleus.

Either a 1.5-second tone (500 to 3000
hz) or white noise, at a sound pres-
sure of 0.6 or 2 dyne/cm? referenced
to 0.0002 dyne/cm?, was presented
through a miniaturized Tibbetts speaker
to the ear ipsilateral to the round win-
dow and cochlear nucleus electrodes. A
stimulation sequence consisted of 50
stimulations delivered once every 5
seconds. ,

The cochlear nucleus multiple-unit
data and round window microphonic
potentials were analyzed by integrating
the activity through a resistance-capaci-
tance integration system (7) and by
averaging successive responses in five-
trial blocks with the use of a compu-

ter of average transients (Mnemotron).
In some cases, the area of the inte-
grated responses was also planimetri-
cally measured, and these data were
used for regression and variance analy-
ses to determine the significance of the
progressive response decrements.

Among the 43 acoustic stimulation
series carried out on decerebrate, para-
lyzed cats, 84 percent showed progres-
sive cochlear nucleus response decre-
ments when plots of averages for suc-
cessive responses in five-trial blocks
were superimposed (Fig. 1A). The
amount of response reduction during
50 stimulations ranged from 10 to 45
percent and, in general, the decrements
developed most rapidly within the first
ten trials. In order to establish the sig-
nificance of this effect, 28 habituation
series were statistically analyzed. A lin-
ear regression analysis of the acoustic
responses over successive trials indicated
that significant decrements developed
(P-<.05) in 23 of the 28 series (82
percent); a typical example of such
response decrement is plotted in Fig.
2.

After a rest period, the response dec-
rements showed spontaneous recovery
(Fig. 2). In most cases, recovery to the
level prior to stimulation required a
10-minute rest period, which indicated
a decremental effect of relatively long
duration, that is, more persistent than
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classical neural refractory periods or
cochlear nucleus afterpotentials (8).
Whereas partial or complete recovery
occurred in all cases, dishabituation was
not easily induced by somatic stimula-
tion (a 0.5-second train of 18-hz, 1-
msec-duration pulses to the dorsum of
the forepaw), the one stimulus mo-
dality tried thus far. In intact cats this
stimulus was adequate to dishabituate
the cochlear nucleus response decre-
ments that developed during identical
stimulation procedures (4); however, it
produced only weak and transient re-
sponse reversals in the decerebrate cat.
This difference would seem to reflect
the inability of the forepaw stimulus to
influence the cochlear nucleus in the
decerebrate preparation., It has been
shown that electrical stimulation of the
paw produces a strong response in the
inferior colliculus (9), a site from which
recurrent fibers project to the cochlear
nucleus (10). Functional deletion of
the inferior colliculus in these decere-
brate preparations may thus have re-
moved the pathway through which, in

the intact animal, the dishabituating ef-

fects of somatic stimulation were ex-
erted.

The above data indicated that cochlear
nucleus response decrements could de-
velop independently of any recurrent in-
hibition from cortical, thalamic, or mid-
brain levels. The peripherally directed
influence of the olivocochlear system,
known to modify cochlear nucleus re-
sponsiveness by inhibition of the .coch-
lear hair cells (6), was next exam-
ined. In order to measure possible
changes in receptor responses, we re-
corded the round window microphonic
potential (a reflection of hair cell acti-
vation) concurrently with recordings
from the cochlear nucleus in six ani-
mals. During acoustic stimulation sig-
nificant response decrements developed
in the cochlear nucleus that were not
paralleled by significant alterations in
the cochlear microphonic (Figs. 1 and
2). The recording procedure was ap-
propriately sensitive as indicated by the
fact that the microphonic potential de-
creased in amplitude when the body
temperature of the animal was cooled
several degrees. Thus, the development
of cochlear nucleus response decre-
ments in the absence of changes in the
microphonic potential indicated that re-
ceptor adaptation was not responsible
for the phenomenon.

In an additional series of studies, the
possibility of a buildup of postsynaptic
inhibition at either the peripheral re-
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Fig. 2. Example of acoustic response
decrement developed in the cochlear
nucleus of the decerebrate cat (solid
line). The concurrently recorded micro-
phonic potential of the round window
remains essentially constant (dashed
line). Each point represents the average
integrated response area for a five-trial
block. After a 10-minute rest period,
spontaneous recovery of the cochlear
nucleus response is almost complete; with
subsequent resumption of tone presenta-
tions, habituation again develops.

ceptor level or centrally was tested by
strychnine administration. Strychnine
has been shown to block the inhibition
of hair cell activity mediated by the
olivocochlear bundle (11), as well as
centrally mediated postsynaptic inhibi-
tion (12). Approximately 15 minutes
after intravenous injection of strychnine
sulfate (0.2 mg/kg) the cochlear nu-
cleus response to acoustic stimulation
had become enhanced, reflecting the
effects of the inhibitory blockade. In
eight subsequent habituation sequences,
however, clear decrements in the coch-
lear nucleus response to repeated tones
developed that were statistically signifi-
cant (P < .05). These decrements were
reversible and spontaneous recovery oc-
curred over a 10-minute period of rest.
Thus, the response attenuation was not
dependent on either peripheral or cen-
tral buildup of strychnine-sensitive post-
synaptic inhibition.

Our experiments support and extend
earlier observations of cochlear nu-
cleus unit response decrements in intact
cats during repeated acoustic stimula-
tion (3). These decrements, previously
shown to be independent of sound-field
alterations and ear muscle contractions,
have now been shown to develop (i) in
the absence of cortex, thalamus, and

midbrain, (ii) without parallel changes
at the peripheral receptor level, and
(iii) after strychnine blockade of post-
synaptic inhibition.

The stimulus parameters utilized in
the present study, that is, interstimulus
interval, number, duration, and inten-
sity, are similar to those generally util-
ized in electrophysiological studies of
vertebrate neuron habituation, although
other studies have often used shorter
interstimulus intervals, for example, 1-
second intervals (13). The decremental
process described above for cochlear
nucleus neurons is clearly not due to ef-
fector fatigue; sensory adaptation, mon-
itored by round window recordings, did
not develop during repeated stimula-
tion; infringement of successive stimu-
li on the neuronal refractory period
(8) could not have occurred with the
5-second interstimulus intervals utilized.
The time necessary for recovery after
neuronal response decrement, from one
or a few minutes for partial recovery
to 10 minutes for complete recovery in
our study, again are similar to those
noted for recovery of habituated ver-
tebrate neurons (I3). Whereas in the
decerebrate preparation, electrical stim-
ulation of the paw did not easily pro-
duce dishabituation, this stimulus did
reverse similar cochlear nucleus re-
sponse decrements in the intact cat (4).
This suggests an inability of the somatic
stimulus to influence the cochlear nu-
cleus of the decerebrate cats because of
the functional deletion of the projection
pathway, rather than an inability of
cochlear neurons to be dishabituated.

Response decrements to repeated
stimulation that show recovery over
time when the stimulus is withheld are
generally considered to exemplify habit-
uation (13, 14), particularly when fac-
tors of peripheral fatigue and neural
refractoriness can be ruled out (15).
Whereas habituation suggests neither a
single explanation nor mechanism, it
serves as a convenient umbrella under
which to group phenomena sharing cer-
tain characteristics of response plas-
ticity. We suggest that the decremental
phenomena of the decerebrate cochlear
nucleus comply with the generally ac-
cepted criteria for neuronal habitua-
tion. ’

As the inferior colliculus showed no
ongoing activity nor acoustic responsive-
ness in the decerebrate preparations, its
contribution to descending modulation
can be ruled out. Below the level of the
inferior colliculus, four projection path-
ways containing recurrent fibers to the
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cochlear nucleus have been described;
for example, the olivocochlear bundle,
the intermediate acoustic stria, the dor-
sal acoustic stria, and the trapezoid
body (10). The efferent fibers of both
the olivocochlear bundle and interme-
diate acoustic stria originate in the su-
perior olivary complex and terminate
in the ventral cochlear nucleus (10),
whereas the recurrent fibers of the dor-
sal acoustic stria and trapezoid body
originate in the nuclei of the lateral
lemniscus and terminate in the dorsal
cochlear nucleus (10). The role of
these brainstem systems in the devel-
opment of cochlear nucleus response
decrements is as yet not known, but,
conceivably, could be an important
one. .

On the other hand, the acoustic nerve
projects a terminal branch of each fiber
to both dorsal and ventral cochlear nu-
clei and, in both nuclei, internuncial
cells with intrinsic fiber connections re-
lay the incoming stimulus through local
polysynaptic circuits, a situation known
to favor the development of response
plasticity. In the isolated spinal cord,
for example, response decrements of
dorsal horn sensory neurons develop
during repeated cutaneous stimulation;
such habituation is readily observed in
the absence of recurrent projections
from higher levels and is a function of
cells with polysynaptic, rather than
monosynaptic, contacts with the pri-
mary afferent fibers (16). Thus, on the
basis of current data, it would seem
equally probable that intrinsic, rather
than recurrent, circuits of the cochlear
nuclei mediate the response decrements.

The continued decrement of the
acoustic responses after strychnine
blockade of postsynaptic inhibition is
again similar to observations made dur-
ing repeated somatosensory stimulation
in the isolated spinal cord (/7). More-
over, the low frequency of stimulation
(once every 5 seconds) during which
response decrements developed, and the
time required for recovery (5 to 10
minutes), involve durations too long to
reflect pre- or postsynaptic inhibition
(12). Therefore, whereas a buildup of
inhibition has been suggested as the
source of cochlear nucleus response
habituation (5), the unit response dec-
rements described above seem best at-
tributed to a progressive reduction of
excitation either within intrinsic circuits
or recurrent pathways to the cochlear
nucleus. This conclusion is consonant
with the synaptic depression hypothesis
of habituation (13, 17, 18), which at-

31 MARCH 1972

tributes decrements of neuronal re-
sponse to decreased effectiveness of syn-
aptic transmission through mechanisms
such as transmitter depletion or dimin-
ished subsynaptic sensitivity.
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Silk Moth Eclosion: Hormonal Triggering of a

Centrally Programmed Pattern of Behavior

Abstract. The emergence of the adult cecropia silk moth from the pupal skin
involves a stereotyped series of abdominal movements—the pre-eclosion behavior.
This behavior, triggered by a neurosecretory hormone, consists of three phases
that are characterized by the relative frequency and pattern of movements. Elec-
trical recordings from a nerve cord with severed peripheral nerves demonstrate
that the pre-eclosion behavior is prepatterned in the abdominal ganglia. In response
to tre hormone, the entire 1.25-hour behavioral program can be activated and
“read off” in the absence of sensory feedback.

In the giant silk moths, the control of
adult emergence involves two separable
neural components that are linked to-
gether by a neurosecretory hormone—
the eclosion hormone (I, 2). The first
component is centered in the brain and
involves an extraoptic photoreceptor, a
biological clock, and a neuroendocrine
output. The second component involves
the neural circuitry that gives rise to
the various behavior patterns in the
adult emergence sequence and is in-
dependent of the brain. Of special in-
terest is the first part of the emergence
sequence—the pre-eclosion behavior.
This behavior primarily involves abdom-

inal movements and is performed by
isolated abdomens after injection of
homogenates containing the eclosion
hormone (2). We report here that the
pre-eclosion behavior arises from a
centrally generated program of behavior
that is activated and “read off” in re-
sponse to a hormonal signal.
In the cecropia moth (Hyalophora

cecropia), the pre-eclosion behavior is
complex and consists of three distinct

phases (Fig. 1) (/, 2

1) The behavior is initiated with a
hyperactive period that lasts approxi-
mately 0.5 hour and involves abdominal
rotations and various ventral “twitches.”
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