7. D. Raybin and M. Flavin, J. Cell Biol. 73, 492
(1977).

8. S. W. L’'Hernault and J. L. Rosenbaum, Biochemistry
24, 473 (1985).

9. M. Le Dizet and G. Piperno, Proc. Natl. Acad. Sci.
U.S.A. 84,572 (1987).

10. D. L. Gard and M. W. Kirschner, J. Cell Biol. 100,
764 (1985).

11. B. Eddé et al., Dev. Biol. 123, 549 (1987).

12. B. Eddé et al., Biol. Cell 65, 109 (1989).

13. J. P. Le Caer and J. Rossier, Anal. Biochem. 169,
246 (1988).

14. H. Matsubara, Methods Enzymol. 19, 642 (1970).

15. B. Eddé et al., unpublished results.

16. Because amino acid analysis of *H-labeled peptides
showed a high exchange of the radioactivity with the
acidic phase, we analyzed '*C-labeled peptides.
["C]glutamate can be metabolically formed by con-
version of ["*Clglucose through glycolysis and the
tricarboxylic acid cycle.

17. Neurons were cultured for 1 week and were then

incubated for 3 hours with p-[U-"*Clglucose (100
nCi/ml) (Amersham; >230 mCi/mmol) and cyclo-
heximide. Extraction of tubulin, digestion with ther-
molysin, and purification of the *C-labeled peptides
TL.A, TL.B, and TL.C were performed as described
(Fig. 1). HPLC profiles and distribution of the
radioactive peaks were similar to those observed
after cell incubation with [*H Jacetate (Fig. 1). Hy-
drolysis was carried out in vapor phase of 7M HCI
and 10% (v/v) TFA for 22 min at 160°C. Precolumn
derivatization with phenylisothiocyanate and re-
versed-phase HPLC analysis of amino acid deriva-
tives were performed essentially as described [B. A.
Bidlingmeyer, S. A. Cohen, T. L. Tarvin, J. Chroma-
togr. 336, 93 (1984)]. The eluted fractions were
processed for liquid scintillation counting. In the
three cases, a single radioactive fraction, associated
with the Glu peak, was detected.

18. U. Z. Littauer, D. Giveon, M. Thierauf, I. Ginz-
burg, H. Ponstingl, Proc. Natl. Acad. Sa. U.S.A.
83,7162 (1986).

19. L. Serrano, A. Valencia, R. Caballero, J. Avila, J.
Biol. Chem. 261, 7076 (1986).

20. R. B. Maccioni, C. L. Rivas, J. C. Vera, EMBO J. 7,
1957 (1988).

21. Y. Berwald-Netter, N. Martin-Moutot, A. Koula-
koff, F. Couraud, Proc. Natl. Acad. Sci. U.S. A. 78,
1245 (1981).

22. R. B. Vallee, J. Cell Biol. 92, 435 (1982).

23. We thank C. Gruszczynski, A. Koulakoff, and Y.
Berwald-Netter for providing cultures of mouse
brain neurons; P. Gavard, F. Pratbernou, and J. C.
Promé for MS analysis; S. Delay, J. Landry, and B.
Ribadeau-Dumas for amino acid analysis; and R.
Guénard for providing taxol. Supported by grants
from Centre National de la Recherche Scientifique,
Institute National de la Santé et de la Recherche
Médicale (CRE N° 896005), Association Frangaise
contre les Myopathies, and Fondation pour la Re-
cherche Médicale.

15 August 1989; accepted 31 October 1989

An Identified Neuron (CPR) Evokes Neuronal
Responses Reflecting Food Arousal in Aplysia

THOMAS TEYKE, KLAUDIUSZ R. WEISS, IRVING KUPFERMANN

Feeding behavior of Aplysia is associated with an arousal state characterized by a
constellation of maintained behaviors and by a potentiation or depression of responses
to specific stimuli. A neuron (the cerebral-pedal regulator or CPR) that has wide-
spread actions on various systems connected with feeding has been identified. CPR
excites neurons that modulate or drive (i) body posture, (ii) biting, and (iii) cardiovas-
cular behaviors. CPR also inhibits neurons concerned with defensive responses. Food
stimuli, which elicit food arousal in the animal, produce prolonged excitation of the
CPR. The results suggest that the CPR may evoke a central motive state representing
the neuronal correlate of feeding motivation.

ORE THAN 40 YEARS AGO IT WAS
recognized that variations in be-

havioral responsiveness could not

be adequately explained exclusively by refer-
ence to external stimuli, and it was therefore
proposed that motivated behaviors are con-
trolled by central motive states (1). The
central motive states were postulated to
evoke and maintain specific behaviors and
also to modify the responses of the organism
to external stimuli. The neuronal basis of
central motive states has been studied in
vertebrates (2), as well as several inverte-
brates (3, 4), including the mollusk Aplysia.
In Aplysia, food elicits behavioral changes
that can be interpreted as being due to an
underlying central motive state, which we
have referred to as food-induced arousal (5).
The changes include the induction of appeti-
tive behaviors such as a characteristic feed-
ing posture in which the head of the animal
is lifted from the substratum. Furthermore,
biting responses are more readily elicited by
food, and once the biting responses begin
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there is a progressive increase in the rate and
strength of the responses. Finally, defensive
reflexes are inhibited, and there are modifi-
cations of cardiovascular responses (6).
Food arousal in Aplysia, at least in part, is
mediated by modulatory systems [for exam-
ple, the serotonergic modulatory metacere-
bral cell (MCC) (7)] that are dedicated to
one or another aspect of feeding behavior.
In this study we sought to determine wheth-
er there are higher order neurons that mod-
ulate lower level subsystems.

We first studied isolated pedal-pleural and
cerebral ganglia (8). We identified a single
pair of bilaterally symmetrical cerebral neu-
rons (9), cerebral-pedal regulators (CPRs),
whose firing had excitatory or inhibitory
effects on a large number of cells in the
ipsilateral and contralateral pedal ganglia
(Fig. 1A). A subsample of neurons studied
in a solution that blocks polysynaptic trans-
mission (10) indicated that most of the
effects of CPR were polysynaptic (86%;
n = 32). Of 150 pedal neurons examined
(five preparations), 36% of the cells were
excited and 18% were inhibited when a
CPR was fired (Fig. 2). We estimate that
CPR may affect the activity of as many as

2000 pedal neurons. The synaptic activity
evoked by CPR in the pedal ganglion was
not rhythmic, suggesting that it was not
evoking a locomotor program (11).

Most excitatory effects exerted by the
CPR were on neurons in the region where
neck motor neurons have been identified
[sector II (12) in Fig. 2]. In a reduced
preparation that includes muscles that move
the neck, stimulation of CPR or of pedal
neurons that are excited by the CPR evoked
contractions of the neck muscles. Unlike
contractions evoked by presumed motor
neurons, the CPR-evoked contractions were
bilateral and widespread and were abolished
when the ganglion was perfused with a
solution that blocks polysynaptic transmis-
sion (13), suggesting that the CPR has no
direct actions on the muscle.

To determine whether the CPR is associ-
ated with feeding circuitry we examined its
actions on various neurons concerned with
the consummatory aspects of feeding. Firing
of the CPR evoked activity of cerebral-
buccal interneuron CBI-2 (Fig. 1B), a puta-
tive command element that drives biting-
like movements of the buccal mass (14). The
resulting firing of CBI-2 was not of high
enough frequency to evoke biting, but the
depolarization might function to prime the
neuron and enhance its responses to food
stimuli. Activity of CPR also resulted in
depolarization of other cerebral-buccal in-
terneurons (15), including the MCC (Fig.
1B), a neuron that modulates the rate and
intensity of biting (16).

CPR also polysynaptically modulated
neurons in the abdominal ganglion and af-
fected the cardiovascular system. Firing of
CPR increased heart rate by 10 to 20%; it
excited the cardiovascular command neuron
L10 (17) and the modulatory heart motor
neuron RByg (Fig. 1C). Finally, CPR firing
produced a brief inhibition followed by
excitation of vasoconstrictor neuron LByc,
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which is excited during food arousal (18).

Withdrawal reflexes of Aplysia are strong-
ly inhibited during the food-aroused state
(19). We found that CPR activity inhibited
several defensive systems, which are distrib-
uted throughout the central nervous system.
For example, firing of the CPR polysynapti-
cally hyperpolarized cerebral Bn neurons
(Fig. 1D), which are involved in defensive
head withdrawal (20). The hyperpolariza-
tion of the Bn neurons resulted in decreased
firing of the Bn cells in response to strong
tactile stimulation of the tentacles. The in-
terneurons mediating the CPR effects on Bn
cells and all other cerebral neurons appear to
be located in the pedal-pleural ganglia, since
sectioning of the cerebral-pedal-pleural con-
nectives (n = 3) abolished all the synaptic
actions of CPR.

CPR activity inhibited abdominal gangli-
on neuron L7, which is involved in defen-
sive gill withdrawal (21), and abdominal
ganglion neuron R2 and its pleural homo-
log PL1, which mediate mucus secretion in
response to noxious stimuli (22). Thus CPR
activity may contribute to a general inhibi-
tion of defensive responses during feeding.

We next examined whether stimulation
with seaweed, which normally induces food
arousal of the animal, also excites the CPR.
We recorded from a reduced preparation, in
which the head of the animal remained
attached to the ganglia. The CPR and the
MCC were excited by seaweed applied to

Fig. 1. Effects of firing the CPRon A
various systems associated with
food-induced arousal. Pairs of ipsi-
lateral cells were impaled with dou-
ble-barreled microelectrodes (20 to
30 megohms) and identified by
electrophysiological and morpho-
logical criteria. In each experiment,
the CPR was intracellularly stimu-
lated at 20 Hz for 5 s. For illustra-
tive purposes, multiple follower
cells of the CPR are shown in each
section of the figure, but the data
for each trace were obtained in
separate experiments. Calibration:
2's, 20 mV, except 5 mV for cells
R2 and PL1 in (D). (A) Examples c
of the effects of firing of CPR on
neurons in the pedal-pleural gangli-
on that are presumably part of the
postural control system. The suffix
in the neuron designation indicates
the quadrant in which the neuron
was located. Nomenclature accord-
ing to (12). (B) Effects on cerebral
neurons that control consumma-
tory feeding responses (biting com-
mand element, CBI-2) and the
modulatory ~ metacerebral  cell
MCC. (C) Effects on abdominal
neurons that control the cardiovas-

RBre

LBw

CPR

cular system (command neuron L10, heart excitor RByg, and vasoconstrictor LByc. (D) Examples of

Postural system

Cardiovascular system

"r

Fig. 2. Schematic map of a dorsal
view of the pedal ganglion showing
the locations of neurons in different
regions of the pedal ganglion that
are affected by firing of CPR; (@)
excitatory; (O) inhibitory; (—) no
connection.

the tentacles, rhinophores, and lips (Fig.
3A;). The responses of the CPR and thus
the MCC outlasted the stimulus. In four
experiments, we found that if both the left
and right CPRs were removed from the
circuit by injecting hyperpolarizing current,
the response of the MCC to seaweed stimuli
was abolished (Fig. 3A;). In all preparations
in at least some trials, a brief seaweed stimu-
lus produced a prolonged response of the
CPR (Fig. 3B), which could persist for
several minutes, the typical time domain for
normal head-lifting behavior. Similar long-
lasting discharges of the CPR occasionally
occurred “spontancously” in the isolated
ganglion preparation. We found that CPR
evokes polysynaptic input to itself and the
contralateral CPR, and this may contribute
to the prolonged response.

We formulated a model of how the neural
systems underlying the food-induced behav-

B consummatory system

cBl-2 ,vvrw;—lml“\—vvm

D Defensive systems

Il

PLY o

R2

neurons located in different ganglia that participate in defensive responses (head withdrawal motor
neurons, Bn cell; gill withdrawal motor neuron, L7; defensive secretion neurons, R2 and PL1).

86

Contralateral

Ipsilateral

ioral state in Aplysia could be organized
(Fig. 4). The CPR is activated by food
stimuli. The CPR then affects pedal-pleural
ganglion neurons, which have widespread
influences on other neurons, including mo-
tor neurons, as well as lower order modula-
tory neurons (for example, the MCC, and
RByg). The muscles effecting the feeding
posture of the animal are controlled by
neurons located in the pedal ganglion, the
ganglion that distributes the various effects
of the CPR. Thus the postural motor system
may play a pivotal role in behavioral arousal.

Since reduced preparations do not exhibit
the full complement of normal manifesta-
tions of the food-aroused state, we could not
directly test whether the CPR is necessary or
sufficient for eliciting overall food arousal.
However, our data indicate that the CPR
may function in a manner analogous to that
of command neurons or command elements
that elicit recognizable behavioral acts, typi-
cally stereotyped rhythmic responses (11,
14, 23). In the case of the CPR, however,
the neuron appears to elicit a central motive
state rather than a specific act. Although this
state is elicited by activity of a single neuron,
neural representations of the state are dis-
tributed throughout the nervous system.
The food-arousal state is generated by the
activity of neurons that control specific be-
haviors such as the assumption and mainte-
nance of a head-up posture, but in addition
the state is associated with neural events that
lead to the potentiation or depression of
other behaviors. Neurons involved in with-
drawal responses are inhibited, whereas neu-
rons involved in consummatory feeding re-
sponses are potentiated.

The food-arousal state in Aplysia may
require two types of systems. Specialized
systems such as the MCC produce modula-
tory effects limited to specific aspects of
behavior (16), whereas a more general sys-
tem may coordinate the specialized lower
level systems. In an arrangement of this
type, coordination of the subsystems is auto-
matically ensured, but local control at the
level of the specialized systems during par-
ticular behavioral conditions can selectively
accentuate one or more of the specific mani-
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Fig. 3. Responses of the CPRs and MCC to brief seaweed stimulation on the tentacle recorded in a
preparation in which parts of the head of the animal were attached to the ganglia. The ganglia were
contained in a chamber separated from the chamber containing the head and tentacles. (A;) Brief touch
with seaweed on the left tentacle. (A;) Same conditions as in (A;), but during injection of 30-mV
hyperpolarizing current into both CPR neurons. (A3) Same as (A,), but with CPR neurons returned to
resting potential. Calibration: 2 s; 20 mV. (B) Example of a prolonged response of CPR and MCC to a
brief seaweed stimulus. The preparation and stimulus was the same as in (A). Calibration: 5 s, 20 mV.

Input

Pedal-pleural
ganglion

Withdrawal ~ Consummatory Cardiovascular

Postural

Fig. 4. Organization of postulated food-induced
arousal system in Aplysia. Effector neurons (com-
mand elements or motor neurons) are represented
in plain type, serotonergic modulatory neurons in
italics. Sensory input activates the CPR and in
addition has more direct access (not shown) to
specific effector systems.
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festations of the central motive state. Single
neurons, or clusters of similar cells that exert
effects on multiple systems, have been re-
ported in other invertebrates (4), but the
great variety of actions of the CPR distin-
guishes this neuron from those previously
described. In higher animals, central motive
states may be similarly controlled by small
sets of neurons that exert widely divergent
effects.
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