
fungi (7), and as a model of the latter 
condition, one can visualize the loop 
that forms when two points on a 
length of hose or rope are grasped 
and twisted in opposite directions (8). 
It is evident from the timing of bud 
formation by A. dactyloides and from 
the alignment and. union of buds with 

growing tips of the curled hyphae to 
form traps, that the causes and levels 
of control responsible for morpho- 
genesis are numerous and complex. 

Ring closure is induced by touch 
and by increased temperature. It is 
extremely fast, requiring less than 0.1 
second, and, on inflation, the cell vol- 
ume more than triples (Fig. 1H). Un- 
der natural conditions, rings constrict 
when nematodes move into their open- 
ings. In the laboratory, micromanipu- 
lation with a fine needle can be sub- 
stituted for prey, but application of 
water at 50?C, as described by Muller 
(9), is the simplest means of inducing 
ring constriction. We were successful 
in triggering closure of rings electrical- 

ly, but lactivity was localized to the 
area immediately surrounding the ca- 
thodic microelectrode. The mechanism 
of cell inflation has not been adequate- 
ly explained. Touch and temperature 
somehow initiate an irreversible change 
in wall structure, decreasing wall pres- 
sure and increasing permeability of the 
cell to water. Plasmolytic estimates of 
the osmotic potential of ring cells be- 
fore and after inflation indicate that 
the concentration of solute in stimu- 
lated cells must triple (9), but the tim- 
ing and rate of this process and the 
nature and origin of the osmotically 
active material are not known as 
yet. 

In order to determine whether in- 
flation is metabolically linked and re- 
quires an expenditure of energy on the 
part of the cell, A. dactyloides was 
grown on the surface of cornmeal ex- 
tract agar in petri dishes and treated 
at pH 6.0 with solutions of iodoacetate, 
mercuric chloride, sodium azide, and 
sodium cyanide at concentrations rang- 
ing from 10-1 to 10-4M. After being 
exposed to the inhibitors for 15 min- 
utes, ring closure was induced elec- 
trically. Cells that had been treated 
with iodoacetate, mercuric chloride, and 
sodium cyanide at 10-1 and 10-2M 
failed to inflate. However, more dilute 
solutions of these compounds were in- 
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trically. Cells that had been treated 
with iodoacetate, mercuric chloride, and 
sodium cyanide at 10-1 and 10-2M 
failed to inflate. However, more dilute 
solutions of these compounds were in- 
active, and the system was not in- 
fluenced adversely by 10-2M or less 
of sodium azide. The fact that infla- 
tion was resistant to catalytic quanti- 
ties of various metabolic inhibitors in- 
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dicates that it is a passive rather than 
an active process and supports the 
suggestion that physicochemical phe- 
nomena, including changes in osmotic 
potential, and not energy requiring bio- 
chemical reactions, are operative in 
ring closure. 
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Certain chemical transmitter sub- 
stances can produce different actions 
at different synapses. For example, 
acetylcholine (ACh) mediates excitation 
at the vertebrate neuromuscular junc- 
tion and inhibition at the sinoauricular 
node of the vertebrate heart (1). In the 
marine mollusc Aplysia ACh appears 
to be, in the same ganglion, the ex- 
citatory synaptic transmitter on certain 
cells (D cells) and the inhibitory synap- 
tic transmitter on other (H cells) (2). 
These findings indicate that the nature 
of synaptic transmission is determined 
not only by the chemical structure of 
the transmitter substance but also by 
the properties of the postsynaptic cell 
(2, 3). It is therefore theoretically pos- 
sible for a single interneuron to pro- 
duce opposite synaptic actions with 
the same transmitter via different 
branches on different follower cells. One 
cell would then serve as an inhibitory 
interneuron for some cells and as an 
excitatory interneuron for others. 
Although such interneurons have been 
postulated (2) and their presence in- 
ferred from indirect data (4), no such 
interneuron has yet been described. 
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In the course of studying direct and 
common connections among identifiable 
cells in the abdominal ganglion of 
Aplysia californica, we have encount- 
ered a cell that mediates inhibition to 
some cells in the ipsilateral hemi- 
ganglion and excitation to some cells 
in the contralateral hemiganglion. We 
now report some properties of this in- 
terneuron and of some of the cells to 
which it is synaptically connected (5). 

Within the abdomin,al ganglion of 
Aplysia californica there are 30 cells 
that can be identified on the basis of 
a number of physiological and mor- 
phological criteria (6). Figure 1A illus- 
trates the position of the 19 identifiable 
cells on the dorsal surface. The five 
cells whose connections we will de- 
scribe are stippled on the drawing. 
These cells appear to form a distinct 
functional group since they are the 
only identifiable cells to show a regu- 
lar bursting rhythm and since they 
all send their efferent axon into the 
pericardial branch iof the genital nerve 
(6). 

There is good evidence that in all 
five neurons the bursting rhythm is 
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Opposite Synaptic Actions Mediated by Different 

Branches of an Identifiable Interneuron in Aplysia 
Abstract. Among the identifiable cells in the abdominal ganglion of Aplysia 

californica are five that generate bursting rhythms endogenous to the cells. In the 
four bursting cells of the left upper quadrant the rhythm is modulated by a 
unitary inhibitory postsynaptic potential; in the bursting cell of the right lower 
quadrant the rhythm is modulated by a unitary excitatory postsynaptic potential. 
Both the excitatory and inhibitory postsynaptic potentials are mediated by sepa- 
rate branches of a single interneuron. The pharmacological properties of the 
double action interneuron as well as those of the follower cells suggest that a 
single transmitter (acetylcholine) is involved in both the excitatory and the in- 
hibitory action of the interneuron. 
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endogenous to the cell and is not de- 
pendent on afferent input (7). How- 
ever, these cells do receive intermittent 
synaptic bombardment from interneu- 
rons, and this input can modulate the 
natural pacemaker rhythm (6, 8). In 
the isolated and unstimulated ganglion, 
the main synaptic modulating effect on 
the four bursting cells in the left upper 
quadrant is a unitary inhibitory post- 
synaptic potential (IPSP). By record- 
ing (with intracellular microelectrodes) 
two at a time from these four cells 
we could show that the IPSP's were 
synchronous; this suggests that each cell 
received an inhibitory branch from a 
common interneuron (Fig. 1B). One of 
the several modulating synaptic inputs 
on the bursting cell in the right lower 
quadrant was a unitary excitatory post- 
synaptic potential (EPSP). Simultane- 

ous recordings from this cell (R15) 
and one of the cells in the left 
upper quadrant (L3) showed that the 
EPSP's in R15 and the IPSP's in the 
cells of the left upper quadrant were 
produced synchronously, suggesting 
that they are mediated by different 
branches of the same interneuron (Fig. 
1C). Since the synchronous postsyn- 
aptic potentials in L3 and R15 are 
of opposite sign, there is a tendency 
for them to shift the phase of the 
bursting rhythm of the two follower 
cells by 180 degrees. 

Synchronous postsynaptic potentials 
of opposite signs can be seen among 
other cells in the ganglion (8). One such 
situation was previously encountered by 
Strumwasser (4) who suggested that 
these opposite synaptic actions were 
mediated by different branches of a 
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Fig. 1. (A) An idealized drawing of the dor 

Fig. 1. (A) An idealized drawing of the dorsal surface of the abdominal ganglion of 
Aplysia californica indicating the most common position of 19 identifiable cells. The 
five bursting cells of the ganglion L2, L3, L4, L6, and R1i are stippled. (B) Simultaneous 
intracellular recordings from L3 and L6, two bursting cells of the left upper quadrant, 
illustrating synchronous IPSP's in both cells. The IPSP's tend to bring the follower 
cells into a synchronous beat. Voltage calibration is 15 mv; time calibration is 2.5 
seconds. (C) Simultaneous intracellular recordings from a bursting cell of the left 
upper quadrant (L3) in the lower trace and of one from the right lower quadrant (R1s) 
in the upper trace. The EPSP in Rl5 and the IPSP on L3 are synchronous and tend to 
pull the bursting rhythm of the follower cells out of phase. Voltage calibration is 7.5 
mv for the upper trace and 30 mv in the lower trace. The time calibration is 2.5 sec. 
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single interneuron. A direct test of the 
hypothesis requires that the interneuron 
mediating these synaptic actions be 
identified and that its direct connections 
with the follower cells be established by 
both anatomical and electrophysiolog- 
ical methods. 

By searching among the cells of the 
ganglion, we have found the interneuron 
that produces the IPSP's in each of 
the four bursting cells of the left upper 
quadrant and the EPSP's in the burst- 
ing cell of the right lower quadrant. 
Figure 2 is a simultaneous recording 
from the interneuron and two follower 
cells. Action potentials initiated by in- 
tracellular stimulation of the interneu- 
ron invariably produced EPSP's in one 
follower cell (La) and IPSP's in the 
other (R15). In Fig. 2A, the membrane 
potentials of follower cells are at the 
resting level, and the IPSP is hyper- 
polarizing. In Fig. 2B follower cells 
are hyperpolarized about 10 to 15 mv. 
The EPSP remained essentially un- 
changed, but the IPSP, as expected, 
inverted to a depolarizing postsynaptic 
potential. 

In both parts of Fig. 2 a number of 
oscilloscopic traces have been super- 
imposed to illustrate that the post- 
synaptic potentials in the follower cells 
will follow the action potential of the 
interneuron with constant and short la- 
tency and in an all-or-none manner. 
These data are consistent with there 
being unitary monosynaptic connections 
between the interneuron and the follow- 
er cells. We have obtained anatomical 
confirmation of monosynaptic connec- 
tions by tracing processes of the inter- 
neuron, in serial sections examined with 
the light microscope, to a point where 
they make direct contact with each of 
the five follower cells. 

The question naturally arising at this 
point is whether the EPSP's and IPSP's 
recorded from the follower cells are 
mediated by different transmitters re- 
leased by the interneuron at the dif- 
ferent terminals, or whether, in agree- 
ment with Dale's principle (9), the same 
transmitter is released at all terminals 
but has opposite actions on the dif- 
ferent postsynaptic cells. 

Available evidence from the work 
of Tauc and Gerschenfeld (2) favored 
the notion that it was the same trans- 
mitter, namely acetylcholine. To test 
this possibility, we injected ACh ionto- 
phoretically on each of the follower 
cells by means of an external micro- 
electrode placed on the surface of the 
cell body (Fig. 3, A and B). Acetylcho- 
line caused a depolarization of R15, 
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thus simulating the excitatory effect of 
the interneuron on this cell (Fig. 3A); 
it caused hyperpolarization and inhibi- 
tion of L3, again simulating the effect 
of the interneuron on this cell (Fig. 
3B). 

To test further the hypothesis that 
the same transmitter, ACh, mediated 
these opposite effects, we bathed the 
ganglion in curare to see whether we 
could block the natural transmitter re- 
leased by both branches. Figure 3C 
illustrates simultaneous recordings from 

A 

the interneuron and twc 
(L3 and R1,), which rec 
and excitatory postsyna 
respectively. Both the ] 
IPSP were blocked by d 

Our results, based upoi 
tion of an interneuron a 
cells, provide evidence fc 
of an interneuron that 
opposite synaptic actioi 
follower cells. Morpholc 
shows that the interneu 
rect contact with the 

B 
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Fig. 2. Intracellula;r recordings from the interneuron (lower trace) 
bursting cells, R,5 (upper trace) and L3 (middle trace). The interneuron 
intracellularly, and its action potential was used to trigger the oiscillos 
Several sweeps were superimposed. The action potential in the intern 
an EPSP in R,s and IPSP's in L, Both postsynaptic potentials are all- 
constant latency. In A the membrane potential of the follower cells i 
level. In B the membrane potential of ,the two follower cells has been 
causing the hyperpolarizing postsynaptic potential of L3 to be inv 
polarizing postsynaptic potential. 

A Ris 

Ut 
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L3 
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d-Tbc 0.4mV 
2 mV 

40 mV 
1 sec 

Fig. 3. (A and B) Responses of Ri5 and Ls to iontophoretic application of ACh to 
the synapse-free cell body by means of an external micropipette. The duration of the 
Ach pulse is indicated by the arrows. The second pulse in A is stronger than the first. 
Cell R.i depolarizes, and L3 hyperpolarizes in response to Ach simulating, in each case, 
the sign of the synaptic potential produced in these cells by the interneuron. (C) 
Simultaneous recordings from interneuron (bottom trace) and from Ri5 and L.. C1, 
control; C,, 5 minutes after application of d-tubocurarine (d-Tbc, 10-' g/ml), which 
blocked both postsynaptic potentials. Capacitatively coupled recordings in upper two 
traces (time constant, 0.1 second). 
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follower cells electrophysiological evidence demon- 
:eive inhibitory strates opposite synaptic actions mediat- 
lptic potentials ed by the same interneuron on dif- 
EPSP and the ferent identified follower cells, and 
-tubocurarine. pharmacological evidence suggests that 
n the identifica- each branch of the interneuron releases 
nd its follower the same transmitter, acetylcholine, 
)r the existence which produces opposite synaptic effects 
L can produce on the appropriate follower cells. 
is in different An obvious functional consequence 
)gical evidence of such an arrangement is economy of 
ron makes di- number, which may be particularly im- 
follower cells, portant in the central nervous system of 

Aplysia where the total number of neu- 
rons is small (about 104). 

A comparison of these results in 
Aplysia with those from the two types 
of vertebrate cells (the spinal motoneu- 

ImV ron and the cerebellar Purkinje cell), 
2mV in which the synaptic actions of dif- 

ferent branches have been examined, is 

_l--I ~ interesting. In each of these cells only 
20mV a single action has been demonstrated 

K I (9). For example, in the motoneuron, 
a cholinergic cell, both the peripheral 

12,5 msec 
(neuromuscular) and central (collateral- 

and from two Renshaw cell) terminals release ACh, 
was stimulated but the transmitter produces only excita- 

cope time base. . . . . 
leuron produces tion at both junctions. Recurrent inhibi- 
-or-none and of tion is mediated by a specialized, non- 
s at the resting cholinergic inhibitory interneuron (9). 

hyperpolarized As a result of these findings, Eccles 
erted to a de- has proposed that vertebrate neurons 

invariably produce only a single action 
and that cells are specialized for either 
inhibition or excitation (9). Although it 
is possible that double action neurons 
are limited to invertebrates (5), the 

40mV number of instances in which a verte- 
------J brate neuron has been shown to mediate 
2 sec 

only a single action is small. Conse- 
quently, the alternative and more eco- 

/4A /A/V nomical mode of operation provided by 
interneurons with a double action may 

IOmV yet be found in the vertebrate brain. 
2 sec E. R. KANDEL 
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Laboratory rats will not hoard food 
which is continuously available, but if 

they are placed on intermittent depri- 
vation schedules for some days they 
will then begin to hoard at least as 
much while satiated as when they are 

hungry (1, 2). Since short-term hunger 
is thus neither a sufficient nor a neces- 

sary condition for hoarding to occur, 
the hoarding of food was originally 
ascribed to the cumulative effects of 

"bodily depletion" as opposed to short- 
term deprivation (1). This explanation 
anticipates the distinction made in re- 
cent years between the long-term and 
short-term regulation of food intake 

(3), the former process presumably be- 

ing based on nutritional status; the 
latter, on the temporarily satiating ef- 
fect of the act of food ingestion. 
Other explanations of hoarding invoke 
instinctive processes not directly related 
to physiological drive (4), or ascribe 
it to nonspecific arousal associated with 
drive states in general (5). These ex- 
planations were tested in an experiment 
in which electrical stimulation was 
administered to a hypothalamic area 
of the brain controlling the hunger 
drive (6). 

The cages used for the observation 
of hoarding each contained a partially 
enclosed home area with nesting mate- 
rials, and a water bottle. For 10 min- 
utes daily, 100 pellets (1.8 g each) 
and an equal number of similar wood- 
en blocks were presented in the un- 
enclosed part of the cage, and hoard- 
ing scores were obtained by counting 
the number of food pellets carried into 
the home area during this time. Daily 
records were made of body weights, 
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and of the time spent eating during 
trials. Electrode leads were carried by 
the rats during all trials, regardless 
of whether or not electrical stimula- 
tion was to be administered. 

The subjects used were ten adult 
male rats with 0.01-inch (0.0254-cm) 
nichrome electrodes, insulated to with- 
in 0.5 mm of the tips, permanently 
implanted in the lateral hypothalamus 
(de Groot coordinates A5-A6, 1.5, 2.5). 
All subjects showed high response 
rates in postoperative tests for self- 
stimulation. One animal died during 
the experiment and two others were 

rejected because they failed to hoard. 
The seven remaining animals included 
four experimental subjects which show- 
ed immediate eating in response to 
continuous hypothalamic stimulation, 
and three subjects which failed to eat 
and served as controls. 
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Fig. 1. Hoarding scores and body weights 
obtained from eating and noneating 
groups under five conditions. Results 
shown under each condition represent the 
combined means of six consecutive mea- 
sures from each subject. The small bars 
represent standard errors of the means. 
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All subjects were given a single 
hoarding trial once a day for five 6- 
day periods; experimental conditions 
were changed for each period to give 
the sequence deprivation, satiation, sati- 
ation plus hypothalamic stimulation, 
satiation, deprivation. Up to 3 unscored 
days were allowed after changes in 
dietary schedule to allow body weights 
and hoarding scores to stabilize. 

Under the deprivation conditions, all 
pellets were removed from the cages 
16 hours before each trial, and at the 
end of .each trial the accumulated 
hoard was adjusted to 20 pellets and 
left in the cage for 8 hours. In satia- 
tion trials the same procedure was fol- 
lowed, but a wire-mesh hopper was 
continuously present in the unenclosed 
part of the cage, so that pellets could 
be nibbled at any time but not re- 
moved by the rat. During stimulation 
trials, a continuous 50-cy/sec hypo- 
thalamic stimulus was administered at 
an intensity approximately two-thirds 
of the minimum current that had been 
found to maintain self-stimulation. This 
intensity produced stimulus-bound eat- 
ing in the experimental group, but only 
behavioral arousal and exploration in 
the control group. 

The mean hoarding scores and the 
changes in body weight recorded in 
the two groups during the five ex- 
perimental periods are summarized in 
Fig. 1. Hoarding scores in both groups 
averaged less than six pellets per trial 
during satiation, but showed a fivefold 
increase after 2 to 3 days' partial 
deprivation had produced a 5 to 7 
percent loss of body weight. 

Hypothalamic stimulation had no 
significant effect on hoarding by the 
control group: the stimulation scores 
were not significantly different from 
the scores recorded during satiation. 
But the corresponding scores for the 
experimental group stood in sharp 
contrast: stimulation during satiation 
led to immediate and sustained hoard- 
ing at a level quite as high as during 
the deprivation conditions at the begin- 
ning and end of the series. This effect 
was highly significant for each subject 
(Mann-Whitney U I 1.0, p < .001), 
and it was not simply a matter of the 
stimulated animals fetching pellets for 
immediate consumption: the experi- 
mental subjects spent nearly half of 
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pellets, and in the remaining time 

they were able to eat no more than 
two pellets (3.6 g), far less than they 
collected. Nevertheless, the hoarding 
was clearly food-oriented, since the 
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Lateral Hypothalamus: Hoarding Behavior Elicited by 
Electrical Stimulation 

Abstract. Electrical stimulation of those points in the lateral hypothalamlic area 
of the brain that promote feeding, but not of other points, elicited intense hoard- 
ing activity in satiated rats, similar to that. produced by long-term food depriva- 
tion. This result suggests that hoarding of food is organized by a hypothalamic 
drive mechanism sensitive to the effects of long-term nutritional depletion. 
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