would fall when (unbound) ACh was de-
pleted; this, in turn, would favor passive
carrier-mediated transport of choline in-
to the ending under the influence of an
electrochemical gradient (/4) even if the
extracellular concentration of choline
were considerably less than the cy-
toplasmic concentration. An apparent
change in high affinity choline uptake un-
der the conditions used could also occur
as a result of drug-induced changes in the
isotopic dilution of labeled choline by en-
dogenous choline, although Simon and
Kuhar (5) have stated that endogenous
choline levels in the incubation medium
“‘were extremely low and no difference
was found between synaptosomal frac-
tions from pentobarbital treated animals
and those from control animals.”” For
these reasons, choline concentrations in
both the synaptosomal pellet and the in-
cubation medium were measured and are
reported in Table 2. The synaptosomal
choline concentration and mole fraction
of [?H,]choline were not significantly
changed by any of the treatments. It may
nevertheless be fallacious to infer from
these results that the choline concentra-
tion within cholinergic nerve endings
does not change under these experimen-
tal conditions. While it seems reasonable
to suppose that most of the ACh is con-
tained in cholinergic synaptosomes and
therefore reflects cholinergic function,
choline is a universal constituent of all
cells and there is evidence that concen-
trations of endogenous and isotopic cho-
line in whole brain (or parts of it) may
not be representative of those in choliner-
gic nerve endings (/5). The constant sy-
naptosomal  choline  concentrations
which we report do not therefore pre-
clude the occurrence of adaptive changes
in choline concentration in cholinergic
endings in response to changes in ACh
turnover rate and concentration.

The concentration of endogenous cho-
line found in the supernatant was less
than 0.04 uM, which is unlikely to influ-
ence these experimental results signifi-
cantly; however, this would be sufficient
to obfuscate the interpretation of experi-
ments in which lower concentrations of
[*H]choline are used and endogenous
choline concentration in the supernatant
is not measured.

In summary, we have shown that
changes in high affinity choline uptake by
synaptosomes which appear to result
from experimental manipulation of cholin-
ergic activity before the animal is killed
are associated also with changes in sy-
naptosomal ACh content and turnover.
The simplest mechanism for modulation
of choline uptake by antemortem neuro-
nal activity appears to be an effect of sy-
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naptosomal ACh concentration on high
affinity choline uptake. Whether this is a
direct effect on ACh or is due to a sec-
ondary change in synaptosomal choline
levels remains to be established.
DoNALD J. JENDEN*
RIcHARD S. JoPE
MoLLy H. WEILER
Department of Pharmacology, School
of Medicine, and Brain Research
Institute, University of California,
Los Angeles 90024
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Tail-Pinch Stimulation: Sufficient Motivation for Learning

Abstract. A paper clip applied to the tails of rats induced gnawing and eating,
which decreased in latency and increased in duration with experience. With sus-
tained pressure to the tail, rats learned a new habit in order to gain access to wood
chips on which to gnaw. That these are also properties of behavior elicited by electri-
cal brain stimulation suggests that both manipulations may act through the same
mechanism. These results support the hypothesis that a nonspecific arousing stimu-
lus can be a sufficient condition for establishing learned habits.

Mild pressure to the tails of rats elicits
eating, gnawing, biting, and licking (/),
which resemble behaviors elicited by
electrical stimulation of the hypothala-
mus (2). The particular behavior elicited
by tail-pinch depends on the particular
goal object available (3); this is also true
of electrically induced behavior (). Fur-
ther similarities between behavior elic-
ited by tail-pinch and that elicited by hy-
pothalamic stimulation can be discov-
ered by examining the learning that
contributes to the plasticity of the be-
havior.

Electrically induced behavior appears
gradually and requires some experience

with the stimulation before a reliable re-
sponse can be elicited (5); the strength of
this response increases with additional
experience with the stimulation (5). In
addition, when the hypothalamus is stim-
ulated, an animal will learn a new ap-
proach response that will allow it to per-
form the appropriate consummatory be-
havior (6). In the presence of electrical
brain stimulation, animals will learn to
find a variety of appropriate objects with
which to engage in consummatory behav-
ior. Cats learned a Y-maze in order to at-
tack a rat during hypothalamic stimula-
tion (7). Satiated rats receiving hypotha-
lamic stimulation learned the new

637



100 100

Duration
80—

@
S
T

&
T
Median latency (sec)

Duration (percent time)

20

Trials

Fig. 1 (left). Median latency of ten rats to start
gnawing food pellets in response to a tail-

pinch, and median duration of gnawing (percentage of available time spent gnawing for at least 10 seconds).
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Fig. 2 (right). Total percentage of

correct responses in the first ten sessions of learning a T-maze to obtain the opportunity to gnaw on wood during tail-pinch. Nine rats learned the
criterion of nine out of ten correct responses in two successive sessions of five trials each.

response of pressing a lever for food (8),
learned a T-maze for food (9), and
learned a Y-maze in order to gnaw on a
board (10).

We now report that (i) experience
plays an important role in modifying tail-
pinch behavior, and (ii) rats with their
tails pinched will learn a T-maze in order
to obtain the opportunity to gnaw on
wood. Our results indicate that a non-
specific arousing stimulus can induce ani-
mals to perform an instrumental re-
sponse to obtain an appropriate goal, and
we suggest that the similar nonspecific
arousing properties of electrical brain
stimulation may have a role in producing
the behavior elicited by such stimula-
tion.

Twelve female hooded rats approxi-
mately 120 days old, housed in two
groups of six, with free access to food
and water, were studied. In experiment
1, the acquisition of behavior induced by
tail-pinch was measured in an open field
(78 by 43 cm) littered with food pellets.
After a 2-minute habituation period, a pa-
per clip 7.8 by 1.8 cm and padded with
plastic tape was applied 4.0 to 4.5 cm
from the tip of the tail; it was removed 2
minutes later. The clip was suspended by
elastic from a runner on a curtain rod in
order to keep the tail off the floor and still
allow freedom of movement. In this way,
the rats could be prevented from biting
the clip. The rats ran around the open
field in short bursts, sometimes vocal-
izing, picking up food pellets and chew-
ing them. Sometimes they ingested the
food and sometimes they merely
shredded it. The latency of gnawing the
food and the length of time spent gnaw-
ing were recorded. Each rat was tested
once on each of 5 days within a 10-day
period (Fig. 1). The data of two rats that
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failed to gnaw for at least 10 seconds on
any trial are not included. The latency of
gnawing decreased significantly with ex-
perience (I1), which confirmed an earlier
observation (12). Once the rats had start-
ed to gnaw, the proportion of the remain-
ing time spent gnawing increased signifi-
cantly (/1), which suggests that the rats
had learned to gnaw by experience.

For experiment 2, a roofless T-maze
30 cm high was constructed of unpainted
aluminum. A start box (21 by 10 cm) led
to two arms (25 by 10 cm) that led to goal
boxes (30 by 10 cm). The curtain rod,
with the paper clip attached by elastic,
ran the length of the two arms. Pieces of
wood were placed in one of the goal
boxes in such a way that they could not
be seen from the arms of the maze. For
half of the rats, the wood was in the left
goal box, and for the other half, it was in
the right one. Each of the ten rats from
experiment 1 received one five-trial ses-
sion each day. A trial was started by at-
taching the paper clip (as in experiment
1) and placing the rat in the start box,
where it was confined for 5 seconds by a
door. The door was removed, and the rat
was allowed to move freely through the
maze. If it did not reach either goal box
within 55 seconds, it was removed and
the clip was taken off. If it reached either
of the goal boxes, it was confined there
for 30 seconds before being removed. At
no time was the rat allowed to chew on
its tail or on the clip. The intertrial inter-
val was approximately 30 to 60 seconds.
The rats were tested in a random order
each day between 1600 and 1900 hours.
The learning criterion was the choice of
the goal box containing wood a total of at
least nine times in two successive ses-
sions. Once a rat had reached the crite-
rion, the wood was placed in the other

goal box on succeeding trials; reversal
training was given until the same crite-
rion was met.

Nine rats learned the maze in 15 to 80
trials (median, 40 trials). One rat seldom
moved from the choice point in 100 tri-
als, and its data are not included. Seven
of the remaining rats reversed the habit
in 20 to 100 trials (median, 40 trials). One
rat became ill and died before reaching
the criterion, and another stopped run-
ning the maze and did not learn the re-
versal within 100 trials; their data are not
included. During learning, the rats im-
proved by the third session from per-
formance at chance level (P = .72) to a
significant preference (P = .01) for the
goal box with wood in it (Fig. 2) (13). All
the rats gnawed wood on almost every
trial when they reached the goal box; on
their last five trials during learning and re-
versal, they spent an average of 74 and
82 percent, respectively, of the available
time gnawing. Rats that ran to the incor-
rect goal box characteristically vocal-
ized, defecated, and chased their tails.

The parallel between our findings and
those of studies with electrical stimula-
tion of the hypothalamus suggests a com-
mon mechanism of action. Valenstein (¢)
has suggested that hypothalamic stimula-
tion may induce nonspecific arousal rath-
er than activate specific drives. In its
presence, rats learn to make appropriate
responses to objects in the environment.
According to Valenstein (/4), the particu-
lar response is determined by several in-
ternal and external factors (such as the
somatic, visceral, and motivational ef-
fects of the stimulation) as well as by
environmental factors and species-spe-
cific characteristics. Tail-pinch may be
regarded as a relatively nonspecific
arousing stimulus, in the presence of
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which, rats learn to direct their behavior
toward the environment. The particular
response observed during tail-pinch may
be determined by factors similar to those
for brain stimulation. With both proce-
dures, oral responsiveness increases in a
way that is modified by experience with
particular objects in the environment.
The finding that a relatively non-
specific stimulus can induce rats to learn
a new habit in order to obtain an appro-
priate goal object for consummatory be-
havior has implications not only for inter-
preting behavior elicited by electrical
brain stimulation but also for elucidating
the conditions necessary for all learning.
Indeed, several theorists have suggested
that arousal may be a sufficient condition
for learning (/5). Thus, a general activa-
tion of some nonspecific arousal system
within the brain would increase an orga-
nism’s responsiveness to environmental
stimuli and facilitate appropriate re-
sponses. The relative importance of spe-
cies-typical response constraints and the
role of specific neuronal circuitry are
areas for future investigation.
GEeoraGe F. Koos
PauLJ. FrAaY
SusaN D. IVERSEN
Psychological Laboratory,
University of Cambridge,
Cambridge, CB2 3EB, England
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Threshold Model of Feeding Territoriality and Test

with a Hawaiian Honeycreeper

Abstract. A model is proposed predicting that in nectarivorous birds territorial be-
havior will occur above a lower threshold of nectar productivity in a foraging area
and disappear above an upper threshold. These thresholds are determined by the dai-
ly costs of living of territorial and of nonterritorial individuals and by the pressure of
competing birds for the resource. Decline of efficiency of territorial exclusiveness is
predicted as productivity increases from the lower to the upper threshold. Hawaiian
honeycreepers (Vestiaria coccinea) supported the model.

The study of territoriality—herein de-
fined as the maintenance of an area
“‘within which the resident controls or re-
stricts use of one or more environmental
resources’’ (I)—has been characterized
by a lack of tests of theoretical predic-
tions (2). In this study we have applied a
model to the energetic economics of feed-
ing (nonbreeding) territoriality in a nec-
tar-eating passerine bird, endemic to the
Hawaiian Islands. The model predicts
the conditions that determine the pres-
ence or absence of feeding territoriality
in this species.

Ecologists (2, 3) have suggested some
of the factors that should determine
whether feeding territoriality in birds, in-
volving costly defense and chasing, is
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economically feasible. Assuming that en-
ergy is potentially limiting, only under
certain circumstances will the benefit of
territoriality exceed the cost and will the
establishment of a territory be favored.
Conversely, if energy is not limiting, ter-
ritorial behavior confers no energetic ad-
vantage and should cease to exist. Vari-
ous studies () of flower-feeding hum-
mingbirds suggested the overriding
importance of high energy content of the
resource (floral nectar) in territorial es-
tablishment. Likewise the number of in-
florescences available seems (5) to deter-
mine territoriality in an African sunbird,
as territories always included approxi-
mately the same number of flowers.
Such environmental parameters as dis-

persion of food sources and number of
competitors have little effect on the esti-
mated energetic cost of territorial behav-
ior in a Hawaiian honeycreeper (6). How-
ever, our present study shows that the
number of inflorescences and the intruder
pressure together determine the energetic
yield of the territory to its owner, and
therefore can be used to predict accurately
the presence or absence of territoriality
even though these parameters have little
effect on territorial cost. Although one pio-
neering study (5) has quantitatively pre-
dicted and partially documented changes
in territorial behavior based on econom-
ics, to our knowledge a thoroughly quan-
tified test of this idea has yet to be accom-
plished.

Under conditions of potential food lim-
itation, an animal should be able to raise
the level of food availability in its forag-
ing area by preventing other individuals
from using its food supply. This pre-
vention involves cost, including energy
spent advertising or chasing (or both). If
the added cost of living territorially
equals or exceeds the resultant increase
in energy availability, territorial behav-
ior should not occur. The minimum ener-
getic productivity (calories produced on
a territory over 24 hours) required to fa-
vor territorial behavior should be predict-
able on the basis of (i) energetic yield to a
nonterritorial individual, (ii) increase in
yield to a territorial individual, and (iii)
added cost of being territorial. This can
be expressed in the following terms

E+T<aP + bP

That is, in order for territoriality to oc-
cur, E (basic cost of living) plus 7 (added
cost of being territorial) must be less
than the yield to the individual if non-
territorial (fraction a of productivity P)
plus the extra yield gained by the individ-
ual if territorial (fraction b of productiv-
ity P). The value of the term bP will de-
pend on the efficiency e of the territorial
owner at restricting use of P, and there-
fore bP can be expressed as:

e(l—a)P

where e is the fraction of intruders ex-
cluded by the owner.

As P becomes large, ¢ can become
gradually smaller, and the total energy
costs of the territory owner will still be
met. Eventually P may reach a value that
satisfies the energy requirements of the
owner, even given zero efficiency at ex-
cluding intruders. At very high values of
P, then, territoriality should not occur.
As P decreases below such high levels,
an upper threshold for territoriality
should be reached when

aP < E
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