in training dosage that was subsequently
found to be possible (r = —.36). After
the threshold dose was reached, sub-
stantial variations in the discriminated
dose occurred with some of the drugs.
Although these variations may have re-
flected real changes in the discrimina-
bility of the drugs, some dosage reduc-
tions may also have been based on spu-
riously achieved criterion-level perform-
ance, with dosage subsequently return-
ing upward to the actual threshold dose.
Possibly the use of a more stringent
criterion would reduce the size of such
oscillations.

The results leave several questions un-
answered. One of the most useful prop-
erties of high-dose DD’s is their specific-
ity. This specificity is great enough so
that after drug versus no-drug discrimi-
nation training with a particular drug,
rats appear to disregard the stimulus ef-
fects of most other drugs, except those
that are pharmacologically related to the
training drug (/0). It is not yet known
whether rats trained with very low doses
will exhibit greater or less specificity
than is observed after training with high
doses. Additionally, the threshold doses
determined in this experiment, which are
probably specific to the particular train-
ing procedures that we followed, were
obtained in only a single animal for each
drug. Further studies might attempt to
replicate the threshold dose obtained
with each drug, and could determine
thresholds for discrimination with other
types of psychoactive drugs and with
various schedules of reinforcement.

With some of the drugs tested, the fi-
nal training doses were comparable to
the lowest doses that can produce ob-
servable effects in any other behavioral
test paradigm. This result indicates that
DD’s provide a test procedure that can
be as sensitive as behavioral tests specif-
ically developed to respond to the effects
of individual classes of drugs. Such sen-
sitivity might be useful in a variety of
contexts. For example, the use of low
training doses might increase the sensi-
tivity of DD studies designed to investi-
gate agonist-antagonist interactions or
changes in drug effects caused by manip-
ulating neurotransmitters or precursors.
Also, many instances of drug abuse
(such as tobacco smoking) involve re-
peated self-administration of doses too
low to produce obvious behavioral con-
sequences (other than self-administra-
tion); low-dose DD’s might provide a
method for investigating the effects of
drug doses comparable to those used
during such drug abuse.

The results appear to have theoretical
significance. State-dependent learning
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(SDL) and DD’s are probably controlled
by the same mechanism (2). A variety of
mechanisms have been hypothesized to
be responsible for SDL and DD’s (/1);
Bliss has divided these models into two
general classes—sensory mechanisms
and central state or neurological mecha-
nisms (/2). It has thus far been impos-
sible to experimentally verify any of
these models. The present results are
easily explicable under most sensory
models by postulating that the animals
learned to discriminate the effects of in-
creasingly low doses of drug as training
progressed. However, few of the ‘‘neu-
rological”” models for SDL would oper-
‘ate over a 10:1 dosage range with suf-
ficient strength to maintain discrimina-
tive control. By inference, the results
support sensory interpretations of SDL
and of DD’s.

DoNALD A. OVERTON
Temple University School of Medicine,
Eastern Pennsylvania Psychiatric
Institute, Philadelphia 19129
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Superstitious Bar Pressing in Hippocampal and Septal Rats

Abstract. Unlike normal animals or those with sham lesions, rats with hip-
pocampal and septal lesions behaved in an operant chamber as if a dependency
existed between pellet delivery and their behavior, despite the fact that reinforce-
ment was based on time, not behavior, and was therefore free. This superstitious
behavior did not result from a general inability to inhibit responding, as responding
rapidly ceased when the pellets were discontinued. These findings suggest that the
hippocampus integrates information regarding response-reinforcer relations, which
in the normal rat permits superfluous operant behavior to be eliminated.

Most *‘superstition’” (/) experiments
have used birds as subjects. The super-
stitious pattern emerges when reinforce-
ment is independent of response (2); it is
characterized by sequential responses
repeated stereotypically, including the
much studied instrumental response—
pecking (3). The rat, although continuing
to emit a wide variety of consummatory
and other (4) responses in the presence
of free reinforcement does not persist in
bar pressing. This response begins at
moderately high rates but is dynamic; by
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the third or fourth session it is virtually
absent from performance (5).

Perhaps the rat does not possess the
associative or motivational mechanism
responsible for the avian pattern. More
likely, a mechanism may have evolved
whereby mammals can eliminate some of
their superfluous, energy-consuming re-
sponses. Neuroanatomical (6) and neu-
robehavioral (7) evidence point to the
hippocampus as a likely candidate for
the performance of this function.

As a test of the hypothesis that the rat
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Fig. 1 Median session-by-ses-
sion bar-press responses for
rats with hippocampal (@),
medial septal (M), and sham
lesions (O). Pellets were dis-
pensed freely every 100 sec-
onds, throughout the first 12
sessions, withheld during the
next four sessions, and
reintroduced during the last
four sessions.

Sessions

hippocampus prevents the formation of
superstitions, five rats with hippocampal
and sham lesions (8) were prepared. Ad-
ditionally, since there is evidence to in-
dicate that hippocampal electrical activi-
ty is governed by cells in the medial sep-
tal nucleus (9), five animals with small
lesions (/0) in this area were also ob-
served with the expectation that their
performance would parallel that of rats
with hippocampal lesions. After the ani-
mals recovered from surgery, their
weights were reduced to 80 percent by
deprivation and maintained by supple-
mental feeding. They were introduced
daily into standard operant chambers
(Scientific Prototype), each equipped
with a food cup, lever, and pellet dis-
penser, which delivered 45-mg pellets
(Noyes) every 100 seconds according to
programming circuitry and without re-
gard to subject behavior. Twelve daily
sessions consisting of 50 pellet deliveries
spread across 84 minutes were followed
by four sessions in which no pellets were
dispensed and four sessions with pellets
dispensed as before. In no case were the
animals trained in any way. All behavior
was spontaneous in the sense that it was
not controlled by experimental contin-
gencies. Besides visual observation, bar
presses were recorded on cumulative
counters and periodically on a cumula-
tive recorder. Bar pressing, although
presumably representative of the trend
of many other possible responses, was
specifically chosen for analysis as it is
not emitted superstitiously by normal
rats and meets the criteria (/) for poten-
tial superstitious responses.

Unlike animals with sham lesions,
those with hippocampal and septal le-
sions did not attenuate their responding
during pellet delivery sessions (Fig. 1).
Total hippocampal (U = 0, P < .01) and
septal (U = 0, P < .01) bar pressing in
the first sessions not only exceeded that
of the sham controls, but in early ses-
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sions (one through four) was accelerating
while that of shams was decelerating
(U = 0, P < .01). Suspending pellet de-
livery greatly decreased hippocampal
(U=0, P<.0l) and septal (U =1,
P < .05) responding as compared with
sham controls, which, like normal rats
(5), tended to briefly increase respond-
ing after noncontingent reinforcement
ended. Resuming pellet delivery instant-
ly drove responding of each group to ap-
proximately its former position [total re-
sponding of hippocampal and septal rats
exceeded that of controls (U =0,
P < .01;U = 1,P < .05, respectively)].

The process observed to weaken re-
sponsiveness in the presence of free pel-
let delivery was absent in animals with
afunctional hippocampi. Rats with le-
sions withheld responding during ses-
sions without pellets. In view of this,

Fig. 2 Sample cumulative bar-press record-
ings obtained from rats with hippocampal (up-
per three curves) and septal lesions during
sessions 19 or 20. Vertical hatchmarks in-
dicate free pellet deliveries. The hippocampal
curves are representative of the entire group.
The septal records depict those animals with

the most exaggerated bursts of responding af-
ter pellet delivery.

their deficit cannot lie in a general inabili-
ty to inhibit responding (/1).

Among animals with lesions, activities
were much more diverse than bar press-
ing. All animals exhibited repetitive se-
quences of stylized, often incomplete,
behaviors directed toward virtually all
parts of the chamber during reinforce-
ment sessions. In later pellet sessions
this responsiveness progressively in-
creased as the probability of pellet deliv-
ery approached unity. Cumulative bar-
press recordings (Fig. 2) depicted the
tendency as successive scallops across
100-second intervals, a phenomenon
characteristic of response-dependent in-
terval schedules of reinforcement. A
noteworthy difference between septal
and hippocampal animals was the tend-
ency of some of the former to emit a
burst of responses shortly after pellet de-
livery. This pattern is also characteristic
of septal response-dependent perform-
ance (12).

As nearly as is possible, the behavior
of the animals with lesions corresponded
to the descriptions of superstitious be-
havior in pigeons. It could be argued that
the lesions have the paradoxical effect of
enhancing learning to such an extent that
associations are formed even in the ab-
sence of external dependency. This in-
terpretation would be in keeping with
Skinner’s explanation of the supersti-
tious phenomenon in terms of adventi-
tious response-reinforcer conjunctions
). Yet one must wonder why the learn-
ing in every case consisted of positive
correlations between some active re-
sponse and pellet delivery as opposed to
an equally erroneous association be-
tween not responding and reinforce- .
ment, or between responding and non-
reinforcement.

Alternatively, and in accordance with
more recent analyses of superstition
(13), the pigeon and the rat may both
emit responses induced by the schedule
of reinforcement, but the presence of
well-developed hippocampi may modu-
late this behavior with respect to its
consequences. Whatever these conse-
quences consist of, it is important as a
first step to note the instances in which a
normally functioning hippocampus does
not permit the weakening of perform-
ance—response-dependent  situations.
The presence or absence of this depen-
dency or some component of it may gov-
ern hippocampal function (14).

L. D. DEVENPORT
Department of Psychiatry and
Behavioral Sciences,
University of Oklahoma Health Sciences
Center, Oklahoma City 73190
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MetabbliC‘rMapping of Fnctional Activity in the

Hypothalamo-Neurohypophysial System of the Rat

Abstract. Physiological stimulation of the hypothalamo-néurohypophysial system
by salt loading of rats resulted in a dramatically increased glucose utilization in the
posterior pituitary but not in the paraventricular or supraoptic nuclei. The good cor-
relation between glucose utilization and neural activity in the posterior pituitary (that
is, nerve terminals) contrasted with the lack of correlation in the paraventricular and
supraoptic nuclei (that is, the sites of the cell bodies of the same neurons). This
difference in the metabolic response to functional activity between the two regions of
these neurons can be explained by the differences in surface-to-volume ratios of

these regions.

Under most normal circumstances the
brain is almost entirely dependent on the
utilization of glucose for its biochemical
energy (/). Studies with the recently de-
veloped ["“Cldeoxyglucose method (2)
for‘measuring rates of glucose utilization
in discrete structural and functional com-
ponents of the central nervous system
have demonstrated a close correlation
between levels of local functional activi-
ty and local glucose utilization 3, 4). Ex-
perimentally induced increases or de-
creases in functional activity in specific
motor and sensory systems resulted in
corresponding increases or decreases in
glucose utjlization in specific structural
components of the appropriate pathways
3, 4). The mechanisms underlying the
relationship between functional activity
and energy metabolism remain, how-
ever, essentially unknown. In which of
the cellular compartments are the altera-
tions of glucose utilization localized—
glia, perikarya, axons, axonal terminals,
dendrites? With which of the numerous
energy-consuming processes is the func-
tionally related component of energy me-
tabolism asseciated —electrical activity;
ion transport; storage, release, and reup-
take of neurotransmitters; membrane
and macromolecular synthesis?

The mammalian hypothalamo-neu-
rohypophysial system appears particu-

larly appropriate for investigation of
these questions. It is a neural pathway
that is anatomically well defined (5-7)
and can easily be stimulated physiologi-
cally (8), and its output can be measured
at a site separate and distinct from that of
its input. Its perikatya are located in the
supraoptic and paraventricular nuclei of
the hypothalamus, whereas its axon ter-
mihals are situated in the posterior pitui-
tary. We applied the [**C]deoxyglucose
method to study the metabolic responses
of this system to osmotic and pharmaco-
logical stimulation. The results demon-
strate that metabolic activity varies with
functional activity in this system and
that this relationship is most prominent
in the axonal terminals of the neural
pathway.

The studies were carried out in adult
male Sprague-Dawley rats ‘weighing 300
to 400 g. Each animal was prepared for
the experiment by surgical catheteriza-
tion of one femoral artery and vein under
light halothane anesthesia. While still un-
der anesthesia, the animals were immo-
bilized by application of a loose-fitting
plaster cast over the abdominal and pel-
vic regions, and then at least 2 hours
were allowed for complete” recovery
from the effects of anesthesia. The peri-
od of measurement of glucose utilization
was initiated by the administration of a
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