higher forms of learning. An under-
standing of the neural processes under-
lying long-term habituation in Aplysia
may therefore provide insights into
neural mechanisms of more complex
long-term memory.
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Operant Behavior Changes Norepinephrine

Metabolism in Rat Brain

Abstract. Rats performing a lever-pressing response for water reward in an
operant situation, when compared with control groups, showed an increase in brain
norepinephrine metabolism. One control group included rats which were handled
and deprived of water in the same way as the experimental group but were not
trained to perform the operant task. We conclude that performance in an operant
situation affects norepinephrine metabolism.

We now report that performance in
an operant situation increases the me-
tabolism (I) of norepinephrine (NE)
in the brain of the rat. Previous experi-
ments (2, 3) with drugs that affected
both norepinephrine metabolism and
behavior have demonstrated the oppo-
site relationship, expressing changes in
behavior as a function of NE metab-
olism. We have demonstrated that be-
havior itself can modify NE metabolism.

Previous experiments on changes in
NE metabolism have tested the effects
of aversive stimulation rather than the
behavior of the animal. In general,
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acute aversive stimulation causes a
reduction of the endogenous concentra-
tion of brain NE (4, 5), whereas long-
term aversive stimulation causes a rise
(6). Increased “turnover” of NE is as-
sociated with aversive stimulation and
increased motor activity (5, 7-9). These
experiments demonstrated the effects of
aversive stimulation on NE metabolism,
but they did not show that the change
in NE metabolism is a function of the
behavior (performance) of the animal.
Rats performing in an operant situa-
tion showed a greater decrease in total
brain dopamine (DA) and NE than

control rats, after both groups of
animals were treated with a-methyltyro-
sine, an inhibitor of synthesis (3). That
experiment suggested a relation be-
tween operant behavior and NE me-
tabolism; however, interpretatjon of the
relation was confounded by the drug.
We now describe the effects of per-
formance in an operant situation on
NE metabolism in the rat brain; a
tracer amount of tritium-labeled NE
was used in order to avoid the effects
of drugs or other variables.

Male, albino, Sprague-Dawley (Holtz-
man) rats, approximately 60 days old
and weighing 250 g, were used. With
the animals under ether anesthesia, we
placed an indwelling cannula in the right
lateral ventricle, a modification of the
method described by Hayden et al. (10).
Animals were housed in pairs and were
randomly divided into three groups: (i)
an ad lib (food and water) control group,
(ii) a water-deprived control group, and
(iii) a group trained to press a lever for
water reward. The water-deprived group
was included in order to test the effect
of water-deprivation on NE metabolism;
this condition was present in the
trained group since a state of water-
deprivation is necessary to maintain
lever-pressing behavior reinforced with
water. Animals were trained as in the
experiment with a-methyltyrosine (3);
a variable interval, 30-second (VI-30)
schedule was used. On this schedule
lever-pressing behavior is reinforced
intermittently with an average interval
between reinforcements of 30 seconds.

At the end of a 2-hour session, the
trained rats were taken from the cham-
bers and returned to their home cages;
15 minutes later they were watered for
5 minutes. The animals in the water-
deprived control group were handled in
the same way as the animals in the
trained group; they were removed to
empty cages for 2 hours each day, re-
turned to their home cages, and 15
minutes later were watered for 8 min-
utes. By watering the animals in the
water-deprived group for 3 minutes
longer than the animals in the trained
group, we were able to make sure that
the amount of water and food consump-
tion was the same in both groups, as
evidenced by the fact that their body
weights did not differ,

On the 15th day of the VI-30 sched-
ule all rats were injected with 1.0 uc
(10 pl) each of tritiated NE (New
England Nuclear; specific activity 10.8
curie/ mmole), dissolved in Merle’s solu-
tion (1), with a 50-ul Hamilton syringe.
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Table 1. Effect of operant behavior and water-
deprivation on the concentration of NE, triti-
ated NE, and the specific activity of NE in
the rat brainstem-diencephalon. Each rat was
injected with 1 uc of °H-NE and killed 2
hours later; C is the control group (untrained,
with free access to water); WD is the water-
deprived control group (untrained); VI is the
water-deprived group which was lever-pressing
for water reinforcement on a VI-30 second
schedule. Values represent the mean and
standard error of the mean for five animals.

Specific

NE SH-NE activity

Group (878 (nc)  ofNE
(nc/yug)
C  0555x.022 927+53 16813
WD .599 +.036 1022+38 17517
VI  620+.039 77.1x41 12711

Immediately after injection, the trained
rats were placed in operant chambers,
the water-deprived control rats were
placed in empty cages, and the ad lib
control rats were returned to their home
cages. Two hours after injection all rats
were decapitated, and their brains were
dissected (12), weighed, and stored in
liquid nitrogen. The brainstem-dien-
cephalon preparations were assayed for
tritiated and endogenous NE (I3, 14).
In order to validate the assay, NE and
SH-NE were identified by thin-layer
chromatography (15).

In comparison with the two control

groups, rats lever-pressing for water.

(the trained group) had approximately
25 percent lower specific activity of NE
2 hours after injection of 3H-NE. The
difference in specific activity was due
entirely to the difference in the amount
of 38H-NE, since there was no differ-
ence in the total concentration of en-
dogenous NE between these groups
(Tables 1 and 2). There was no signifi-
cant difference in the brainstem-dien-
cephalon weights among the three
groups, nor did the two control groups
differ from each wother significantly
with respect to the concentration of
3H-NE or specific activity of NE
(Table 2). The ad lib control rats
maintained the daytime quiescent be-
havior typical of rats, but the water-
deprived control rats were active dur-
ing the 2-hour period which preceded
their daily access to water. Hence
neither water-deprivation nor interrup-
tion of the daytime quiescent behavior
affected the metabolism of NE.

The two most likely possible hypoth-
eses which could explain the lower
specific activity in the trained group are
(i) increased synthesis of NE or in-
creased preferential release of $H-NE,
or both, and (ii) decreased initial ac-
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cumulation of 3H-NE. Measurement of
the specific activity of NE at a time
point shortly after injection should
provide evidence favoring one or the
other of these hypotheses.

Tritiated norepinephrine disappears
from the brain in a multiphasic man-
ner, first rapidly and then slowly; at
the 2-hour time point 3H-NE was leav-
ing the brain in the initial rapid phase
(16). The initial rapid phase is im-
portant to study because acute grid
shock depletes SH-NE after the intra-
ventricular injection of 3H-tyrosine only
if the grid shock follows the injection of
tritiated tyrosine within a short interval
of time (8). We were able to see the
effect of operant behavior on NE metab-
olism shortly after injection of 3H-NE
because the indwelling cannula elimi-
nates surgical trauma and the need for
an anesthetic agent which would inca-
pacitate the rat after an acute injection,
and thus the rat is able to perform in an
operant situation immediately after in-

jection. '

Although we avoided use of a drug,
such as a-methyltyrosine, which would
interfere with NE metabolism and with
behavior, one might argue that the in-
jection of 3H-NE causes such interfer-
ence. But NE metabolism is probably
not affected by this procedure since the
tracer quantity of NE injected (15.6 ng)
was too small to affect the NE pool.
Neither was the behavior of the animals
affected by the injection procedure. No
statistically significant difference was
seen in either the number of reinforce-
ments received or in the number of re-
sponses made, when the experimental
day was compared with the previous
day.

Since the injection of 3H-NE had no
measurable effect on the behavior of
the animals, the independent variable
in this experiment was the behavior of
the animal and the dependent variable
was the metabolism of NE. Although
the converse of this relationship is al-
luded to by most previous experiments
(2, 3, 17), experiments which related
drug-induced changes in behavior to
drug-induced changes in NE metabo-
lism, it seems that in the light of evi-
dence we have presented, behavior and
NE metabolism mutually interact.

We propose that some aspect of the
rat’s behavior in the operant situation
is responsible for the observed increase
in NE metabolism. Lever-pressing and
water consumption are the two most
obvious behaviors in this experiment; in
addition, one must consider the contin-

Table 2. Percentage ratios of NE, tritiated
NE, and specific activity of NE. The values
given were calculated on the basis of the ab-
solute values of endogenous NE, *H-NE, and
specific activity shown in Table 1. The P
values were calculated from Student’s #-test.

Specific
Groups NE SH-NE activity
of NE
VI/WD 104* 75.5 (P < .005) 72.4 (P < .05)
VI/C 112% 832 (P <.05) 753 (P <.05)
WD/C  108% 110%* 104%*

* Not significant

gency relationship between lever-press-
ing and water reward. However, behav-
ior in an operant situation is a function
of several variables which also may ac-
count for the changes in NE metabolism,
Certain stimuli, such as the click of the
lever, the periodic click of the water
dipper, or the presentation of the water,
might contribute to the effect. The pos-
sibility remains that the effect is caused
by afferent stimulation unrelated to the
motor component of behavior. This
does not seem likely, since changes in
NE metabolism associated with afferent
stimulation have been demonstrated
only under intense aversive stimulation
(4-9), which was not present in our
experiment. The exact factor or factors
present in the operant situation which
account for the increase in NE metabo-
lism is an appropriate area for further
research. '
The implications of the relation be-

tween behavior and NE metabolism ap-
ply not only to physiology and behavior
but also to psychopharmacology. A
technique is now available with which
to further investigate the studies of
Dews (I8), which have shown that a
drug, such as amphetamine, will have
different effects on behavior, depending
on the specific type of behavior. A pos-
sible biochemical explanation for the
phenomenon described by Dews is sug-
gested by our study, since we have
demonstrated that behavior itself can
affect brain chemistry, thereby changing
the chemical substrate on which the
drug acts.

ALFRED J. LEWY

Lewis S. SEIDEN
Departments of Pharmacology and
Psychiatry, University of Chicago,
Chicago, Illinois 60637
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Variations of the Visual Responses of the Superior
Colliculus in Relation to Body Roll

Abstract, A large percentage of the directional units of the superior colliculus
of the curarized cat modify their response to a particular moving visual stimulus
as a function of the position of rotation of the animal about its longitudinal axis.

The message from a receptor can be
modified by influences stemming from
other receptors. For example, modifica-

tions in the judgment of size, shape, or

orientation of an object occur after ex-
posure to other visual or vestibular
stimulation (). Moreover, electrophys-
iological recordings have shown that
some cells of the visual cortex of the
cat. modify their responses in relation
to body roll (2).

We studied the effect of body roll on
the visual responses of cells in the su-
perficial layers of the superior colliculus
of the cat. This structure shows con-
vergence of many sensory modalities
and therefore seems a suitable place for
interaction between vestibular and vis-
ual messages (3).

Cells in the superior colliculus super-
ficial layers can be subdivided into two
classes, directional cells and nondirec-
tional cells, depending on whether or
not they respond equally to the various
directions of a moving visual stimulus
(4). We will show that a large per-
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centage of directional units alter their
responses as a function of body roll.

Two or three days before the experi-
ment, adult cats (n = 10) were anes-
thetized with sodium pentobarbital, and
a craniotomy was made over the pro-
jections of both superior colliculi. A
metallic chamber was positioned stereo-
taxically around the opening and was
fixed to the bone with dental cement,
On the day of the experiment the ani-
mal was briefly anesthetized with hal-
othane, and tracheal and venous can-
nulas were inserted. The wounds were
carefully infiltrated with a local anes-
thetic. After the removal of the dura,
the anesthesia was interrupted, curare
was injected, and artificial ventilation
was used.

Pupils were dilated with atropine.
The refraction of the eyes of the cat
was determined by means of retinos-
copy and was corrected with suitable
contact lenses. The animal was fixed by
clamping the metallic chamber ce-
mented on his head on a table that
could be rotated up to 70 degrees about
the longitudinal axis of the animal.
Also, the body of the animal was fixed
to the table. The optic stimulator and a
tangent screen were both attached to
the tilting table. The optic stimulating
system projected the image of a slide on
the tangent screen by reflection on a

Fig. 1. Responses of an orientation sensi-
tive unit of the left superior colliculus for
three different positions of the tilting table.
The stimulus was a luminous bar (15 de-
grees by 2 degrees; luminance, 10 cd/m?
superimposed on a dimmer background)
moving in the direction indicated by the ar-
row at a constant speed (18 degrees per sec-
ond). This was the preferred direction of the
cell when the table was horizontal and re-
mained fixed with respect to the retina at
the various positions of the table. Each
record is the average of ten responses. The
numbers on the left of each record indicate
the degrees of roll (nmegative body roll
means that the side where the electrode is
placed is set downward). The bottom rec-
ord is a control of the cell response for
the 0-degree position of the table. The cal-
ibration (vertical line, spikes per second)
on the right of the figure refers to a regu-
lar train of pulses. The average discharge
of the cell did not change with the rotation
of the table and was of the order of four
to five impulses per second,
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