biochemical data for the nerve terminal
from that obtained in the axon.

Dopamine-8-hydroxylase is present in
the vesicles in both the adrenal medulla
and the sympathetic nerves in bound
and soluble forms (5, 17). The soluble
form is that released by disruption
of the vesicle by osmotic shock. The
portion of DBH that is most likely
to be discharged after stimulation of
nerves is the soluble form. Experi-
ments with the adrenal medulla where,
depending on the species, 20 to 50 per-
cent of the DBH activity can be liber-
ated from chromaffin granules by osmo-
tic shock, have shown that the soluble
portion of the DBH is that which is
depleted by stimulation (17). The re-
sults reported here agree with other
reports in which a lower proportion of
soluble DBH appears to be present in
vesicles from sympathetic nerves than
is present in the adrenal gland (5).

Since 85 percent of DBH is in bound
form and the estimated half-life of the
sympathetic nerve vesicle is 3 weeks
(8), it is likely that the vesicle is reused.
The ratio of amine to DBH released
from the vas deferens is higher (al-
though close) to that found in tissue.
This might result from preferential re-
lease of newly synthesized norepineph-
rine (I4). Preferential discharge of
newly synthesized amine from a pop-
ulation of vesicles that have already
liberated some or all of their releasable
DBH could explain the apparent in-
crease in release of norepinephrine rel-
ative to DBH into the bath fluid. Fi-
nally, the assumption that diffusion
from the synaptic cleft of norepineph-
rine, a molecule with a molecular
weight of 169, occurs at the same rate
as that of DBH, a protein with a molec-
ular weight of 300,000 (3), might be
incorrect. Unequal diffusion rates would
contribute further to the increase in the
ratio of amine to enzyme found in the
bath fluid.

The similarity of the ratios of cate-
cholamine to DBH in tissue and in the
incubation medium, despite the possible
sources of error discussed above, and
the proportionality of amine to DBH
discharged are compatible with the
coupled release of the neurotransmitter
and the enzyme from sympathetic
nerves by a process of exocytosis.

RICHARD M. WEINSHILBOUM
NGUYEN B. THoa, Davip G. JOHNSON
IrwiN J. KoPIN, JULIUS AXELROD
Laboratory of Clinical Science,
National Institute of Mental Health,
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Acta

Analgesia from Electrical Stimulation

in the Brainstem of the Rat

Abstract. Stimulation at several mesencephalic and diencephalic sites abol-
ished responsiveness to intense pain in rats while leaving responsiveness to other
sensory modes relatively unaffected. The peripheral field of analgesia was usually
restricted to one-half or to one quadrant of the body, and painful stimuli applied
outside this field elicited a normal reaction. Analgesia outlasted stimulation by
up to 5 minutes. Most electrode placements that produced analgesia also supported
self-stimulation. One placement supported self-stimulation only in the presence

of pain.

The management of prolonged pain
in man has been a stubborn medical
problem because the most effective
analgesic drugs carry with them such
undesirable side effects as tolerance
and dependence. Alternative approaches
have long been sought. The approach
of making discrete brain lesions has
not been consistently successful in al-
leviating either pain states in man or
experimentally evoked pain in animals.
This failure to excise pain or to inter-
rupt the pathways responsible for its
appreciation and expression seems to in-
dicate that the neural substrate of pain is
so diffuse or redundant as to escape
focally inflicted brain damage. On the
other hand, some hope that pain can
be alleviated by a neurosurgical pro-
cedure has been offered by a small
number of studies reporting pain re-
duction that accompanies electrical
stimulation of discrete brain regions in
man as well as lower animals (I, 2).
The animal work has typically involved
effects of small or indeterminate mag-
nitude [however, see ()], and from

these reports it has not been suffi-
ciently clear whether the effect was
directly on pain perception or was a
reflection of broader deficits in sen-
sory, motor, or motivational mecha-
nisms. Clinical attempts to utilize this
approach have been understandably
few, and the number of brain areas
probed quite restricted. We report that
analgesia from focal brain stimulation
in the rat can be of such magnitude as
to render the animal totally unrespon-
sive to pain. We show that such anal-
gesia results from stimulation in a
number of subcortical loci, including
those not previously tested in man.
Evidence is provided that analgesia
can occur without apparent accom-
panying sensory, motor, or motiva-
tional deficits.

Bipolar electrodes were implanted
bilaterally in various mesencephalic
and diencephalic loci in 22 male
Sprague-Dawley rats. Electrodes were
made of twisted, stainless steel wires
(200 pm in diameter) insulated ex-
cept at the cut cross sections of their
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tips. In ten animals (group 1), brain
stimulation consisted of 100-msec
trains of 60 hz a-c delivered at two
per second through a 7-megohm series
resistance. Current values ranged be-
tween 15 to 50 pa root mean square.
Analgesia tests were conducted by
placing the animal in a small chamber
with an aperture in the rear through
which the tail was drawn. Noxious
stimuli were shocks applied to the tail
through a pair of nonpolarizing disk
electrodes. Shocks consisted of a 100-
msec train of 0.2-msec rectangular
waves delivered at 50 per second by a
Grass stimulator. For each animal, a
current intensity was selected (4 to 8
ma), which was reliably noxious as evi-
“denced by the elicitation of squeaking,
lurching, and vigorous escape attempts.
Brain stimulation was judged analgesic
if these and all other shock-elicited
reactions were totally absent.

For the remaining 12 animals (group
2), brain stimulation was provided by
a constant-current stimulator (Bio-

420 42R

3IL 48L 28L 30L I3R

Engineering Research Laboratory, type
220A) and consisted of biphasic rec-
tangular pulse pairs delivered at 50 per
second in 100-msec trains. The pulse
pair consisted of two 50-usec pulses
of opposite sign separated by 100
psec. Trains of pulses were delivered
at a rate of three per second. Current
intensity was 3000 pa. Analgesia tests
were conducted by applying pressure
with a needle-nosed pliers to the four
limbs and tail. Normally, even rela-
tively mild pinching with this instru-
ment elicited vigorous withdrawal and
squeaking. The degree of analgesia was
rated independently by two observers
on a five-point scale. Inter-rater reli-

ability was high. An attempt was made

to elicit a response by pinching several
times and at a number of locations on
each member before assigning a rating.
Brain stimulation was judged analgesic
only when both observers assigned a
maximum rating on a given limb or
the tail. A maximum rating signified
that there was no discernible response,

5IL 44L 5IR

S52L

3L

14R 48R

Fig. 1. Schematic reconstruction of the location of electrode tips at yarious frontal
planes showing sites at which stimulation produced (filled circles) or failed to produce
(open circles) analgesia [diagrams modified from the stereotaxic atlas of Pellegrino
and Cushman (4)]. Designations L (left) and R (right) after the placement number
refer to the side of the brain in which the electrode was located.
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not even a withdrawal reflex, to appli-
cation of even severe, tissue-destructive
pressure.

Stimulation at 7 of the 19 place-
ments tested in group 1 animals re-
sulted in complete analgesia to the tail
shocks used in this study. In two ani-
mals more extensive tests were run.
Even tail shocks which caused tissue
damage (10-msec pulses, 200 ma, 50
per second) elicited no observable re-
sponse when administered during or
shortly after brain stimulation. Stimu-
lation at 13 of the 23 placements tested
in group 2 animals resulted in com-
plete analgesia of at least one limb or
the tail to the intense pinch employed
in this study. In all 13 placements,
analgesia outlasted brain stimulation
by 30 seconds to 5 minutes. Respon-
siveness to other forms of noxious
stimulation was tested in four animals
shown to be unresponsive to pinch. It
was found that a heat stimulus, left in
contact with the skin long enough to
produce blistering, evoked no response
from these animals. Similarly, standing
in ice water gave no apparent discom-
fort. One animal, for example, ate a
food pellet for over 5 minutes while
standing on its hind legs in a shallow
trough of ice water. Approximately 30
seconds after brain stimulation was
turned off, the animal suddenly
dropped the pellet and jumped out of
the trough.

A number of observations routinely
made on animals showing the analgesic
effect have convinced us that analgesia
is not due to a general deficit in sen-
sory, emotional, or attentional mecha-
nisms or to a global motor incapacity
or the elicitation of overt responses in-
compatible with those normally evoked
by pain. (i) Most importantly, in all
but two animals the peripheral field of
analgesia was restricted, usually to
one-half or one quadrant of the body.
Most animals, therefore, could make
normal defensive reactions during brain
stimulation and did so if the noxious
stimulus was applied outside the pe-
ripheral zone of analgesia. The topo-
graphic pattern of analgesia elicited by
stimulation at a given electrode site
remained constant from day to day.
(i) The majority of animals appeared
responsive to visual, auditory, and
tactile stimuli during brain stimulation.
Some were in fact hyperreactive to
light touch while apparently oblivious
to pain. Such animals, for example,
startled when the pliers touched their
tails but failed to respond to strong,
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sustained pinch. (iii) A number of ani-
mals squeaked and struggled when
picked up or gently handled during
brain stimulation. Several made orga-
nized attacks on objects placed in their
visual fields. Brain stimulation typically
interrupted eating, but in two animals
eating was not interrupted by brain
stimulation applied alone or concur-
rent with intense tail shock. (iv) Brain
stimulation sometimes elicited forced
circling or head, eye, or paw move-
ments. However, the righting reflex
was always intact; corneal, grasp, and
placing reflexes generally appeared
normal. Seizures with motor involve-
ment were never observed (3). Loco-
motor activity appeared augmented in
some animals during stimulation but
reduced or unchanged in others. Many
animals showed stimulus-elicited sniff-
ing. In general, no relationship between
analgesia and the elicitation of motor
effects was evident. In fact, at several
placements vyielding maximum anal-
gesia, it was not possible to tell from
the general appearance of the animal
when brain stimulation was being de-
livered. Even in cases where motor
effects were prominent, behavior rap-
idly returned to normal within a few
seconds after termination of the brain
stimulation; yet, as described above,
analgesia typically outlasted brain
stimulation by 30 seconds or more.

Brain areas (Fig. 1) (4) in which stim-
ulation produced analgesia were: dor-
sal tegmentum, especially ventral pos-
terior central gray (n=29); ventral
tegmentum (n=6); dorsal, medial
thalamus' (n=3); and the junctural
region between ventral tegmentum and
posterior hypothalamus (n=2). The
majority of ineffective points (Fig. 1)
was found in the reticular formation,
lateral and ventrolateral to central
gray.

Several of the analgesic areas are
well-established components of the re-
ward system, and we have shown (5)
that high rates of self-stimulation can
be achieved with electrodes in ventral
central gray. A relationship between
analgesia and reward, therefore, seemed
possible and was investigated in all
animals by systematic self-stimulation
tests. Group 1 animals were again
tested with 60 hz a-c, and group 2 ani-
mals with biphasic pulses. Stimulus
parameters were identical to those used
in the analgesia tests. Each bar-press
response delivered a 100-msec train of
stimulation. Animals were given every
opportunity to demonstrate that brain
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Table 1. Individual placement, self-stimula-

tion, and analgesia test results for group 1.
Self-stimulation score is expressed as the mean
rate (responses per minute) during the hour
of maximum responding for trains of 0.1-
second duration. CG, central gray matter,
TEG, tegmentum adjacent to central gray
matter.

Placement stin’?\fll:fti on Analgesia
31L (CG) 112 yes
28L (CG) 87 yes
13R (CG) 76 yes
30L (CG) 69 yes
25L (TEG) 52 yes
28R (CG) 51 yes
23L (TEG) 23 no
14R (CG) 20 no
22R (TEG) 14 no
30R (TEG) 13 yes
23R (TEG) 6 no
25R (TEG) 6 no
26R (TEG) 5 no
26L (TEG) 4 no
14L (TEG) 2 no
22L (TEG) 2 no
24L (TEG) 1 no
24R (TEG) 1 no
13L (TEG) 0 no

stimulation was rewarding by response
shaping and repeated testing.

Table 1 (group 1) and Table 2
(group 2) provide self-stimulation
rates for individual placements and
show whether or not analgesia resulted
from stimulation at these sites. Place-
ments yielding analgesia also tended to
yield the highest rates of self-stimula-
tion. This relationship was statistically
reliable (Table 1, »=.83, point-biserial
correlation, P<.01 and Table 2, r=

Table 2. Individual placement, self-stimula-
tion, and analgesia test results for group 2.
Self-stimulation score is expressed as the mean
rate (responses per minute) during the 30-
minute session of maximum responding. DT,

dorsal tegmentum; DMT, dorsal, medial
thalamus; M-D, mesencephalic-diencephalic
juncture; VT, ventral tcgmentum.

Self- .
Placement stimulation Analgesia
41R (VT) 202 yes
41L (VT) 196 yes
52L (DT) 185 no
44L (VT) 178 yes
48L (DT) 168 yes
50R (M-D) 160 yes
50L (M-D) 131 yes
S4L (DT) 96 no
S51L (VT) 66 yes
53L (DT) 60 no
51R (VT) 50 yes
44R (VT) 30 yes
47L (DT) 27 no
45R (DMT) 26 yes
53R (DT) 24 yes
46R (DMT) 16 yes
42L (DT) 0 no
42R (DT) 0 no
45L (DMT) 0 yes
46L (DMT) 0 no
47R (DT) 0 no
48R (DT) 0 no
54R (DT) 0 no

.42, point-biserial correlation, P < .05).
On the other hand, several placements
characterized by high self-stimulation
rates gave no evidence of analgesia,
and stimulation at one site, which was
apparently not rewarding, gave rise to
excellent analgesia. Thus, areas from
which analgesia can be evoked appear
to only partially overlap those of the
reward system. Evidently, the strength
of the relationship between analgesia
and reward (or whether or not such a
relationship exists) will vary from
structure to structure (6). In any case,
analgesia cannot be ascribed simply to
pleasant sensations that mask or divert
attention from unpleasant ones.

Analgesia was tested during self-
stimulation in a number of animals by
making tail shocks contingent on the
bar-press response, which also delivered.
brain stimulation, or by applying tail
shocks or pinches randomly during the
self-stimulation session. In both cases,
the placements previously determined
to yield analgesia, yielded comparable
analgesia when brain stimulation was
self-administered, and the self-stimula-
tion rate was unaffected by even in-
tense shock or pinch. By contrast, in
those animals which had high rates of
self-stimulation but were not analgesic,
tail shocks elicited vigorous nocicep-
tive responses and the self-stimulation
rate was greatly reduced.

The one placement which supported
analgesia but never self-stimulation
afforded an opportunity to assess
whether the apparent pain-reducing
ability of brain stimulation could alone
reinforce an operant response. This ani-
mal was given access to two bars; one,
when operated, delivered a 1-second
train of brain stimulation, and the other
(control) did nothing. Normally the
animal pressed the control bar more
often than the active bar, indicating
that brain stimulation, if anything, was
slightly aversive. However, during each
of ten 1-minute periods when electric
shocks (1 msec, 12 ma) were applied
to the tail at a rate of one per 2 sec-
onds, many more responses were made
on the active than on the control bar
(P < .001, one-tailed ¢-test). The same
result was obtained when the positions
of active and control bars were re-
versed. This suggests that nonreward-
ing brain stimulation can reinforce an
operant response in the presence of
pain. The reinforcement presumably de-
rives from pain reduction. We con-
clude that brain stimulation can reduce
or abolish not only the observable
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motor responses elicited by a noxious
stimulus but also the perceived aver-
siveness of that stimulus.

Consideration of how brain stimu-
lation exerts its analgesic action is im-
pelled by its obvious importance to our
understanding of neural mechanisms
of pain perception. For instance, elec-
trical stimulation of these particular
brain regions may abolish pain by pro-
ducing a functional lesion at the stimu-
lation site, which disrupts the normal
processing of the afferent pain message.
However, this seems unlikely since de-
struction of an area from which anal-
gesia is produced -(the central gray
matter, for example) does not clearly
lead to a reduction in pain sensitivity
(7) even though this area has been
implicated on electrophysiological
grounds in the coding of pain (38).

Rather, we propose that brain stimu-
lation attenuates pain by activating a
neural substrate that functions normal-
ly in the blockage of pain. That such a
substrate exists and is capable of being
selectively activated is supported by a
number of studies concerning the site
and mechanism of the analgesic ac-
tion of morphine. The integrity of cer-
tain neurotransmitter systems appears
necessary for morphine to exert its an-
algesic effect (9). This suggests that
morphine acts, at least in part, by acti-
vating a neural pathway in which these
transmitters are released. The neurons
or chains of neurons in this pathway,
then, comprise the substrate of anal-
gesia. The locus of this substrate is
suggested by studies that employ intra-
cerebral microinjections of morphine or
its antagonist nalorphine. From these
studies it appears that morphine acts at
certain specific sites in the brain, in-
cluding the hypothalamus (10), the
midbrain central gray matter, and the
more caudal periventricular regions
(11). These are areas showing at least
partial overlap with those where we
find analgesia to result from electrical
stimulation. Also, a high transection of
the spinal cord abolishes the inhibitory
effect of morphine on sensory trans-
mission through the spinal cord (12),
which suggests the existence of a de-
scending inhibitory influence from those
brain regions activated by morphine.
Our observation that the spinally me-
diated flexion or withdrawal reflex was
totally suppressed in analgesic animals
supports this suggestion.

It seems plausible to us that the
analgesia we have observed results from
activation of a neural system in the
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brain which has an ultimate inhibitory
action on sensory transmission in the
spinal cord. The existence of such a
system, a central control mechanism in-
fluencing a spinal “gate” for pain per-
ception, has already been proposed
(13) to account for the powerful mod-
ulating effects psychological factors are
known to have on nociception. Our re-
sults suggest that this system can be
cffectively activated by focal brain

stimulation. These results reinforce con- -

tinuing attempts to apply this technique
to the problem of pain management in
man,
DaAviD J. MAYER
THOMAS L. WOLFLE*
Hupa AkiIL
BROOKS CARDER
JouN C. LIEBESKIND
Department of Psychology,
University of California,
Los Angeles, 90024
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Stage 4 Sleep: Influence of Time Course Variables

Abstract. Age, length of prior wakefulness, length of time asleep, and a circadian
influence all affect stage 4 sleep. The amount of stage 4 sleep decreases as subject’s
age increases and as time asleep increases. Longer periods of wakefulness before
sleep result in greater amounts of stage 4 sleep in the first 3 hours of sleep. Sleep
periods that begin at times other than the regular onset time tend to produce
less stage 4 sleep; this decrease suggests a circadian effect.

For many years we have been stalk-
ing a segment of sleep that is known
as stage 4. We have studied the effects
of stage 4 sleep (I), and others have
studied such variables as drugs (2),
psychopathology (3), exercise (4), and
growth hormones (5). This report is a
review and analysis of data from our
laboratory on the responsiveness of
stage 4 sleep to changes in four com-
monly variable features of human sleep:
age, length of prior wakefulness, length
of the sleep period, and time of sleep
onset (a circadian effect). The first
three variables are a regular part of
daily living. With increase in work
shifts spread throughout the 24-hour
day and in jet travel, the last variable

becomes increasingly important for hu-
man sleep. We have asked, to what
extent can we predict the amount of
stage 4 sleep in humans relative to
variations in the normal sleep-wakeful-
ness distributions?

Stage 4 is one of five stages of sleep
which can be reliably detected by an
electroencephalogram (EEG). Stages 1
to 4 are related to depth of sleep, and
a fifth stage, 1-REM, is associated with
rapid eye movements, an EEG charac-
teristic of stage 1, and visual dreaming
in humans. These stages form a com-
plex and changing pattern throughout
sleep. For example, there is an average
of 32 changes in stage when young
adults sleep at night in the laboratory.
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