may correspond to an evolutionary stage
intermediate between other birds of par-
adise and A. macgregoriae. Their adult
male plumage is more ornamented than
that of any bowerbird: iridescent breast
shield, wirelike ornamental feathers pro-
truding from the head or tail. Unlike
other birds of paradise, these two genera
construct terrestrial display courts that
deserve the name ‘‘bower,’’ but that lack
ornamentation and are simpler than the
bower of any species of Ptilonorhynchi-
dae.

The spatial arrangement of bowers is
relevant to the possible role of arena
behavior in bowerbird evolution (2).
Arena behavior, evolved independently
by numerous species of birds, mammals,
frogs, and insects, means the clustering
of displaying males at traditional display
courts, to which females come for insem-
ination and where males are in visual or
vocal contact with each other. At least
one population of bowerbird (Archboldia
papuensis sanfordi) clearly has its bow-
ers clumped in arenas, but this appeared
to me not true of Amblyornis flavifrons. 1
found bowers along both ridges that I
climbed, the bowers or sets of bowers
were about equally spaced along the
ridges, and the distance between bowers
was such that I could not hear the calis of
one bower-owning male from the next
bower.

JARED M. DIAMOND
Department of Physiology,
University of California Medical School,
Los Angeles 90024
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Selective, Naloxone-Reversible Morphine Depression of

Learned Behavioral and Hippocampal Responses

Abstract. Morphine administered intravenously causes immediate and complete
abolition of a simple learned response (classically conditioned nictitating membrane
extension in rabbit) and of the associated learning-induced increase in hippocampal
neuron activity. Both effects are completely reversed by low doses of naloxone.
Morphine has no effect at all on behavioral performance of the unconditioned reflex

response.

Currently there is widespread interest
in the effects of opiates and endogenous
opioids on learning and memory process-
es (I, 2). At present, these effects are
complex and not well understood (3).
Indeed, the effects of the original opi-
ate—morphine—on learning and memo-
ry processes are not clear (2, 4). A major
source of difficulty is that, in most learn-
ing experiments, drug effects on memory
and on performance cannot easily be
distinguished. Classical conditioning has
the advantage of permitting relatively
direct and independent measurement of

drug effects on the learned response——
the conditioned response (CR)—and on
performance—the unconditioned re-
sponse (UR). If a drug abolishes the CR
but does not affect the UR, performance
variables relating to the execution of the
behavioral response can be excluded.
We now report such a selective action of
morphine on a simple conditioned re-
sponse.

In previous work, we have decribed a
learning-induced increase in hippocam-
pal unit activity that develops in simple
learning situations and that invariably

434 0036-8075/82/0423-0434501.00/0 Copyright © 1982 AAAS

predicts behavioral learning. This re-
sponse is independent of performance
and relates only to the learned response:
over a wide range of conditions that
influence the development, maintenance
and extinction of the learned behavioral
response, alteration of the learning-in-
duced hippocampal response precedes
and accurately predicts subsequent alter-
ation of the learned behavioral response
(5, 6). In short, the hippocampal re-
sponse seems to have the properties of a
relatively direct measure of the inferred
processes of learning and memory re-
trieval in the brain. The present experi-
ment provides a further test of this hy-
pothesis.

Methods of training and recording
have been described in detail (5). Rab-
bits are restrained and given classical
conditioning training with paired tone
conditioned stimulus (CS) (1 kHz, 85 dB,
350 msec) and corneal airpuff uncondi-
tioned stimulus (US) (210 g/cm pressure,
100 msec, coterminating with CS) trials
at a rate of approximately one per min-
ute, eight paired trials and one CS-alone
test trial per block, 13 blocks per day.
Control animals are given the same num-
ber of stimuli but explicitly unpaired in a
pseudorandom sequence with an inter-
stimulus interval of approximately 30
seconds. The nictitating membrane ex-
tension response is measured with a mi-
cropotentiometer attached to the mem-
brane and digitized for computer analy-
sis. Multiple unit and isolated single
unit activity is recorded from the CAl
pyramidal cell layer of the dorsal hippo-
campus using permanently implanted mi-
croelectrodes (or a permanently implant-
ed microdrive system). The largest unit
discharges (multiple unit recording) or
all unit discharges (single unit recording)
are detected with a discriminator circuit
and stored in the computer in 3-msec
time bins for each trial for analysis.
Standard scores of the conditioned in-
crease in unit activity are computed from
the background and CS period activ-
ity.

In the present experiments, animals
were trained to a criterion of eight CR’s
in any nine successive trials, given two
blocks of additional training, and then
injected with morphine intravenously
(ear vein). A rough dose response was
determined in pilot animals injected with
1, 5, or 10 mg of morphine per kilogram
of body weight in constant volume (0.25
ml/kg). The 1.0 mg/kg dose had no effect
on the learned behavioral response and
served as a vehicle control. The 5 and 10
mg/kg doses both had profound effects
on behavior. In these experiments, mor-
phine doses were as follows: 13 paired
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animals were given 5 mg/kg; six paired
animals, 10 mg/kg; and four unpaired
control animals, 5 mg/kg. Naloxone (0.1
mg/kg) was injected five blocks later,
and two additional blocks of training
were given. Two additional animals were
given paired training with unit recording
electrodes in the central nucleus of the
inferior colliculus and injected with 5 and
10 mg of morphine per kilogram, fol-
lowed by naloxone.

Figure 1A shows the behavioral data
for the 5 mg/kg dose of morphine. The
CR was immediately and completely
abolished, but the UR did not change at
all. The CR’s recovered slightly over the
five blocks, and then immediately re-
turned to initial level after naloxone.
This morphine effect on the CR is statis-
tically significant [F(7, 84) = 30.50, P <
.001]. There was no effect on the UR
[F(7, 84), P < 1]. Results for the 10 mg/
kg paired animals were identical except
that the CR was even more profoundly
depressed. This dose had no effect on the
UR. The unpaired control animals per-
mitted independent determination that
morphine had no effects on the UR [F(7,
21) = 1.58, not significant]. The power-
ful effect of morphine on memory re-
trieval was for a task that had just been
learned. The animals had been trained to
a high level of conditioned responding
but had not been overtrained—the mem-
ory is recent, not old.

For hippocampal unit recording, only
those animals with electrode tips local-
ized to the CAl pyramidal cell layer and
with acceptable unit recordings (5) were
analyzed (N = 6). The effect of mor-
phine on the learned hippocampal re-
sponse (standard scores) for this group is
shown in Fig. 1B. As with the learned
behavioral response, the learned in-
crease in hippocampal unit activity was
immediately and completely abolished
[F(7,35) = 3.51, P < .05]. The recovery
of this response is greater than and in
fact predicts the recovery of the learned
behavioral response. Naloxone immedi-
ately restores the learned hippocampal
unit response to its initial level. An indi-
vidual example of the action of morphine
on the simultaneously recorded behav-
ioral and hippocampal unit responses is
shown in Fig. 2. Morphine had no effect
on the number of tone CS evoked unit
discharges in the inferior colliculus. That
the marked morphine depression of the
learned behavioral and hippocampal re-
sponses is immediately reversed by a
low dose of naloxone suggests that it is
due to a specific receptor action, possi-
bly on the w receptors, which preferen-
tially bind morphine and for which nal-
oxone has its highest affinity (7).
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Important recent evidence suggests
that some effects of administered brain
opioids on memory may be mediated in
part peripherally (8). We have completed
preliminary studies with morphine and
naloxone analogs administered both pe-
ripherally and intracerebrally that indi-
cate strongly a direct, central action of
morphine. The selective and reversible
abolition of the CR by morphine pro-
vides a potentially useful tool for identi-
fying the neuronal circuitry that codes
the learned response-—the memory sys-
tem—as well as for understanding of the
mechanisms of action of morphine. The

A ! B

Fig. 1. (A) Mean (N = 13) nictitating mem-
brane response peak amplitude during the
conditioned stimulus period (for CR) and un-
conditioned stimulus period (for UR). Dashed
lines represent the baseline before morphine
was given. (B) Mean hippocampal unit stan-
dard scores during the conditioned stimulus
period. Dashed line represents the baseline.

absence of morphine action on neurons
in the central nucleus of the inferior
colliculus argues that the essential neu-
ronal plasticity coding the learned re-
sponse does not develop in the CS path-
way—the primary auditory relay nuclei
(9). By the same token, the UR is unaf-
fected by morphine. Consequently, the
reflex pathways that generate the UR are
not a part of the essential neuronal plas-
ticity coding memory.

The action of morphine on the learn-
ing-induced hippocampal response paral-
lels its action on the learned behavioral
response. Two effects of hippocampal
unit activity support the general hypoth-
esis that the learning-induced hippocam-
pal unit response is a relatively direct
measure of learning and memory pro-
cesses in the brain. (i) It recovers more
rapidly from the effects of morphine than
the learned behavioral response does,
and (ii) it predicts the recovery of the
behavioral response over trials. It cannot
be argued, however, that the effect of
morphine on the learned behavioral and
hippocampal responses is due to a direct
action on the hippocampus. Although
this is possible, it is also possible that
morphine exerts its primary effects on
other structures and circuits in the brain.
Some portion of the neuronal circuitry
essential for the learned response—for
memory retrieval of a simple, classically

C

[LU.Y R—_

p -

VAN
AL,
N

CA1 mmbtekn n
D E
S PPETITR A B el

W N

e

Fig. 2. Examples of eight-trial averaged behavioral nictitating membrane (NM) responses
(upper trace) and associated multiple unit histograms of hippocampal activity (lower trace, 12-
msec time bins) for a single animal. The early vertical line indicates tone onset, and the later
line, airpuff onset. Total trace length equals 750 msec. {A) Block of eight trials immediately
preceding the injection of morphine. Note the (conditioned) increase in hippocampal activity in
the CS period (CS-US interval), which is completely absent immediately after the injection of
morphine (B). The unit increase begins to redevelop in the later blocks 3 to 5 (C to E). Both the
behavioral and unit conditioned responses recover fully after an injection of naloxone (F).

435



conditioned response to an aversive
US—is impaired by morphine. It may be
that conditioned aversiveness or fear is
an essential component of learning and
memory in this task. Considerable evi-
dence implicates morphine as acting on
conditioned fear (10, 11).
MicHAEL D. MAUK
JoHN T. WARREN
RicHARD F. THOMPSON
Department of Psychology,
Stanford University,
Stanford, California 94305
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Heroin ‘“‘Overdose’’ Death: Contribution of

Drug-Associated Environmental Cues

Abstract. A model of *“‘overdose’ deaths among heroin addicts is proposed which
emphasizes recent findings concerning the contribution of drug-associated environ-
mental cues to drug tolerance. Results of animal experiments performed to evaluate
this model suggest that conditioned drug-anticipatory responses, in addition to
pharmacological factors, affect heroin-induced mortality.

Substantial tolerance generally devel-
ops to the effects of opiates; the drug-
experienced individual can survive a
dose many times greater than that which
would kill the drug-inexperienced indi-
vidual (/). Despite such tolerance, about
1 percent of U.S. heroin addicts die each
year, mostly from the so-called overdose
(2). In urban areas with substantial num-
bers of addicts, drug overdose is among
the leading causes of death in people
aged 15 to 35 (3). Postmortem examina-
tion of these victims routinely reveals
pulmonary edema (4), which usually is
attributed to hypoxia resulting from
drug-induced respiratory depression (5).

Although mortality attributed to drug
overdose is a major public health prob-
lem, its mechanisms are unclear. Some
fatalities result from pharmacological
overdose (6), but many experienced drug
users die after a dose that should not be
fatal in view of their tolerance (7, &).

Indeed, some die following a heroin dose
that was well-tolerated the previous day
(8). Some fatalities may result from a
synergism between the opiate and other
drugs concomitantly administered or
from adulterants (especially quinine) in
the heroin, but many do not result from
such drug interactions (7, 8).

We suggest that drug ‘“‘overdose’” may
frequently result from a failure of toler-
ance. That is, the opiate addict, who can
usually tolerate extraordinarily high
doses (4, 9), is not tolerant on the occa-

Table 1. Rat mortality after the injection of
heroin at 15 mg/kg.

Grou Number Mortality
P of rats (%)
ST 37 324
DT 42 64.3
Control 28 96.4
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sion of the overdose. A recently pro-
posed model of tolerance based on the
principles of Pavlovian conditioning (10)
suggests conditions that favor such a
failure of tolerance. The model is based
on Pavlov’s (/1) suggestion that drug
administration constitutes a conditioning
trial, with the conditioned stimulus con-
sisting of environmental cues present at
the time of administration and the uncon-
ditioned stimulus consisting of the sys-
temic effects of the drug. According to
this interpretation of tolerance, as the
drug is administered with increasing fre-
quency, with the same environmental
cues signaling each pharmacological
stimulation, an association is established
between these cues and the central ef-
fects of the drug. This association may
be revealed in a subject with a history of
drug abuse by administering a placebo in
the drug administration environment.
Conditioned pharmacological responses
revealed in this manner are often the
converse of the unconditioned drug ef-
fects (10, 12). Such anticipatory respons-
es attenuate the drug effects and contrib-
ute to tolerance. Accordingly, environ-
mental signals of impending pharmaco-
logical stimulation are important because
they enable the organism to make com-
pensatory conditioned responses in an-
ticipation of the unconditioned effects.

On the basis of this model, a failure of
tolerance should occur if the drug is
administered in an environment that has
not, in the past, been associated with the
drug. Indeed, several studies have dem-
onstrated such dependence of opiate tol-
erance on environmental cues. For ex-
ample, if the last of a series of morphine
injections is given in the presence of cues
that have not previously signaled the
drug, rats and humans display less toler-
ance than if this injection were given in
the presence of the usual drug-associated
cues (13). Although these studies estab-
lish a role for learning in morphine toler-
ance, primarily small drug doses were
used. There is evidence, however, that
the conditioning model of tolerance ap-
plies to the pernicious effects of very
high doses of opiate (/4). Thus, one
contributing factor in death from the so-
called opiate overdose might be the ab-
sence of a conditioned compensatory
pharmacological response.

The results of the study described be-
low indicate that heroin-induced mortal-
ity in heroin-experienced rats is higher
when the drug is injected in an environ-
ment not previously associated with the
drug than when it is injected in the usual
drug-administration environment. The
experimental design used provided a
methodologically rigorous demonstra-
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