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Preface

The study of the neurobiology of learning and memory has not been fully
exploited in terms of drug abuse research. Studies of learning and memory
can add to our understanding of drug abuse by demonstrating: the conse-
quences of drug abuse on performance and cognitive function; the role(s) of
endogenous opioids on memory processes; how drug effects on perception,
arousal, and motivation modify learning and memory; and the mechanisms
involved in the development of tolerance and sensitization. There are a
number of animal models available to researchers; the choice of a model
depends on the aim of the experiment. Thus, simple, one-trial learning is
appropriate for studying effects of drugs and endogenous opioids on the
stages of memory formation, while complex tasks can be used to test cogni-
tive function analogous to that seen in humans. By using appropriate
animal models, studies can be directed at pinpointing the anatomical, physi-
ological, and pharmacological substrates mediating effects on learning and
memory.

This monograph is the result of a technical review that was held September
28-29, 1988 to assess the available model systems and the current research
on the neurobiology of learning and memory as it relates to the study of
drug abuse. This technical review and monograph complement Monograph
84, "Learning Factors in Substance Abuse,” which presents the clinical
perspective on this area. The reports in this monograph present studies by
researchers in the field of drug abuse and neuroscientists in the area of
learning and memory whose model systems are relevant to drug abuse
research.

A convincing. case was presented by Dr. Rosenzweig for the use of a
simple peck-aversion task in the chick in studying the different stages of
memory formation. The use of the chick model is well suited for determin-
ing dose-effects functions of pharmacological agents and mapping the re-
gions in the chick brain that participate in memory formation. Studies are
under way using the chick model to characterize the effects of endogenous
opioids and agonists and antagonists selective for opiate receptor subtypes
on learning and memory processes.

While one-trial learning tasks can be used to advantage to elucidate the
dynamic aspects of the memory process, the use of complex tasks is



necessary to model human memory performance. Dr. Kesner described the
use of spatial location tasks in the rat to model human list learning. Rats
display serial position curves, serial anticipation learning, coding of temporal
information, repetition lag functions, and the use of retrospective and pro-
spective codes that are very similar to those seen in human subjects. In
addition, there are comparable memory-deficit patterns observed in brain-
damaged humans and in rats with lesions in homologous brain regions.

Dr. Olton presented a strategy that might be useful for probing for deficits
produced by chronic exposure to drugs of abuse. He described the use of a
drug challenge with scopolamine to disclose a latent impairment produced
by previous chronic treatment with a cholinesterase inhibitor. While chronic
cholinesterase treatment alone produced no decrements in successive rever-
sals of a two-choice simultaneous discrimination or in a delayed match-to-
sample task, previous cholinesterase treatment did potentiate the effects of
scopolamine on these tasks. Dr. Olton also delineated some of the factors
that must be considered in developing animal models for evaluating the
effects of drugs of abuse on learning and memory.

Enkephalins are endogenous opioid peptides that have a modulatory influ-
ence on the strength of the memory trace and may affect the specific sites
of memory storage by affecting hippocampal plasticity. Dr. Martinez’s lab-
oratory is investigating both of these processes. Leu-enkephalin (LE) may
be a stress as well as a learning hormone. It has a modulatory effect on
the acquisition and retention of conditioned responses that is mediated, at
least in part, by a site outside the blood-brain barrier. In addition to this
learning modulatory role, opioid peptides are involved in the induction of
mossy-fiber long-term potentiation in the CA3 region of the hippocampus.
Long-term potentiation is a change in synaptic strength that is thought to
underlie memory storage.

Dr. Deadwyler stressed the importance of studying the underlying neurobiol-
ogy of the effects of both short- and long-term drug exposure on learning
and performance. Drugs of abuse may affect cognitive and behavioral proc-
esses while the subject is intoxicated, during withdrawal, and long after
drug exposure has ceased. Since much of the study of the neurobiology of
learning and memory focuses on the hippocampus, Dr. Deadwyler’s labora-
tory has focused on understanding how disruptions in hippocampal function
mediate the effects of delta-9-tetrahydrocannabinol (delta-9-PTHC), the
psychoactive constituent of marijuana, on learning and memory. Dose-
dependent delta-9-THC-induced behavioral deficits were demonstrated in the
detection and processing of conditioned sensory stimuli as well as in the re-
trieval of ftrial-specific information. Hippocampal electrophysiological corre-
lates were altered over the same dose range as was behavior,

The hippocampus is also involved in associative learning, and Dr. Disterhoft
describes experiments to elucidate the hippocampal cellular bases of rabbit
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eyeblink conditioning. To this end, behavioral testing is combined with in
vivo hippocampal electrophysiological recording and in vifro recording from
a hippocampal slice preparation. Recording from slices enables the study of
the ionic mechanisms underlying associative learning. Dr. Disterhoft report-
ed conditioning-specific reductions in the CAl pyramidal cell after hyper-
polarization, a response that is due primarily to calcium-mediated potassium
currents. Data were also presented that nimodipine, a calcium channel
blocker, facilitates acquisition of the conditioned eyeblink response in aged
and young rabbits, suggesting that it may be possible to affect learning and
memory through pharmacological manipulation of calcium flux.

Dr. Levy presented an information computation perspective for relating
hippocampal cellular physiology and anatomy to system physiology. The
brain’s function is to ensure survival of the organism by controlling the
environment through the ability to make predictions. Prediction is possible
because of the spatiotemporal regularities and physical constraints, i.e., the
redundancies in the environment. This approach analyzes the hippocampus
in terms of the storage of redundancy at synapses to yield the predictive
representations and the reduction of signal redundancy.

The enhancement of the short-latency acoustic startle reflex by prior fear
conditioning is an excellent paradigm for investigating the effects of anxio-
lytic drugs as well as for studying where in the nervous system plastic
changes occur that enable a conditioned stimulus to affect behavior. In this
paradigm, a cue previously paired with a shock produces an augmented
startle response elicited by a loud tone. Dr. Davis presented data on the
temporal specificity of fear-potentiated startle that demonstrated that the con-
ditioned stimulus in fear conditioning is not the light alone but rather the
temporal pattern of events that are paired with the unconditioned stimulus
(shock) in training. Lesion and electrical stimulation studies have mapped
the primary startle circuit as well as the point at which the visual condi-
tioned stimulus modifies transmission in the startle pathway. Other studies
using lesions and stimulation of the central nucleus of the amygdala suggest
that a neutral stimulus will elicit a state of fear when that stimulus activates
the amygdala after being paired with an aversive stimulus.

Dr. Koob suggested that, in addition to its role in ACTH release from the
anterior pituitary, CRF is a neurotransmitter in a brain arousal system that,
under conditions of extreme activity or chronic activation, produces the be-
havioral manifestations of stress. In a number of behavioral tests (open
field, operant conflict, conditioned suppression, and acoustic startle) CRF
appears to be anxiogenic. CRF seems to play a role in learning where
arousal and/or an aversive stale are required for animals to learn an associa-
tion such as in two-way active avoidance or the conditioned emotional re-
sponse paradigm. Thus, the brain CRF system may be required for forming
associations between aversive events and previously neutral stimuli.
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Drawing on several studies in human subjects in which the levels of arousal
of the subjects modified drug effects on cognitive performance, Dr. Kornet-
sky stressed that, when studying the effects of drugs on cognitive perfor-
mance, investigators should always consider whether the observed effect is
due to a direct action on the neurobiological substrate of learning and
memory or is due to alterations of motor or perceptual-attentional systems.
Dr. Kornetsky then described a series of studies in animals in which it was
possible to dissociate drug effects on the threshold for rewarding brain
stimulation from effects on the threshold for detection of intracranial stimu-
lation. Thus cocaine lowers (and pimozide raises) the threshold for reward-
ing stimulation at doses that have no effect on stimulus detection. This
suggests that attentional-perceptual functioning is not impaired at doses of
cocaine that are euphorigenic.

Dr. Lé presented evidence that learning factors play a role in the develop-
ment of functional tolerance, a neuroadaptive process in which there is a re-
duction in CNS sensitivity to the drug. Evidence that learning plays a role
in tolerance comes from the demonstration that behavioral manipulations
such as practice while intoxicated and classical conditioning and neurobio
logical manipulations (brain lesions or changing neurotransmitter levels) that
affect learning can influence tolerance development. Dr. Lé suggested that
tolerance that develops through learning involves different mechanisms than
tolerance that results pharmacologically. To clarify whether there are two
separate mechanisms, studies using neurobiological manipulation should be
conducted under conditions in which either pharmacological or learning
factors predominate.

In his treatment of the role of conditioning in sensitization produced by
psychomotor stimulants, Dr. Pert presented a historical perspective on the
development of current thinking in this area. Stimulant-induced behavioral
sensitization is due to neuropharmacological changes resulting from repeated
drug administration, such as changes in neurotransmitter release or reuptake
and conditioned drug effects elicited by situational cues including both envi-
ronmental and procedure-induced interoceptive stimuli. Pharmacological and
lesion studies from Dr. Pert’s laboratory suggest that dopamine in the nucle-
us accumbens and amygdala are essential for the acquisition of conditioned
locomotor excitation. Dopamine in the amygdala appears to modulate the
attachment of emotional significance to a given stimulus and may determine
which stimuli gain access to structures afferent to the amygdala, while
dopamine in the accumbens determines which limbic inputs gain access to
motoric output.

I would like to thank all of the authors of chapters in this monograph for
their thoughtful presentations. This monograph highlights many areas of re-
search that the National Institute on Drug Abuse wishes to encourage, and I
hope it will stimulate interest in these areas.
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The Chick as a Model System for
Studying Neural Processes in
Learning and Memory

Mark R. Rosenzweig

INTRODUCTION

Reports of learning by young chicks and other precocial birds were made in
the last century, but it was only in the 1970s and 1980s that extensive
experimental work was done on brain mechanisms of learning and memory
in the chick, and this research is gaining in volume and importance. In
1873, Spalding published the first report of what is now called imprinting in
domestic fowl. In 1896, Lloyd Morgan commented on rapid learning and
lasting memory in young chicks. He reported that if young chicks pecked
once at conspicuously colored but bad tasting cinnabar caterpillars, they
refrained from pecking if presented with the caterpillars on subsequent days.
In the late 1890s, Edward L. Thorndike (1898) studied learning in chicks as
well as in dogs and cats. For the chicks, he used simple mazes constructed
of books standing on end.

All of these kinds of learning, as well as several other paradigms, are being
studied by contemporary investigators. During September 19 through 22,
1988, the author participated in a conference at the University of Sussex
that brought together most of the investigators from around the world
studying learning, memory, and neural plasticity in chicks. There were 35
papers and about 20 posters. Several of the contributions will appear in a
book to be edited by Professor Richard J. Andrew of the University of
Sussex. Some of the participants’ conclusions about the advantages and
disadvantages of the chick subject will be summarized in the last section of
this chapter.

The two learning situations most frequently used with chicks are imprinting
and peck-aversion learning. Research on imprinting and its brain mecha-
nisms has been reviewed recently in a book by Horn (1985). Peck-aversion
learning is related to Lloyd Morgan’s observation; it was made into an ex-
perimental method by the pharmacologist Arthur Cherkin (1969). Cherkin’s
method was to allow a chick to peck at an attractive lure-in the first ex-
periments, a tiny light, and, in later experiments, a small metallic bead. If



the lure was coated with a bitter substance, the chick showed a disgust
response, and it refused to peck at a similar lure a second time, whether the
next presentation occurred seconds, minutes, hours, or days after the original
trial. The chick pecked at other targets, even a bead of a different color,
so it did acquire a discrimination in a single trial. Cherkin and his co-
workers used this method to study the effects of anesthetics and other phar-
macological agents on the formation of memory (Cherkin 1969; Cherkin and
Lee-Teng 1965; Davis et al. 1982). Since this learning can be timed accu-
rately, it offers a useful technique for the study of the temporal course of
memory formation, including the stages of formation of memory. Use of
this task is affording a cohesive body of data on the processes of memory
formation. (It may be noted that this tactic is the opposite of that discussed
by Kesner (this volume) in that it eschews complexity for brevity and sim-
plicity; both tactics are appropriate for studying different aspects of learning
and memory.)

This chapter will consist of four main parts: (1) evidence for multiple
stages in memory formation, including some new findings; (2) participation
of different regions of the chick brain in stages of memory formation;

(3) effects of opioid agonists and antagonists on learning and memory in
the chick; and (4) advantages and disadvantages of the chick for studies of
brain mechanisms of behavior and for studies of the effects of pharmaco-
logical agents.

EVIDENCE FOR MULTIPLE STAGES IN MEMORY FORMATION

A Review of Research and Hypotheses on Multiple Stages in
Memory Formation

Evidence of many sorts has been offered since the work of Ebbinghaus for
the existence of at least two stages of memory, now called short-term
memory (STM) and long-term memory (LTM), and research with chicks is
now contributing to this topic. Parametric differences between STM and
LTM in human verbal learning convinced many that these are two quite dif-
ferent stages. A basis for this work had been provided by Mueller and
Pilzecker (1900) in their perseveration-consolidation hypothesis of the for-
mation of memory. References to the term “short-term memory” began to
appear in the Psychological Abstracts by 1964, and they continued at a high
rate through the 1970s reaching a peak of over 10 per 1,000 references in
1980, then falling in the present decade to a level of about 2 per 1,000 ref-
erences. Some continue to view the distinction between STM and LTM as
fundamental or at least highly useful (e.g., Horton and Mills 1984; Simon
1986), but others believe that the concept of a separate STM has outlived
its usefulness (e.g., Crowder 1982).

Neuropsychological studies also support a dissociation between STM and
LTM. Deficits of memory often affect formation of LTM but leave STM



intact, as in the well-known case of H.M. (Corkin 1984). On the other
hand, there are reports of impairment of STM with LTM intact (Baddeley
and Warrington 1970; Warrington 1982). Thus, the effects of certain brain
lesions may dissociate the two stages.

Studies with animal subjects on consolidation of memory began with the
work of Duncan in 1949. In the same year, Hebb (1949) and Gerard
(1949) independently set forth dual-trace hypotheses of memory. Although
neither Hebb nor Gerard mentioned Mueller and Pilzecker, their 1949 hy-
potheses appear to be based on that of the earlier workers; perhaps Mueller
and Pilzecker’s formulation had become so much a part of the background
knowledge of investigators in learning and memory that it had become
generic. In 1968, McGaugh published a schematic graph (figure 1) suggest-
ing that performance after a learning trial is held very briefly by a sensory
buffer and then by three overlapping stages: STM, intermediate-term
memory (ITM), and LTM; this figure has been adapted and reprinted by
many authors, often without acknowledgment of the original.

MULTIPLE TRACE HYPOTHESIS

I BUFFLR

STRENGTH
Of TRACE

! SHORT TERM MEMORY

INTERMEDIATE TERM -
R ~.F MEMORY -

|NPU‘J TIME  smmmamm—y--

FIGURE 1. Diagram of a multiple-trace hypothesis of memory storage

SOURCE: McGaugh 1968, copyright 1968, Academia Nazionale dei Lincei.



In 1972, McGaugh and Herz edited an important volume that reviewed ani-
mal research on consolidation of memory. By that time, the concept of
consolidation had almost disappeared from research on human memory.
Since then, there has been some revival of research on consolidation in nor-
mal human subjects, and there has also been interesting research on consoli-
dation in patients with impaired memory, as is reviewed in a book edited
by Weingartner and Parker (1984). In animal research, Bennett et al.
(1972) introduced the use of the protein synthesis inhibitor (PSI) anisomycin
for work on formation of LTM. (It is true that, in the previous year,
Schwartz et al. (1971) had shown that anisomycin does not prevent short-
term sensitization in Aplysia, but they did not show that anisomycin can
prevent formation of LTM, nor did they deal with associative memory.)
The findings of Bennett el al. (1972) appeared to demonstrate that anisomy-
cin can prevent formation of LTM for associative learning in mammals.
Anisomycin, a relatively nontoxic agent, overcame several of the difficulties
that had complicated interpretation of research using other inhibitors such as
puromycin and cycloheximide. Flood, Rosenzweig, and collaborators added
evidence that protein synthesis must occur in a narrow time window follow-
ing training if LTM is to be formed (Flood et al. 1972; Flood et al. 1973;
Flood et al. 1975; Rosenzweig and Bennett 1984a; Rosenzweig and Bennett
1984b). Rosenzweig and Bennett (1984a) suggested that the protein might
be required, in part at least, for the changes seen in synaptic number and
structure as a result of differential experience (Diamond et al. 1975) or of
formal training (Chang and Greenough 1982). Control experiments were
performed to test whether the PSIs affected formation of LTM as such, or
whether the effects could be attributed to influences on factors such as per-
ception, motivation, learning, or motor performance. For example, adminis-
tration of PSIs an hour or more before training was found not to affect
learning, even though it affected other aspects of behavior. A large dose of
anisomycin 5 hours pretraining altered the motivational state of mice but did
not interfere with retention, whereas a small dose that blocked protein syn-
thesis in the immediate posttraining period prevented formation of LTM
(Davis et al. 1980).

Meanwhile in the 1970s, the neurochemical bases of formation of the earlier
stages as well as of LTM were investigated by Mark and Watts (1971) and
Watts and Mark (1971) and then by Gibbs (formerly Watts) and collabora-
tors (Gibbs and Ng 1978; Gibbs and Ng 1979; Gibbs and Ng 1984). This
research employed the one-trial taste avoidance training (or peck-aversion
training) of chicks introduced by Cherkin (1969). In 1977, Gibbs and Ng
set forth a comprehensive model of memory formation, including three se-
quentially dependent stages, each depending upon different neurochemical
mechanisms. Formation of LTM in chicks required synthesis of proteins in
the brain shortly after training, as Flood, Bennett, Rosenzweig, and others
had shown with rodents (Flood et al. 1973; Flood et al. 1975; Rosenzweig
and Bennett 1984a; Rosenzweig and Bennett 1984b). An early stage
(STM), lasting about 10 minutes, appeared to depend upon hyperpolarization



due to potassium conductance; a later stage (called the labile stage but in
later articles ITM), lasting about 30 minutes, was hypothesized to depend
upon hyperpolarization associated with sodium pump activity. Research in
the author’s laboratory with chicks has confirmed and extended many of the
observations of Gibbs and Ng (Patterson et al. 1986) but has also indicated
the importance of calcium influx and calmodulin for the early stages of
memory formation (Patterson 1987).

Preliminary work of Patterson et al. (personal communication) has also
yielded indications that some agents lead to a decline of memory by 30 sec-
onds after training. If confirmed, this may reveal a stage of memory for-
mation in the chick that resembles STM of human learners in its temporal
parameters. For the present, however, the author will continue to use the
term STM, in research with chicks, to designate a stage that lasts about

10 minutes.

The existence of three main stages in memory formation is indicated by the
fact that use of a variety of amnestic agents yields only three curves of
appearance of amnesia and not a different curve for each agent. Table 1
shows some of the agents that produce each of the three time curves.
These data suggest that there are three main stages of memory formation,
each of which can be affected by a number of different agents.

TABLE 1. Groups of amnestic agents that cause identical curves of
decay of memory

STM ITM LT™M
Glutamate Ouabain Anisomycin
LaCl, Scopolamine Cycloheximide
KCl1 Trifluoroperezine Emetine

Ethaainic Acid Aminoisobutyrate

Evidence from Animal Behavior for the Existence of Stages of Memory

Could direct behavioral evidence for the existence of stages of memory be
found? Behavioral studies by Kamin (1957a; Kamin 1957b; Kamin 1963),
and others indicated that the course of memory strength following training
may not be monotonic but may include one or more dips (Gisquet-Verrier
1983). In general, however, the complex timecourse was interpreted as
indicating motivational factors rather than stages of memory formation.
Furthermore, studies of the Kamin effect did not investigate in detail the
changes in the strength of memory within the first hour after training.
Gibbs and Ng (1977) and Gibbs and Ng (1984), however, reported that



memory of chicks for peck-aversion training shows dips or “fissures” at
about 12 and 55 minutes posttraining, and they interpreted the earlier dip as
marking the transition from STM to ITM and the second dip as marking the
transition from ITM to LTM. They also repotted that the timing of these
dips could be shifted by various pharmacological agents. The existence of
two sharp dips has not yet been confirmed by publications from other labo-
ratories, and doubts have been raised about them (Roberts 1987; Ng and
Gibbs 1987).

Evidence has recently been obtained that bears upon this question. In order
to conduct research on enhancing memory formation by pharmacological
agents including opioid agonists and antagonists, Diane W. Lee, in our
laboratory, has been giving chicks weaker training by using dilute solutions
of methyl anthranilate (MeAn) as the aversive substance. The results

at 24 hours revealed, as Gherkin (1971) had reported, that animals trained
with diluted MeAn showed less retention than animals trained with 100 per-
cent MeAn. We then wondered whether testing their memory at different
times following training might reveal successive drops in performance like
the hypothetical cures of McGaugh (1968) and, thus, indicate stages in
memory formation. This research is in progress; the results to date (based
on 20 to 25 animals per point) are shown in figure 2. They do suggest
successive stages in memory formation, but the presumed stages do not
drop off monotonically as do McGaugh’s curves. Now that we have indi-
cations of cusps around 15 minutes and 60 minutes, further work is being
done to define these time regions more clearly. It seems quite possible that
weaker training allows the transitions between stages to appear rather
clearly, whereas stronger training pushes behavior toward the ceiling at all
time points. The effects of various amnestic agents on performance after
weaker training will also be tested in an attempt to define more completely
the shapes of each of the component curves. The first component is seen
more clearly in a graph that expands the time scale (figure 3); this is a
limb that descends steeply to 60 seconds. It appears to be like the compo-
nent labeled “sensory buffer” in McGaugh’s presentation, but note that it
has approximately the duration of STM in studies of human verbal learning.
Perhaps this should be labeled STM, and perhaps two intermediate-term
stages follow before protein-synthesis-dependent LTM appears.

Clearly, there is much to do along these lines. The appearance of distinct
successive stages in the behavioral curves opens up new possibilities for
research and for understanding of memory, and these possibilities have
begun to be pursued in research with chicks.

ROLES OF DIFFERENT BRAIN REGIONS IN MEMORY
FORMATION IN THE CHICK

It has been found that not all sites in the chick brain have the same signifi-
cance for formation of memory. This research was made possible by the



EFFECT OF TRAINING STRENGTH
(MeAn CONCENTRATION) ON RETENTION
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FIGURE 2. Effect of training strength on retention of the peck-aversion
response

NOTE: Training strength was varied by diluting the concentration of the bitter substance on the
training bead (MeAn 100 percent, 10 percent. and 5 percent). Training-to-test intervals were
the following: 10 and 30 seconds; 1, 5, 10, 15, 20, 30, 45, 60, 90, and 120 minutes; and
24 hours. Percent avoidance is the percentage of chicks that refrained from pecking in the
10-second test period. The results are cumulative data from three successive experiment in
which 8 to 10 chicks were tested at each time point. Separate groups of chicks were tested
for each time pint.

finding that certain amnestic agents, administered in rather low doses, affect
only a small volume of tissue around the site of injection, as has already
been reported (Patterson et al. 1986). Among such agents are glutamate,
which impairs formation of STM; ouabain, which impairs formation of
ITM; and emetine, which impairs formation of LTM. (These designations
of memory stages are used here as the author and others have used them in



EFFECT OF TRAINING STRENGTH
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FIGURE 3. Effect of training strength on retention of the peck-aversion
response for the first eight time points

NOTE: The data of figure 2 are replotted here for the first eight time points

previous publications, although the author is not convinced that they are
correct.) The first studies on this topic in our laboratory, made by Teresa
Patterson, used injections into two regions of the chick forebrain that are
analogous to cerebral cortex in mammals: the intermediate medial hyper-
striatum ventrale (IMHV) and the lateral neostriatum (LNS). With bilateral
injections, IMHV and LNS showed rather similar dose-response functions
for amnesic effects (table 2). Unless otherwise noted, all injections were
made 5 minutes before training, and testing was done 24 hours later. The
dose-response functions in the table have been abbreviated, to show some of
the main data without making the tables too full.
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TABLE 2. Abridged dose-response curves for three amnestic agents in two
regions of chick brain (percent chicks showing avoidance at
24-hour test)

IMHV LNS
GLUTAMATE (mM) Sal 25 37 50 Sal 50
Experimenter
TP 8.5 70 55% 38* 76 49*
PS 86 42%*
OUABAIN (mM) Sal 007 014 027  Sal 027
TP 85 87 49* 25% 76 28%
PS 82 46*
EMETINE (mM) Sal 0.08 1.5 225 30  Sal 15 225
TP 82 70 24%* 40* 40* 76  45*% 40*
4.0
PS 85 55% 54* 50*

*Statistically significant amnesia.

NOTE: TP=T.A. Patterson; PS=P. Serrano.

The fact that IMHV and LNS yield similar results with bilateral injections
does not allow one to conclude that these two sites play identical roles in
memory formation. Unilateral injections produce mirror-image effects at
these two loci (figure 4); injections in the left IMHV cause amnesia, where-
as injections into the right IMHV produce no significant effect. At the
LNS, the situation is reversed; injections into the left LNS are without
effect, but injections into the right LNS cause amnesia. At each site, each
amnestic agent causes amnesia to appear according to the temporal charac-
teristic of that agent—STM, ITM, or LTM. Note also that effects at each
site showed sequential dependence; that is, preventing formation of one
stage of memory also prevented the appearance of the later stage or stages.

Peter Serrano, in the author’s laboratory, has been exploring further brain
sites. One of these is the cerebellum, because recent research (Thompson
1986) has shown that mechanical or chemical lesions of the deep cerebellar
nuclei prevent formation of conditioning of somatic responses. Serrano,
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FIGURE 4. Comparison of effects of unilateral injection of amnestic
agents into the left or right IMHV or the leji or right
LNS

NOTE: Injections were made 5 minutes pretraining, and memory was tested at 24 hours. Saline con-
trol group were run with each of the 12 drug groups. Since the retention of the saline
control groups varied from 74 to 86 percent, each of these values has been normalized to 80
for clarity of presentation. but the magnitude of the difference between each drug group and
its control group has not been altered. Numbers of chicks ranged from 39 to 58 per group.
Each of the three agents caused significant amnesia when injected into the left but not the
right IMHV, each caused significant amnesia when injected into the right but not the left
LNS.

SOURCE: Patterson, unpublished doctoral dissertation.

therefore, tested the same three amnestic agents with deep cerebellar injec-
tions (table 3). The results showed a lack of amnesic effect for doses that
are amnestic in IMHV or LNS; even tripling effective doses for the other
sites did not cause amnesia when the agents were injected into the
cerebellum.

Thus far, it appeared that a brain site was either involved in memory for-
mation for the peck-aversion response in the chick (as is the case for
IMHV and LNS) or that it was not involved (as is the case for the cerebel-
lum). But exploration at a further site revealed another possibility (table 4):
bilateral injections of glutamate into the lobus paraolfactorium (LPO) did
not cause amnesia within or even beyond the dose range that was amnestic
in IMHV or LNS. Injections of emetine into LPO were largely without
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TABLE 3. Abridged dose-response curves for three amnestic agents in
cerebellum (percent of chicks showing avoidance at 24-hour

test)
GLUTAMATE (mM) Sal 45 60 90
81 68 65 68
OUABAIN (mM) Sal 025 035 05
94 77 89 92
EMETINE (mM) Sal 1.0 20 8.0
81 71 94 88

effect, although at a high dose a small amnesic effect was observed. How-
ever, ouabain produced amnesia when injected into LPO at the same dose
used for most of the experiments with IMHV and LNS. The lime curve of
amnesia produced by ouabain in LPO was similar to the curves found with
injections into IMHV and LNS. Moreover, scopolamine, another agent
found to prevent formation of ITM in IMHV, was also found to be effec-
tive in LPO. Thus, there is presumptive evidence that LPO plays a role in
formation of ITM but not in the formation of STM or LTM. It should be
noted that, although LPO does not appear to be involved directly in forma-
tion of LTM, the same sequential dependence is seen here as at IMHV and
LNS; that is, prevention of formation of ITM by intervention at LPO causes
failure of LTM, since the test was made at 24 hours.

TABLE 4. Abridged dose-response data for three amnestic agents in lobus
paraolfactorium (percent of chicks showing avoidance at
24-hour test)

GLUTAMATE (mM) Sal 35 50 70
89 78 77 83

OUABAIN (mM) Sal 02 03 .04 .05
87 65 50%  38%  40%

EMETINE (mM) Sal 225 30 6.0
82 79 72 6l*

*Statistically significant amnesia.
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Exploration is continuing at other brain sites. Possibly some will be found
that appear to have special significance for formation of STM or LTM, as
LPO appears to have for ITM. Even among the sites already identified, it
will be necessary to trace their connections and intereactions and to try to
find how each fits into an overall picture of the formation of the stages of
memory.

A note of caution must be added here. The dosages stated in tables 2
through 4 are based upon amounts injected into the chick brain, but we
found recently that half or more of the injected material may leak rapidly
out of the brain through the track of the hypodermic needle unless special
precautions are taken. This was discovered when a measurement of the rate
of metabolism of radioactively labeled [leu]enkephalin injected into one
hemisphere of the chick brain was sought. Chicks were sacrificed from 1
to 60 minutes after injection, the brains were dissected into several samples,
and the radioactivity was determined by scintillation counting. It soon
became apparent that much of the activity could not be recovered from the
brain, even at the earliest analyses. Activity was found on the surface of
the head and on the headholder. This problem had not been encountered in
work with rodents, where injections were made through indwelling cannulas.
The loss of material from the chick brain was not only relatively large but
was also was variable from animal to animal. Because of these losses, the
doses stated in this article and in published reports from the author’s
laboratory and other laboratories are probably too high by at least a factor
of two.

In spite of the low and variable recovery, it has been possible to determine
the transfer of radioactivity from the site of injection to neighboring regions,
to the other hemisphere, and into the hindbrain. Over 90 percent of the re-
covered activity is found in the injected hemisphere, and nearly 90 percent
of this amount is found close to the site of the injection. The distribution
does not appear to be time dependent. It should be noted that preliminary
studies have shown that [leu]enkephalin is metabolized to smaller peptides
within 1 to 2 minutes after injection into the chick brain. When radio-
actively labeled glutamate or ouabain were injected into one hemisphere,
data for localization of the recovered activity were similar to those found
for [leu]enkephalin. Thus, in spite of the loss of material, the data support
the localization of the regions of the brain involved in memory formation.

EFFECTS OF OPIOID AGONISTS ON LEARNING AND MEMORY
IN THE CHICK

Because many similarities were found between chicks and laboratory rodents
in their responses to amnestic agents, the author collaborated with Dr. Joe
L. Martinez, Jr., and his research group to determine whether chick learning
and memory formation might provide a useful model system for the study
of the effects of opioid agonists and antagonists. Preliminary findings
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appear in Patterson et al. (1989), and other findings have been reported at
the Society for Neuroscience (Bennett 1988); some of the results will be
reported briefly here.

B-endorphin (B-END) injected bilaterally 5 minutes before training (10 pl/
hemisphere into the region of the IMHV) made the chicks amnesic at tests
conducted 24 hours later. Three doses of B-END produced significant
amnesia, compared to the retention of control animals that received injec-
tions of physiological saline solution: 0.01 nmole/hemisphere, O-END wvs.
saline, ¥*(4, n=63)=4.8, p<.05.; 0.10 nmole/hemisphere, B-END vs. saline,
X4(4, n=64)=5.8, p<.05; 1.0 nmole/hemisphere, B-END vs. saline, x4,
n=63)=9.5, p<.01.

To test whether the effect of P-END was an opioid effect and not due to
some other type of action of the drug, we tested to see whether it could be
reversed by naloxone in experiments conducted like the previous one.
P-END given alone or in combination with a low dose of naloxone (16.0
nmole/hemisphere) produced significant amnesia compared to saline controls.
But a higher dose of naloxone (50.0 nmole/hemisphere) reversed the
amnesia caused by P-END. Flood et al. (1987) have reported that naloxone
administered immediately posttraining enhanced memory formation in both
chicks and mice. In their experiments, naloxone was approximately 1,000
fold more potent when administered intracerebroventricularly than subcuta-
neously, so it appears to exert its effect within the central nervous system.

[Leu’Jenkephalin (LEU), employed in similar experiments, was found to be
amnestic at a dose of 1.0 nmole/hemisphere. Since LEU works mainly on
delta receptors, the effects of an agonist that is highly selective for delta

receptors, [D—Penz, L-Pen’Jenkephalin (DPLPE), were tested. Injections of

10 @/hemisphere of DPLPE produced significant amnesia.

The reversal of amnesia produced by either LEU or DPLPE by the use of
an agonist that is selective for the delta receptor, ICI 174,864, was then
attempted. Figure 5 shows that LEU and DPLPE again produced significant
amnesia compared with saline-injected controls. ICI 174,864 reversed these
amnesias in a dose-dependent manner.

These indications of clear effects of opioid agonists and antagonists on
learning/memory formation in chicks have encouraged the author to further
develop a chick model to investigate effects and mechanisms of drugs of
abuse. Several lines of research are being followed. Whether the effects
are on learning or on memory formation is being investigated, and, in the
latter case, the effects on different stages of memory formation will be
tested. These experiments are studying enhancement as well as impairment
of learning and memory. Different kinds of learning and different tests of
memory are being investigated for their effectiveness with chicks. The
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FIGURE 5. Reversal of amnesia produced by DPLPE or LEU by the
delta selective antagonist ICI 174,864

NOTE: ICI administered alone did not produce either enhancement or amnesia. LEU or DPLPE
given alone produced significant amnesia compared to saline controls (LEU vs. saline
%* [4N=41]=6.7; DPLPE vs. saline * [4,N=43]=8.9, p<.01). ICI 174.864 reversed amnesia
produced by either LEU or DPLPE in a dose-dependent manner (x* [4, N=45]=6.2, mixture of
LEU and ICI compared to LEU alone; %°[4,N=41)=6.4. mixture of DPLPE and ICI compared
to DPLPE alone;: ¥, p<.05). All injections (10 pl/hemisphere) were made bilaterally into the
region of the IMHV 5 minutes before training, and chicks were tested 24 hours after training.

SOURCE: Patterson et al. (1989), copyright 1989, American Psychological Association.

concentrations of endogenous opioids and of different opioid receptors in
the chick brain are being mapped. Among other things, this mapping will
suggest further sites to investigate for their roles in learning and memory
formation. The effects of peripheral administration of opioid agonists and
antagonists in the chick are also being investigated, following findings of
effects of peripheral injections in rodents. Clearly there is much to explore
and investigate with the chick preparation, and the author will be happy to
communicate with others who wish to work in this field.

ADVANTAGES AND DISADVANTAGES OF THE CHICK
LEARNING MODEL

Following are some of the advantages and disadvantages of the chick learn-
ing and memory system for investigation of effects of pharmacological
agents and for the study of brain processes in learning and memory forma-
tion, drawn from the author’s observations and from the comments of his
colleagues at the Sussex conference.
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Advantages

Chicks are readily available and inexpensive. Many hatcheries keep
only female chicks and dispose of cockerels, so they are willing to sell
cockerels cheaply. Some investigators incubate their chicks in labora-
tory brooders in order to know the exact times of hatching.

Commercially available chicks are F1 hybrids between inbred lines and
they are phenotypically and genetically standard. For this reason,
experimental results tend to be robust. Information about the exact
crosses is proprietary and, therefore, not available.

The young chick is highly competent; it sees, hears, and tastes well, and
it makes well-coordinated pecking and locomotor responses. It also
learns and remembers well. Its precocial state at hatching means that it
can be tested readily shortly after hatching. This in turn means low
costs of housing and maintenance.

Previous experience of the chick is limited and can readily be con-
trolled, especially if the chick is hatched in the laboratory. The small
amount of prior experience may make early training particularly signifi-
cant and its cerebral effects relatively easy to measure.

The brain is relatively large for a small animal. About the size of the

brain of an adult mouse, the chick brain is suitable for localized lesions
or recording, for localized intracerebral injections, and for biochemical

studies. There is little blood-brain barrier in the young chick.

The unossified skull roof permits rapid intracerebral injections without
the necessity of anesthesia. This allows training and/or testing shortly
after injections, affording precise and close timing of events following
administration of drugs.

Because young chicks can be injected rapidly and can learn discrimina-
tions in a single trial, as many as 200 can be injected and trained in a
single session, so 8 to 10 experimental conditions can be compared
directly within a single batch of chicks,

Chicks recover rapidly from surgery, and they are resistant to operative
infection.

Although detailed mapping of concentrations of endogenous opioids and
of opioid receptors in the brain of the chick remains to be done, prelim-
inary reports indicate that opioid receptors are present in relatively high
concentrations in the brains of chicks and other birds (Bardo et al.
1982; Felix et al. 1979; Pert et al. 1974).



Chicks have complete optic decussation, so that visual input can be
restricted to one cerebral hemisphere by covering one eye. There is
evidence that the two hemispheres process visual information differently.

Although the brain of the young chick is immature and is developing
rapidly, the young chick can be substituted for juvenile and adult mam-
mals in many behavioral and physiological studies. Thus, Thompson et
al. (1983), in a review of “Cellular Processes of Learning and Memory
in the Mammalian CNS,” cited work with chicks in several places, and,
in a footnote to their first page (p. 447), they conferred honorary mem-
bership in the class Mammalia upon the class Aves.

A final advantage of the young chick, pointed out by Kastin (Kastin et
al. 1981), an investigator who had used rats in his previous research,
was that chicks do not bite.

Disadvantages

Because the young chick is clearly immature in its behavior, neuro-
anatomy, and neurochemistry, it is possible that, although it is capable
of learning and of other behaviors that resemble those of juvenile and
adult mammals, the underlying processes may differ from those that are
obtained in juvenile and adult mammals.

The neuroanatomy and neurochemistry of the chick have been less com-
pletely investigated than have those of mammals.

Some differences are found from batch to batch of chicks from the
same hatchery, and there are seasonal differences in activity and excita-
bility of chicks.

Chicks grow rapidly into large animals that are expensive to feed and
house, so studies of posthatch development are costly and are rarely
undertaken.

When injections are made into the brain of the unanesthetized chick
with a hypodermic needle, much of the injected material promptly leaks
out unless special precautions are taken. For this reason, published
dose-response data must be interpreted with caution.

The chick is not yet well known as a research subject, so investigators
and granting agencies may be wary of undertaking or sponsoring proj-
ects with them. The publication of the Sussex conference and the
increasing numbers of research reports with chicks should help to over-
come this reluctance to use chicks.



CONCLUSION

On balance, the young chick has much to recommend it for studies of
neural bases of learning and memory; in particular, it may serve as an
excellent model system to study drugs of abuse. The author invites other
investigators to join him in developing and exploiting the advantages of the
chick system.
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New Approaches to the Study of
Comparative Cognition

Raymond P. Kesner
INTRODUCTION

There has been and there continues to be a genuine interest in the develop-
ment of animal models of human memory. This interest is based on the
assumption of evolutionary continuity between animals and humans in terms
of brain-memory functional relationships. To the extent that the above
assumption has validity, animal models can provide the impetus (a) to
understand the neurobiological basis of memory in animals and humans;

(b) to develop new neurobiological theories of memory representation;

and (c) to develop potential therapeutic approaches, including pharmaco-
logical ones, aimed at alleviating memory problems in humans.

Of the many animals that have been studied, rodents have been used most
extensively. Can the memory performance of rats provide the basis of an
animal model of human memory? There have been a number of approach-
es. One approach emphasizes the importance of learning and memory stor-
age or retrieval within tasks that can be learned in a single trial, e.g., active
avoidance, inhibitory avoidance, and taste aversion learning. The advantage
of this approach is that, because acquisition is rapid, one can evaluate the
efficacy of a pharmacological treatment with a single drug dose. By injec-
ting animals before or after training or before retention testing, one can
assess whether the treatment produced state-dependent effects or affected
storage, short-term memory, long-term memory, or retrieval. One can thus
evaluate the dynamic aspects of the memory process. The disadvantages
are that one often needs large numbers of animals, variability in memory
performance is often quite high, and one often needs to use negative re-
inforcement. Finally, these tasks are not used to assess memory function in
humans, in part because acquisition is too rapid.

A different approach emphasizes the use of complex tasks, e.g., list-learning
tasks. The advantages of this approach are that fewer subjects are required,
performance is quite stable, and comparisons can be made more readily
with human memory performance. The disadvantages are that training takes
a long time, requiring multiple injections of specific pharmaceutical agents
or the use of long-acting agents. Even though the latter approach has not
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been used extensively, the ease of between-species comparisons makes this
approach attractive.

In this chapter, a number of examples of animal memory performance in a

variety of list-learning tasks will be presented. These examples include the

display of serial position curves, serial anticipation learning, coding of tem-

poral information, repetition lag function, and utilization of retrospective and
prospective codes.

SERIAL POSITION CURVES

One commonly used method to assess memory function in humans is to
present a list of items (e.g., pictures, words) of information to a subject and
ask for recall or recognition of the items. In normal subjects, one observes
a serial position curve with better performance for the first items (primacy
effect) and the last items (recency effect) compared to items located in the
middle of the list. It has been proposed by some theorists that the primacy
effect reflects information storage in long-term memory, while the recency
effect reflects information processing in short-term memory (Atkinson and
Shiffrin 1968). However, it should be noted that there are other interpre-
tations for the serial position effect. For example, it has been suggested
that the recency effect reflects automatic availability of information requiring
little attention, whereas the primacy effect reflects the utilization of con-
trolled or effortful attention-directing activity (Hasher and Zacks 1979;
Shiffrin and Schneider 1977). Others have suggested that the ends (primacy
and recency) of a list are more distinctive and, therefore, are remembered
better than the interior positions (Ebenholtz 1972).

How do rats perform on an item- or order-recognition task for a list of
spatial locations? Rats were placed on an eight-arm radial maze and were
given experience exploring all eight arms. Reinforcements could be ob-
tained at the end of each arm and consisted of pieces of sweetened cereal.
After receiving extensive exposure to the radial arm maze, the item-
recognition memory task was begun. Each animal was allowed to visit a
sequence of five arms on each trial (one per day), which was selected on a
pseudorandom basis. The sequencing of the five arms was accomplished by
sequential opening of Plexiglas doors (one at a time) located at the entrance
of each arm. This constituted the study phase. Immediately after the ani-
mal had received reinforcement from the last of the five arms, the test
phase began. Only one test was given for each trial; it consisted of open-
ing two doors simultaneously, with one door representing an arm previously
visited for that trial and the other door representing a novel arm for that
trial. For half of the animals, the rule to be learned, leading to an addi-
tional reinforcement, was to choose the arm that had been previously visited
during the study phase of the trial (win-stay). For the other half of the
animals, the rule leading to a reinforcement was to choose the arm that had
not previously been visited during the study phase of the trial (win-shift).
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Each animal received 2 sets of 40 trials, with 8 tests for each of the serial
positions.

For the order-recognition memory task, each animal was allowed on each
trial (one per day) to visit all eight arms in an order that was randomly
selected for that trial. The sequencing of the eight arms was accomplished
by the sequential (one at a time) opening of Plexiglas doors located at the
entrance of each arm. This constituted the study phase. Immediately after
the animal had received reinforcement from the last of the eight arms (i.e.,
completed the study phase) the test phase began. Only one test was given
for each trial; it consisted of opening two doors simultaneously. On a
random basis, either the first and second, fourth and fifth, or seventh and
eighth doors that occurred in the sequence were selected for the test. The
rule to be learned, leading to an additional reinforcement, was to choose the
arm that occurred earlier in the sequence.

The animals were initially given 8 trials per serial position for a total of 24
trials. If, after these 24 trials, the animal had not performed at 75 percent
or better on tests of both the first and second (primacy) and seventh and
eighth (recency) serial positions (criterion), then additional blocks of 6 trials
(2 trials per serial position) were given until the criterion was met for the
most recent block of 24 trials or until 100 trials total had been given.

The results of the item-recognition memory task are shown in figure 1 and
indicate that by the second block of 40 trials rats display a serial position
curve for memory of spatial locations given that a win-stay rule is required.
However, when a win-shift rule is required, animals display only a recency
effect, which can already be observed within the first block of 40 trials.
With continued training, rats display excellent retention for all serial posi-
tions for either the win-stay or win-shift rules. DiMattia and Kesner (1984)
have interpreted these results as reflecting differential processing require-
ments for the win-stay and win-shift rules. They suggest that the win-stay
rule necessitates relatively more effortful, elaborative processing than does
the win-shift rule, which is used automatically. A more detailed description
of the experimental methods can be found in DiMattia and Kesner (1984).

The results of the order-recognition memory task are shown in figure 2 and
indicate that rats again display a serial position curve for the sequential
order of spatial locations. This serial position function is maintained even
with extensive training (Kesner et al. 1984). Recently, Dale (1987) tested
humans in a task analogous to the order-recognition memory study for rats.
In this case, eight lights were turned on (one at a time) in a specific se-
quence. Subjects were then tested for memory for the order of the first and
second, fourth and fifth, or seventh and eighth serial positions. The results
are shown in figure 2 and indicate a serial position function parallel to that
obtained with rats. Thus, it is clear that rats, like humans, display serial
position curves for a list of items, suggesting that list-learning experiments
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can provide an excellent paradigm in which to develop animal models of
human memory.
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FIGURE 1. Mean percent correct as a function of serial position for the
win-stay (closed circles) and win-shift (open circles) for the
first 40 trials (a) and for the second 40 trials (b)

SOURCE: DiMattia and Kesner 1984, Copyright 1984, American Psychological Association.

Since similar serial position curves for item memory for lists of information
have been reported for pigeons and monkeys (Sands and Wright 1980;
Wright et al. 1985), these animals could also serve as useful animal models.

SERIAL ANTICIPATION LEARNING

Another commonly used procedure to assess human memory is to present a
single nonvarying list of items that must be recalled in the order presented.
One method used to study serial recall requires that a subject remember the
second item in the list when the first is presented alone, the third item in

the list when the second is presented, and so on. This method is called the
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FIGURE 2. Mean percent correct as a function of serial order position in
rats and humans

anticipation method. Thus, a subject is required to anticipate the next item
of a nonvarying list. During the learning of such a list, subjects often
make errors by reporting an incorrect serial position item within the list.
These errors are called intralist intrusion errors. The results of an experi-
ment with 12 words using the serial anticipation method are shown in
figure 3. The results indicate that there are more errors in the middle
compared to the end items of the list (Deese and Kresse 1952).

In order to test how rats perform in a serial list task using the serial antici-
pation method, rats were tested on an eight-arm radial maze. After exten-
sive experience with the maze, animals were given 40 trials in the S-arm
maze. On each trial, the animals were presented with a constant sequence
of five arms. Serial anticipation memory was measured as a pattern of cor-
rect or incorrect orienting responses in anticipation of the ensuing doors in
the constant sequence. Since the sequence of spatial locations did not vary
from trial to trial, it was assumed that the emitted orienting responses re-
flected the operation of memory for sequential spatial information. An
intralist intrusion error reflected an orienting response in front of an incor-
rect door that was part of the set of spatial locations within the constant se-
quence. The results based on 40 trials are shown in figure 4 and indicate
that most of the errors occurred for the middle serial position compared to
the end positions (Kesner and Beers 1988). A more detailed description of
the experimental methods can be found in Kesner and Beers (1988). Thus,
performance of the rats parallels the results achieved with humans, suggest-
ing that measurement of intralist intrusion error in a serial anticipation
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learning task might represent another example of a potential animal model
of human memory.

INTRALIST INTRUSIONS
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FIGURE 3. Mean number of intralist intrusion errors as a function of
serial position in humans

SOURCE: Deese and Kresse 1952, copyright 1952, American Psychological Association.

CODING OF TEMPORAL INFORMATION

In a somewhat different experiment, Estes (1985) has summarized data in
humans demonstrating that order or sequential information is remembered
better with more items (lag) between any two items to be tested for order
memory. In order to test this temporal lag function for spatial location
information, rats were trained on an eight-arm maze as described for the
order-recognition memory task. After extensive training, the rats were
allowed on each trial (one per day) to visit all eight arms in an order that
was randomly selected for that trial. This constituted the study phase. Im-
mediately after the animal had received reinforcement from the last of the
eight arms (i.e., completed the study phase), the test phase began. Only
one test was given for each trial; it consisted of opening two doors
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FIGURE 4. Mean number of intralist intrusion errors as a function of
serial position in rats

SOURCE: Kesner and Beers 1988, copyright 1988, Academic Press.

simultaneously. On a random basis, lags of zero, one, two, three, four,
five, or six arms were selected for the test. In the case of a lag of zero
arms, the arms followed each other in the study phase; in the case of a lag
of six arms, six items occurred between the two selected arms in the study
phase. The rule to be learned, leading to an additional reinforcement, was
to choose the arm that occurred earlier in the sequence. The animals
received a total of 56 trials, with 8 tests randomly selected for each lag
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condition. An identical procedure was used for college students, but, in this
case, spatial locations were presented one at a time as X’s on a grid of 16
squares. The study phase consisted of the presentation of X’s in eight dif-
ferent locations. During the test phase, subjects had to select from two X’s
that occurred during the study phase and that varied in terms of lag. There
were 56 trials, with 8 tests randomly selected for each lag condition. The
results are shown in figure 5 and indicate that both rats and college students
perform poorly for lag of zero, but perform well for lags of one to six.
College students, however, continue to improve with longer lags, whereas
rats do not show such an improvement. Again, there appear to be compa-
rable memory functions for rats and humans.
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FIGURE 5. Mean percent correct as a function of lag between occur-
rences of items selected for the test phase in college
students and rats

REPETITION LAG FUNCTION
In a final experiment emphasizing the importance of temporal coding of

information, it has been shown that memory for a repetition or frequency of
occurrence of specific items is a function of lag (number of items) between
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repetitions. The more items between a repetition or the greater the lag, the
better the memory for the repetition. Results of such an experiment con-
ducted with humans are shown in figure 6 (Madigan 1969). It is clear that
there is a monotonic increasing-repetition-lag function.
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FIGURE 6. Recall probability as a function of repetition and the lag
between occurrences of repeated items in humans

NOTE: 1P is one presentation.

SOURCE: Madigan 1969. Copyright 1969, Academic Press

In order to test whether rats could show a repetition lag function, rats were
tested for memory for the frequency of occurrence of specific spatial loca-
tions. In this task, the animals were tested on an eight-arm radial maze.
On each trial (one per day), each animal was allowed to visit four arms to
receive reinforcement in an order that was randomly selected for that trial.
One of the arms was repeated with a lag of one, two, or three arms in be-
tween a repetition. This constituted the study phase. Upon completion of
the study phase, the door in front of the repeated arm and a door in front
of a nonrepeated arm were opened simultaneously. This constituted the test
phase. The rule to be learned, leading to an additional reinforcement, was
to choose the arm that had been repeated in the study phase sequence.

The results after about 60 trials of training are shown in figure 7 and indi-
cate that animals show excellent memory for the repetition with a lag of 3
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arms between a repetition, but poor performance for a lag of 1 or 2 arms,
even when the data were analyzed for those trials on which the repetition
occurred in the last serial position. This appears to be yet another example
of a comparable memory function in animals and humans.

REPETITION LAG EFFECT
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FIGURE 7. Mean percent correct as a function of repetition and the lag
between occurrences of repeated items in rats

RETROSPECTIVE AND PROSPECTIVE CODING OF
INFORMATION

As a final example of the possibility of comparability of memory functions
between animals and humans, one can point to the recent observation that
rats can use retrospective and prospective memory codes when asked to re-
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member items within long lists (Cook et al. 1985). More specifically, on
any one trial, a rat is presented with 2, 4, 6, 8, or 10 items (places) on a
12-arm radial arm maze followed 15 minutes later by 2 win-shift tests com-
prising choices between a place previously visited and a novel place. The
animal is reinforced for entering the novel spatial location. During learning,
animals showed an increase in errors as the number of places to be remem-
bered increased from two to six, reflecting the use of a retrospective mem-
ory code. These animals also showed a decrease in errors as the number of
places to be remembered increased from 6 to 10, reflecting the use of a
prospective memory code.

In an analogous mnemonic task, college students were presented with either
2,4, 6,8, 10, 12, or 14 consecutive pages of X’s marked on a grid of 16
squares. On subsequent tests, college students were asked to choose be-
tween a novel X and one that had appeared previously. Subjects were
asked to circle the novel X. Based on verbal reports, subjects were divided
into two groups reflecting different memory coding strategies. The results
arc shown in figure 8 and indicate that the subjects reporting a retrospective
coding strategy showed an increase in errors as the list length increased.

The subjects reporting a retrospective and prospective strategy showed an
initial increase in errors for a list length of 2 to 8 items, followed by a
decrease in errors for a list length of 8 to 14 items. This latter error
pattern is seen in rats, with the largest number of errors occurring in the
middle of the list. Even though there are a few differences in procedure
between the rat and human study, a short vs. long delay between study
phase and test phase and the use of a different type of reinforcement, there
are a sufficient number of similarities in the procedure, including the use of
spatial location information and two tests for each study phase, that a com-
parison between rats and humans can be made. Thus, the similarity in the
pattern of results suggests the possibility that rats indeed utilize both retro-
spective and prospective codes in remembering long lists of information.
This explanation could account for the excellent ability to remember all spa-
tial locations in a 17-arm maze (Olton et al. 1977). In conclusion, the
present study provides for yet another demonstration that comparable mne-
monic functions can be found in animals and humans.

There arc other memory and cognitive phenomena that have been studied in
animals and humans that provide for nearly equivalent functional patterns.
For example, rats, monkeys, and humans display similar functions in mem-
ory scanning tasks based on the Sternberg paradigm (Ellis et al. 1984;
Sands and Wright 1981). Pigeons display the use of mental imagery similar
to representational imagery in humans (Neiworth and Rilling 1987; Shepard
and Cooper 1982; Jagacinski et al. 1983). Pigeons and monkeys can, like
humans, learn to categorize items utilizing conceptual schemas (Hermstein
1984; Medin and Dewey 1984).
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NEURAL MEDIATION OF MEMORY FUNCTION

Since the rat can serve as an animal model for a variety of memory func-
tions based on lists containing temporal-spatial information, it should be
possible to compare the performance of animals with specific lesions or
drug treatment with humans that have sustained brain damage or are under
the influence of specific drugs. A couple of examples will suffice. Dam-
age to the medial prefrontal cortex in the rat impairs memory for order
information, as evidenced by a total deficit in the order-recognition memory,
temporal coding, and repetition lag tasks (Kesner and Holbrook 1987;
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Kesner, in press). Similar order-memory deficits have been found in
humans with frontal lobe damage (Milner 1971; Milner et al. 1985).

In the item-recognition memory task, small lesions of the medial septum or
dorsal hippocampus in rats produce a deficit in the primacy but not recency
component of the serial position curve (Kesner et al. 1988). A similar defi-
cit pattern is seen in humans with damage to the hippocampus and patients
diagnosed as having mild dementia of the Alzheimer’s type (Milner 1978;
Kesner et al. 1989). Large lesions of the medial septum, dorsal hippo-
campus, or parietal cortex in rats produce a deficit in both the primacy and
recency component of the serial position curve (Kesner et al. 1986;
DiMattia and Kesner 1988). A similar deficit pattern has been observed in
patients diagnosed as having moderate dementia of the Alzheimer’s type
(Kesner et al. 1987). These data demonstrate not only specific neural medi-
ation of memory function but also comparable memory-deficit patterns be-
tween brain-damaged humans and lesioned rats.

SUMMARY

The rat’s memory capacity and performance render it an excellent model of
human memory. Rats display serial position, serial anticipation learning,
temporal coding, and repetition lag functions as well as utilization of retro-
spective and prospective codes that are nearly equivalent to that observed
for humans. Furthermore, based on the above-mentioned memory perform-
ance functions, there are comparable memory-deficit patterns between brain-
damaged rats and humans. Thus, the rat can serve as an excellent animal
model to evaluate the efficacy of pharmacological treatments or brain dam-
age upon memory.
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Long-Term Effects of Cholinergic
Agonists on Memory

David S. Olton and Kathleen C. Raffaele
INTRODUCTION

Long-term exposure to drugs and other chemical compounds can produce
significant and enduring changes in neurotransmitter systems. Of particular
interest to the current project is the decrease in the number of receptors fol-
lowing prolonged exposure to a neurotransmitter agonist. The agonist pro-
duces excessive stimulation of postsynaptic receptors, which decrease in
number, a phenomenon called “downregulation of receptors.” This down-
regulation decreases the sensitivity of the postsynaptic neuron to endoge-
nously released neurotransmitters, which should in turn produce a decrease
in the output of the postsynaptic neuron for any given input that stimulates
those receptors. This decrease in the “gain” of the synaptic receptor
mechanism might be expected to produce substantial functional impairment.

However, the brain is a very plastic organ and maybe able to compensate
for at least some alterations in a neurotransmitter system. Long-term expo-
sure to a drug provides ample opportunity for both neural and behavioral
compensation. Indeed, some recovery of function is the expected outcome
of brain damage (Finger and Stein 1982). If excessive stimulation by a
neurotransmitter agonist is viewed as abnormal brain activity, then some
kind of compensation is expected.

In a relatively benign environment, one that does not challenge the orga-
nism excessively, the impairments expected from decreased synaptic gain
may be fully compensated by recovery of function so that no behavioral
impairment follows. However, the neural system may still have a signifi-
cant latent impairment, one that can be made manifest by challenging the
system in some way. One obvious challenge is to give an antagonist for
the neurotransmitter system in question. The downregulation of receptors
should produce increased sensitivity to the antagonist, resulting in a leftward
shift of the dose-response curve, as compared to the normal condition (one
in which no exposure to the drug has taken place prior to testing with the
antagonist).
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In the context of learning and memory, the cholinergic neurotransmitter
system is an obvious one in which to carry out this manipulation (Bartus

et al. 1985; Davies 1985; Pontecorvo et al. 1985). Long-term exposure to a
cholinergic agonist should result in excessive stimulation of the postsynaptic
neurons, downregulation of the postsynaptic receptors, increased sensitivity
to an anticholinergic drug such as scopolamine, and a leftward shift of the
dose-response curve, so that a given dose of scopolamine causes a greater
impairment in tasks requiring memory.

The experiments summarized here tested this hypothesis (Raffacle et al., in
press). The chronic treatment used diisopropylfluorophosphate (DFP), a
compound that irreversibly inhibits acetylcholinesterase (AChE), the enzyme
that breaks down acetylcholine. Chronic treatment with DFP produces
downregulation of muscarinic receptors (Lim et al. 1986; Sivam et al. 1983;
Yamada et al. 1983). Scopolamine, a cholinergic antagonist, produces sig-
nificant impairments in many different tests of memory (Bartus et al. 1985;
Pontecorvo et al. 1985). Consequently, following chronic exposure to DFP,
rats given scopolamine should show a leftward shift of the dose-response
curve.

SUCCESSIVE REVERSALS

Successive reversals of a two-choice simultaneous discrimination (TCSD)
were conducted in an apparatus that had a runway connected to a goal plat-
form with two interchangeable goal boxes. One goal box had black and
white stripes, the other had black spots on a white background.

Each rat was first shaped in the usual testing procedures to obtain reinforce-
ment, which was chocolate milk placed in a cup at the far end of each goal
box. Next, each rat was given a TCSD. Each day’s testing had two parts.
The first part was refention. During retention, the goal box that was correct
at the end of the previous day remained correct. If the rat met any one of
several different criteria, indicating accurate memory of the previous day’s
discrimination, the second part, reversal, was begun. For the discrimination
reversal. the previously correct goal box was incorrect, and the previously
incorrect goal box was correct. Testing continued until the rat reached
criterion in the reversed discrimination or a total of 30 trials had been
given. This procedure was continued for each rat until stable performance
was reached, using an intertrial interval of 1 minute.

The cholinergic antagonist, scopolamine, was used to produce an impairment
of choice accuracy in this task, Scopolamine, at doses of .15, .35, or

.75 mg/kg, was given at least twice prior to treatment with DFP to establish
a pretreatment baseline; at least four times during treatment with DFP to
determine the effects of this treatment on the sensitivity to scopolamine;
and at least twice following treatment with DFP to determine the recovery
from the DFP treatment. Scopolamine was given once every 6 days.
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Methylscopolamine or saline was given on the third day following the sco-
polamine treatment. No acute treatment injections were given during the
intervening days.

DFP was given in two doses. For the first day of DFP treatment, the dose
was 1.0 mg/kg. For all subsequent days of DFP treatment, the dose was
0.5 mg/kg. DFP was given after behavioral testing every third day. Conse-
quently, in a block of 6 days, the drug treatment procedure looked like that
outlined in table 1.

TABLE 1. Summary of experimental procedures

Days Chronic Treatment Acute Treatment

! DFP or Saline None

2 None None

3 None Methylscopolamine or Saline
4 DFP or Saline None

5 None None

6 None Scopolamine or Saline

NOTE:  The chronic treatment was given after the day’s behavioral testing. The acute challenge was
given 20 minutes prior to the day’s behavioral testing.

The use of a between-subjects design produced eight groups, as outlined in
table 2. These groups are identified by the abbreviations SAL-O, SAL-15,
SAL-35, SAL-75, DFP-0, DFP-15, DFP-35, and DFP-75. The first half of
each abbreviation indicates the chronic treatment (SAL or DFP), the second
half indicates dose of scopolamine (0, .15, .35, and .75 mg/kg (table 2)).

TABLE 2. Summary of the experimental groups

Chronic Treatment Acute Challenge: mg/kg Scopolamine
0 .15 35 5

Saline SAL-0 SAL-15 SAL-35 SAL-75

DFP DFP-0  DFP-15 DFP-35 DFP-75

At the end of behavioral testing, each rat was sacrificed. Total muscarinic
receptor binding was measured by modifications of [3H]-QNB binding
(Yamamura and Snyder 1974). M, muscarinic receptor binding was
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measured by modifications of [3H]-pirenzepine binding (Watson et al. 1984).
AChE activity was determined spectrophotometrically (Ellman et al. 1961).

Each rat learned the discrimination rapidly, and the mean number of errors
decreased with continued behavioral testing. Prior to the first injection of
scopolamine, the mean number of errors to criterion was 2.4 for retention
and 5.2 for reversal.

Scopolamine produced a slight increase in the number of errors, with

.75 mg/kg producing the greatest increase. However, this difference was
not statistically significant. Methylscopolamine and saline had no effect on
choice accuracy. A similar pattern of performance occurred during reversal.
DFP itself produced no significant change in behavior. The DFP-0 group
performed similarly to the SAL-0 group. Thus, the chronic treatment itself
did not produce a significant change in behavior.

However, the chronic treatment did produce a marked increase in sensitivity
to scopolamine, especially at .75 mg/kg (figure 1). During retention, the
control group (SAL-75) had a mean of five errors or less. In contrast, the
DFP-75 group had a mean of seven errors or more. As can be seen in
figure 1, this increase in the number of errors was consistent throughout
testing during DFP treatment. Furthermore, it continued to the posttreat-
ment days, after DFP treatment was stopped. The magnitude of the effect
showed some signs of decreasing during this posttreatment phase and might
have eventually disappeared if testing was continued. However, it clearly
persisted for at least 2 weeks after DFP was stopped.

A similar pattern of results occurred during the reversal of the discrimina-
tion; the DFP-75 group was more sensitive to scopolamine than was the
saline group. The effects at other doses (.15 and .35 mg/kg scopolamine)
were not as large. The lowest dose (.15 mg/kg) produced no differential
effect. The intermediate dose (.35 mg/kg) produced a slight increase in
errors in rats receiving chronic DFP, but the magnitude was significant for
only one block of tests.

The neurochemical assessments indicated a decrease in cholinergic receptors
in the cortex of rats given DFP. On the second day following the last DFP
treatment, muscarinic receptor concentration was reduced by 22 percent, M,
receptor concentration was reduced by 18 percent (not a significant differ-
ence), and AChE activity was reduced by 60 percent.

DELAYED MATCH-TO-SAMPLE
An additional experiment tested performance in delayed match-to-sample.
The apparatus was a rectangular tank filled with water. The start area was

located at one end. Two choice areas were located at the other end. In
each choice area, there was a goal box. Each goal box had a distinctive
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FIGURE 1. Response of rats to a scopolamine challenge

NOTE: Rats given a chronic treatment of DFP show an enhanced response to an acute challenge with
.75 mg/kg scopolamine. The data are the number of errors made during retention testing
when the acute challenge was given before the treatment with DFP (“pre”), during the treat-
ment with DFP (1 and 2, each two injections of scopolamine), and after the treatment with
DFP had ended (“post”). As indicated in the bottom right graph, .75 mg/kg scopolamine pro-
duced a significant increase in the number of errors for all injections during treatment with
DFP and for the two injections after DFP was stopped.

pattern, similar to the ones used in the preceding experiment. One goal had
vertical black and white stripes, the other had large black spots against a
white background. In the correct goal box, a platform was hidden under
the water, allowing the rat to escape. In the incorrect goal box, no plat-
form was available, so the rat could not escape.

Each trial began with a forced swim, during which the rat was forced to go
to the goal box containing the platform. After reaching the goal box, the
rat climbed onto the platform and escaped from the water. For the subse-
quent choice swim, the rat was allowed to go to either goal box. However,
only the goal box entered during the immediately preceding forced swim
had the platform. Consequently, the correct response for the rat was to
return to the goal entered during the immediately preceding forced swim.

Because the preceding experiment had established a dose-response curve and
the major goal of the present experiment was to test the generality of the
interaction between chronic exposure to DFP and acute exposure to scopola-
mine, only a single dose of scopolamine (3.0 mg/kg) was used in the
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present experiment. One group of rats received chronic treatment with
DFP, the other did not. All other aspects of the procedure were similar to
those described for the previous experiment.

DFP produced a similar increase in sensitivity to scopolamine. Rats receiv-
ing saline had a mean of 68 percent correct during scopolamine test days,
rats receiving DFP had a mean of only 51 percent correct.

These results consistently demonstrate a significant increase in sensitivity to
a cholinergic antagonist as a result of chronic treatment with DFP, a com-
pound that inhibits AChE, which normally breaks down acetylcholine. DFP
produced a downregulation of cholinergic receptors, which in turn produced
an increased sensitivity to scopolamine in two different tasks. Consequently
the observed phenomenon is probably a general one and may occur in many
different situations.

ANIMAL MODELS
Benefits and Risk

Animal models, like all models, have both benefits and risks. The benefits
include the opportunity to manipulate and measure parameters that cannot

be examined with people. Indeed, the very term “abuse” implies an inap-
propriate use of drugs, one that should not be undertaken voluntarily by a

person, or imposed by one person upon another person. In addition, ani-

mals provide the opportunity for important and necessary controls, because
all aspects of the experiment can be controlled, including the genetic char-
acteristics, developmental experience, drug exposure, etc.

Animal models also provide important opportunities for carrying out mea-
surements that cannot be conducted with people. Ultimately, drugs interact
with elements in the brain, and these neural events are the critical links
between the drug and behavior. Although considerable information can be
obtained from purely psychological and behavioral analyses, these analyses
arc ultimately limited by their inability to examine directly each event that
intervenes between the stimulus and the response (the behavioral language)
or each of the cognitive modules lying between the input and the output of
the system (the cognitive/computational language). Although a variety of
strategies have been developed to try to assess the intervening steps in the
chain, such steps are fundamentally limited in their ability to access the
details of the mechanisms interrelating stimuli and responses.

In contrast, neurobehavioral analyses in animal models can examine directly
each element in the chain via manipulation or measurements. An electrode
or a cannula can be placed at every point along the pathway between the
receptors and effectors, allowing each step to be described completely.
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Animal models, like all models, have the risk that the phenomena observed
in the model do not generalize to the situation of primary interest, namely
human drug abuse. Awareness of these risks has led to considerable effort
to create procedures to minimize them. Especially in the analysis of animal
models in memory, substantial progress has been made in two directions.
First, criteria to evaluate the validity of any given model have been identi-
fied. Second, individual models have used these criteria to design proce-
dures that are highly valid (Ingram 1985; Kesner 1985; Olton 1985; Squire
and Zola-Morgan 1985). These points are illustrated by some animal
models that examine recent memory. Further examples are provided by
Kesner (this volume).

Recent memory, as described earlier, is the memory for information present-
ed several minutes to hours previously. In everyday life, it is involved in
answering questions such as: What did you have for breakfast? When did
you last see your brother? Where did you park your car? In the labora-
tory, it is usually assessed by giving a person some information to be re-
membered, such as a list of words, set of pictures, or information in a short
story. After a delay interval, during which the person is engaged in other
kinds of tasks, retrieval of the information presented earlier is assessed.

Some of the dimensions used for assessing validity and a specific example

of a manipulation using that dimension are given in table 3. The discussion
below comments briefly on each of these.

TABLE 3. Types of validity and examples from tests of recent memory

Type of Validity Example

Operational Number of items to be remembered
Length of time each item is to be remembered

Psychological Interference: proactive, retroactive
Serial order effects

Ethological Optimal foraging in natural environment
Neuroanatomical Hippocampus
Neurotransmitter Cholinergic system

Validity Assessment

Operational validity describes the specific parameters manipulated in an
experiment. These parameters include the amount of information to be
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remembered and the delay interval during which the information is to be
remembered. As might be expected, choice accuracy decreases as the
amount of information and the delay interval increase.

Psychological wvalidity describes the psychological/cognitive/computational
processes that mediate performance in the memory tasks. Proactive interfer-
ence refers to processes that result in negative transfer, so that previously
leamed information interferes with currently learned information. Retroac-
tive interference refers to processes that underlie another form of negative
transfer, the fact that currently learned information can interfere with previ-
ously learned information.

Ethological validity reflects considerations of optimal foraging and ethologi-
cal analyses of animal behavior. The issue is whether the kinds of prob-
lems given to animals in the laboratory are so odd that they distort the
normal behavior of the animal. Examination of the kinds of problems faced
by animals in their natural habitat has consistently shown that many animals
are faced with situations in which recent memory is required. The ability
to solve these problems influences the ability of the animal to survive, and
different species of animals have developed highly sophisticated foraging
strategies to solve these problems (Sherry and Schacter 1987).

Neurological validity refers to the brain mechanisms involved in recent
memory. Considerable evidence implicates the hippocampus and associated
temporal lobe structures in the circuit for recent memory.

Neurotransmitter validity refers to the transmitter substances involved in
recent memory. As mentioned earlier, the cholinergic system is implicated
as one of the important neurotransmitters required for normal recent
memory (Bartus et al. 1985). Kesner (this volume) provides numerous
examples of the similarity in operational manipulation and measurement and
psychological/cognitive/computational description. The other references in
this chapter provide documentation for ethological, neuroanatomical, and
neurotransmitter validity.

A large number of experimental procedures and conceptual frameworks are
available to bring to the study of drug abuse. Obviously, some alterations
will have to be made to address the issues important in drug abuse. How-
ever, the fact that these analyses of animal models have been undertaken so
extensively in other situations means that much of the preliminary work has
already been completed, and the additions to address issues in drug abuse
can proceed quickly and effectively. Finally, of course, the behaviors in
these models have the advantage of direct similarity to many of the
behaviors of interest in humans. Thus, the results obtained from these
models should be more readily applicable to the human situation than the
results from models that use behaviors for which the human analog is less
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clear, and for which the issues of validity have not yet been as carefully
considered.

SUMMARY

Animal models provide important information about strategies that can be
used to assess the effects of chronic exposure to drugs or other compounds.
Futhermore, when used in conjunction with analyses designed to utilize the
many advantages of animal models to examine learning and memory, these
kinds of experiments can have significant ramifications for assessing the
mnemonic effects of chronic drug use in people. Finally, given that aging
is accompanied by significant deterioration of neurochemical systems, which
may compromise the functions of those systems, the results from the experi-
ments with DFP predict that changes in learning and memory abilities that
are not apparent in young individuals may begin to surface as those indivi-
duals age or may appear following any other kind of insult to their nervous
system.
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Enkephalin Influences on
Behavioral and Neural Plasticity:
Mechanisms of Action

Joe L. Martinez, Jr., Patricia H. Janak,

Susan B. Weinberger, Gery Schulteis, and
Brian E. Derrick

INTRODUCTION

The anatomical basis of memory storage must involve the functional con-
nections of neurons. The concept of circuits of neurons forming the neural
substrate of memory was clearly elaborated by Hebb (1949) in his postula-
tion of a dual trace mechanism. In this conception, memory was first en-
coded as a reverberating cellular assembly of neurons. The activity of this
assembly would decrease over time unless exercised by repetition; this as-
sembly formed the basis of short-term memory. Through exercise, this
assembly would become a functionally intact system through the growth of
synaptic knobs and would become long-term memory (Hebb 1949). Al-
though it is easy to imagine a cellular assembly forming the neural substrate
of a memory, this cellular assembly is not of much use on its own. It
must be functionally connected to other nervous system components; for in-
stance, an effector system is necessary. In addition, there also must be an
input from a sensory or other modality that regulates in some way the ac-
tivity of the circuit and, hence, determines its strength. Conceptualized in
this way, this modulatory input can be recognized as an integral part of the
memory storage process.

In this view of learning, nervous system changes most certainly involve spe-
cific neural sites of information storage as well as those modulatory inputs
that serve to mark the importance of the event to the organism. This chap-
ter will examine the role of enkephalins in both of these processes, begin-
ning with a consideration of [leuJenkephalin (LE) as a component of a
modulatory input system and concluding with a discussion of enkephalin
influences on neural plasticity in the hippocampus.

ENKEPHALINS AND BEHAVIORAL PLASTICITY

Kety suggested in 1970 that there might be modulatory inputs to the mem-
ory trace; that is, an input might act to make memory traces stronger. Of
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course, if this modulatory input can make memory traces stronger, then it is
possible that this input can make memory traces weaker as well (Martinez
1986). Although the memory trace itself is probably located within the cen-
tral nervous system (CNS), the inputs that modulate the activity of this trace
may originate from locations more widely distributed throughout the body.
Extensive evidence supports the role of some hormonal systems as modula-
tors of learning and memory, such that administration of low doses of a
hormone may increase or decrease the strength of training. These hormones
may therefore play a role in normal learning by providing the modulatory
input that influences the strength of a memory trace.

An examination of the opioid peptide, LE, in the periphery suggests that it
may be a stress hormone as well as a learning modulatory hormone
(McGaugh and Martinez 1981; Martinez et al. 1988b). For example, the
enkephalins are coreleased with the adrenal medullary hormones epinephrine
and norepinephrine (Chaminade et al. 1984; Corder et al. 1982; Hanbauer
et al. 1982; Viveros et al. 1980); in addition, enkephalins are localized with
norepinephrine in sympathetic nerve terminals (Klein et al. 1982). Condi-
tioning studies in animals suggest that LE has a modulatory influence on
the memory circuit, and that this modulatory influence originates, at least in
part, outside the blood-brain barrier (BBB).

Peripherally Administered LE Alters Conditioning

LE influences the acquisition or retention of a variety of conditioned
responses in a number of species (deWied et al. 1978; Yamamoto et al.
1982; Rigter 1978; Izquierdo and Dias 1981; Martinez and Rigter 1982;
Martinez et al. 1981; Rigter et al. 1980a; Rigter et al. 1980b; Rigter et al.
1981; Martinez et al. 1984; Martinez et al. 1988a). For example, figure 1,
panel A, shows the impairing effect of peripheral administration of LE ad-
ministered prior to the acquisition of a one-way active avoidance response
in mice (Schulteis et al. 1988). In these studies, mice are given 10 seconds
to avoid delivery of a footshock by crossing to a safe chamber. The num-
ber of avoidances an animal makes during 14 training trials is taken as a
measure of acquisition performance.

An examination of these same animals 1 day after training suggests that LE
affects learning rather than performance variables. As seen in figure 1,
panel B, the animals showing impaired acquisition on the first day of
training still exhibited impaired performance in the same paradigm 24 hours
later. Thus, the interaction of the peptide treatment and the training
experience produced an as-yet-unidentified enduring effect that outlasts the
residence time in the body of the exogenously administered LE.

LE produced a U-shaped dose-response function (figure 1) in this study, as

it does in most studies; that is, doses lower and higher than the behaviorally
active dose had no effect. This type of function is commonly seen in
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FIGURE 1. LE dose-response functions
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NOTE: A LE impairs acquisition of a one-way active avoidance task in mice at doses of 30 and
100 pg/kg. Saline control group. n=26; all LE groups, n=10 to 12. B. These same doses
(30 and 100 pg/kg.) result in poor retention when animals are given a one-trial retention test
24 hours after injection and training.

SOURCE: Adapted from Schulteis et al. 1988, copyright 1988, American Psychological Association.

studies examining the effects of hormone administration on conditioning and
is consistent with the proposed modulatory influence of LE on the actual
memory trace (see Martinez 1986 and Koob 1987 for further discussion of
U-shaped curves and learning and memory).

In addition to mice, enkephalin effects on conditioning are seen in three
strains of rats (Rigter et al. 1980a; Rigter et al. 1981; Martinez et al.
1985a), in chicks (Patterson et al. 1989), and in primates (Olson et al. 1979;
Olson et al. 1981). Therefore, LE conditioning effects exhibit considerable
generality across species.

LE’s conditioning effects also exhibit generality across tasks. For example,
LE impairs Y-maze conditioning in mice. In a discriminated Y-maze
shock-escape task, mice receiving a pretraining injection of 100 pg/kg. LE
made significantly more errors than saline-treated control animals (Martinez
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et al. 1984). Likewise, in an appetitively motivated Y-maze discrimination
task, posttraining injections of LE (300 pg/kg) impaired retention of the
maze response. The impairing effect of LE has also been observed by
others in a nonshock-motivated, nonassociative-learning situation in which
LE (10 pg/kg IP) injected into rats following habituation training impairs
later performance (Izquierdo et al. 1980). However, it is important to note
that LE has been reported to produce enhancement of learning and memory
as well (Rigter et al. 1980b).

These data suggest that LE’s conditioning effects may be important to
learning in general, since, in addition to affecting conditioning in many
species, LE alters conditioning in both aversive and nonaversive tasks.

Control Studies That Strengthen the Interpretation That LE Affects
Learning

All of the conditioning studies described thus far involve multiple-trial tasks
during which the experimenter must handle the animal multiple times. Plas-
ma levels of stress hormones such as corticosterone (Ader et al. 1967;
Dobrakovova and Jurcovicova 1984) and catecholamines (McCarty and Gold
1981) are elevated in rodents when they are handled. We therefore studied
the effects of LE on acquisition of an automated shelf-jump active avoid-
ance response in rats. Handling of the animals in this paradigm occurs
only during drug administration and initial placement of the animal into the
testing chamber. As in the standard active avoidance paradigm, LE (1 and
3 pg/kg) impairs acquisition of the automated shelf-jump avoidance response
(Weinberger et al., in press; Weinberger et al. 1988). Experimenter han-
dling, therefore, probably does not contribute significantly to the effect of
LE on behavior in our experiments.

A number of additional control studies strengthen the suggestion that LE
affects learning. Since enkephalins are opioid agonists, impaired perfor-
mance could be due to analgesia seen when they are administered before
training in a shock-motivated situation. However, since LE also impairs
conditioning in the appetitively motivated Y-maze task, this is unlikely.
More direct evidence is supplied by experiments in which the effect of LE
on shock sensitivity was examined. LE, at doses up to 10 times the
avoidance-impairing doses, injected IP immediately before testing of flinch-
jump thresholds, did not produce evidence of analgesia in rats (Rigter et al.
1980b) or mice (Schulteis et al. 1988). Thus, changes in shock sensitivity
cannot explain the avoidance-impairing effects of LE.

Since we commonly administer the peptide before training, it is also impor-
tant to examine possible effects of LE on locomotor activity. In mice,

100 pg/kg LE usually does not alter shock-induced locomotor activity
(Martinez et al. 1984; Schulteis et al. 1988; Weinberger and Martinez 1988)
although, in one study, 100 pg/kg LE was found to enhance locomotion
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(Weinberger and Martinez 1988). In addition, 10 pg/kg LE can enhance
shock-induced locomotor activity in rats (Martinez et al. 1985). These find-
ings raise the possibility that motor activity changes could contribute to the
avoidance conditioning impairment seen after LE administration. However,
an increase in locomotor activity is difficult to reconcile with an overall
decrease in the number of avoidances seen in the LE-treated animals.

In summary, the above data suggest that LE can alter the strength of a
memory trace. This effect is seen in many species and tasks, suggesting
that LE may play an important role in learning in general. How might LE
act to modulate learning? The following discussion examines the possible
mechanisms involved in the effects of LE on conditioning.

Delta Receptors Mediate the Effects of LE on Conditioning

LE exhibits greater affinity for delta than for mu opioid receptors; LE’s
affinity for kappa receptors is negligible (Kosterlitz and Hughes 1978;
Kosterlitz and Paterson 1985; Paterson et al. 1983). Thus, it is reasonable
to hypothesize that the effects of LE on avoidance conditioning are medi-
ated by delta receptors. Indirect support for this hypothesis comes from the
finding that a number of opioid peptides and opioid analogs with affinity
for mu receptors do not impair acquisition of the one-way active avoidance
response when injected peripherally over 2 w1de dose range. These peptides
include [d—ala -met]enkephalin and [d—met ,pro’ Jenkephalinamide; beta-
LPHg, 5 and beta-LPHy, ¢o; alpha, gamma, and beta endorphin (Rigter et al.
1981); and Tyr-D-Ala-Gly-MePhe-Gly-ol (DAGO) (Schulteis and Martinez
1988).

More direct evidence for the involvement of delta receptors comes from
recent studies employing delta-selective agonlsts and antagomsts As can be
seen in figure 2, peripheral injections of [D- Pen’,D-Pen’ ]enkephalin
(DPDPE), an enkephalin analog with very high selectivity for delta receptors
(Hruby 1986; Mosberg et al. 1983; Corbett et al. 1984; Cotton et al. 1985),
impair acquisition of one-way active avoidance conditioning in mice at one-
tenth the maximally impairing dose of LE (Schulteis et al. 1988). The
greater potency of DPDPE in this study is most likely due to its resistance
to the peptidases that rapidly degrade LE and [met]enkephalin (ME)
(Corbett et al. 1984; Weinberger and Martinez 1988).

DPDPE also impairs acquisition of an automated shelf-jump avoidance task
in male Sprague-Dawley rats (Weinberger et al., in press; Weinberger et al.
1988). Furthermore, chicks receiving DPDPE prior to training on a taste-
avoidance task show amnesia when tested 24 hours later (Patterson et al.
1989), although these effects are seen after intracerebral, rather than IP,
injection. Like LE, DPDPE produces a U-shaped dose-response curve in all
three tasks and species. Evidence to date, therefore, indicates that delta
receptor activation can impair conditioning in several tasks and species.
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NOTE: DPDPF, a selective delta receptor agonist. impairs acquisition of one-way active avoidance
tasks in mice at 11.6 pg/kg. a dose equimolar to 10 pg/kg. of LE; thus DPDPE is more potent
than LE in impairing learning (figure 1). Saline control group, n=24; all DPDPE groups,
n=10 to 12.

SOURCE: Adapted fmm Schulteis et al. 1988, copyright 1988, American Psychological Association.

Consistent with the above data, ICI 154,129 (Schulteis et al. 1988) and ICI
174,864 (Schulteis and Martinez 1988) two delta-selective antagonists
(Cotton et al. 1985; Gormley et al. 1982; Shaw et al. 1982), enhance one-
way active avoidance conditioning in mice when injected systemically short-
ly before training (see figure 3). ICI 174,864 enhances learning at a lower
dose than ICI 154,129. a finding that is consistent with the in vitro bioassay
potencies of these two compounds (Cotton et al. 1985). Thus, activation of
delta opioid receptors by selective agonists impairs learning in a manner
similar to that of LE, whereas selective blockade of delta receptors has the
opposite effect.
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FIGURE 3. ICI 174,864 dose-response functions

*p<.02

NOTE: ICI 174,864. a selective delta receptor antagonist, enhances acquisition of one-way active
avoidance tasks in mice at 1.0 mg/kg. Thus, blocking delta receptors produces an effect on
learning opposite to that seen with stimulation of delta receptors using agonists (figures 1
and 2). Saline control group, n=17; all ICI 174,864 groups. n=15 to 19.

SOURCE: Developed from data presented in Schulteis and Martinez 1988

Perhaps the most compelling evidence that delta receptors mediate LE’s
conditioning effects comes from recent studies in which the effects of LE
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on avoidance responding in mice were reversed in a dose-dependent manner
by the concurrent administration of ICI 174,864 (Schulteis and Martinez
1988). A comparison of figures 3 and 4 reveals that a 1 mg/kg dose of
ICI 174,864 that completely reverses the impairment produced by LE is
without effect when administered by itself. This suggests that the reversal
of LE’s effect is due to a competitive receptor antagonism. The findings in
mice are supported by studies in chicks, in which the amnesia for taste-
avoidance training produced by LE is blocked by concurrent administration
of ICI 174,864 (Patterson et al. 1989). Taken together, these studies pro-
vide strong evidence that the effects of LE on avoidance conditioning
involve delta receptor activation.

TUKEY TEST
*SAL vs LE 100 pg/kg (LE): p < 0.01
SAL vs (LE + ICI 0.1 mg/kg): NS
SAL vs (LE + ICI 1.0 mg/kg): NS
LE vs (LE + ICI 0.1 mg/kg): NS
#LE vs (LE + ICI 1.0 mg/kg): p < 0.01
+(LE +ICI 0.1 mg/kg) vs
(LE + ICI 1.0 mg/kg): p < 0.05
0 #+
3 |
1o L
H | I
> _J »// /
< 6 7
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SAL 00 120 LE (ung/kg)
+

1
0.10 1.0 ICI 174,864 (mg/kg)

FIGURE 4. Reversal of LE effects by ICI 174,864

NOTE: The effects of LE (100 ng/kg) on one-way active avoidance acquisition in mice are attenuated
by concurrent administration of a 0.10 mg/kg dose of ICI 174,864 and are completely re-
versed by a 1.0 mg/kg dose of ICI 174,864. All possible pairwise comparisons were made
using a Tukey test, and the results are summarized in the legend above the histogram. Saline
control group, n=16; all other groups, n=14 to 16.

SOURCE: Developed from data presented in Schulteis and Martinez 1988
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LE Affects Conditioning Through a Site Outside the BBB

As the above evidence indicates, either peripheral or central administration
of LE affects conditioning. This suggests that both central and peripheral
opioid systems influence learning. The discussion below will focus on
peripheral mechanisms of action following IP administration of LE.

Enkephalins affect avoidance conditioning when administered peripherally in
microgram doses. When given in these amounts, it is unlikely that LE
crosses the BBB in sufficient quantities to be of physiological significance.
Studies measuring penetration of LE into the brain using the brain uptake
index (BUI) failed lo reveal significant entry of LE into the CNS (Pardridge
and Mietus 1981; Cornford et al. 1978; Zlokovic et al. 1985). Furthermore,
LE is rapidly hydrolyzed by aminopeptidases present on the walls of brain
microvessels (Pardridge and Mietus 1981; Zlokovic et al. 1985), and any
radioactivity found in the brain following peripheral administration of
labeled LE is almost entirely in the form of free tyrosine. The preponder-
ance of evidence to date suggests that LE crosses the BBB poorly, if at all,
and, therefore, effects on conditioning seen following peripheral administra-
tion of LE likely occur at a site outside the BBB (for other interpretations
see Kastin et al. 1976; Zlokovic et al. 1987).

A number of behavioral pharmacology studies support the notion that LE
acts to impair conditioning at a site or sites outside the BBB. Intracerebro-
ventricular ((ICV) administration of LE fails to alter passive-avoidance re-
tention (Belluzzi and Stein 1981), active avoidance learning (Martinez et al.
1985a), and extlnctlon of a pole-jump response (Yamamoto et al. 1982).
Similarly, D- ala’-met- enkephahnamlde an analog of ME, impairs acquisition
of a conditioned heart-rate response in rabbits when 1nJected directly into
the amygdala, but equivalent doses of the LE analog D- ala’ -[D-leu] enkeph-
alin (DADLE) are without effect (Gallagher et al. 1982).

The conditioning effects of LE are attenuated by opioid antagonists that do
not cross the BBB. Mcthylnaloxonium, a quatemary form of naloxone with
limited ability to cross the BBB (Brown et al. 1983), attenuates the effects
of LE on active avoidance conditioning (Martinez et al. 1985b) and place
preference conditioning (Heinrichs and Martinez 1986) in mice. Similar
results were reported by Introini et al. (1985), who found that a quatemary
form of naltrexone, naltrexone methyl bromide, reversed the impairment of
passive avoidance retention produced by posttraining injections of ME or
LE in mice. Thus, the lack of effect of centrally administered LE, com-
bined with the reversal of the effects of peripherally injected LE by quater-
nary antagonists, strongly suggests that the receptors that mediate the effects
of LE on conditioning lie outside the BBB. The precise locations and na-
ture of these opioid receptors are currently under investigation.
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The Role of Endogenous Peripheral Enkephalin Systems in the
Conditioning Effects of LE

Administration of quaternary antagonists prevents endogenous opioids access
to their receptors in the periphery and, therefore, allows for an assessment
of the role of these endogenous peptides in learning and memory. In this
regard, it is interesting to note that methylnaloxonium enhances acquisition
in Y-maze and one-way active avoidance conditioning tasks in mice
(Martinez and De Graaf 1985; Mendieta and Martinez 1988), as well as
enhancing retention of this same active avoidance task in mice (Mendieta
and Martinez 1988). Mendieta and Martinez (1988) also report that naltrex-
one methylbromide enhances both acquisition and retention of one-way
active avoidance conditioning, whereas passive avoidance in mice (Introini
et al. 1985) and conditional opioid analgesia in rats (Calcagnetti et al.

1987) are unaffected by peripheral injedions of naltrexone methyl bromide.
These different results may reflect differences in the conditioning tasks
employed. Although these results require further investigation, the data sug-
gest that, in some cases, preventing access of opioids to their receptors in
the periphery produces an action opposite to that seen with exogenously
administered LE. This provides evidence that endogenous opioid systems
normally participate in the acquisition and retention of conditioned respons-
es. Since neither mcthylnaloxonium nor naltrexone methyl bromide is
notably selective for specific opioid receptor types, these results do not
indicate which endogenous opioid peptide ligand or ligands are important.

However, studies using an antiserum to LE indicate that LE is an endoge-
nous peptide important in avoidance conditioning. Passive immunization of
endogenous peripheral LE systems enhances acquisition of active avoidance
conditioning in mice (Martinez et al. 1985), an effect qualitatively the same
as that observed with methylnaloxonium and opposite that produced by LE.
This suggests that an important source of endogenous LE exists in the per-
iphery and that this LE normally acts to impair conditioning.

The source of this LE might well be the adrenal medulla (Yang et al. 1980;
Pelto-Huikko et al. 1985; Schultzberg et al. 1978; Viveros et al. 1980).
Martinez and Rigter (1982) found that the effects of both ME and LE were
abolished by adrenal medullectomy (ADMX). Tenfold to a hundredfold
increases in the dose of LE restored its impairing action in demedullated
rats, suggesting that ADMX had removed an endogenous source of LE that
normally acts in concert with the injected peptide. In contrast, the effect of
ME could not be restored. In summary, the available evidence suggests
that peripheral enkephalin systems normally act to modulate conditioning
and that an important source of these enkephalins might be the adrenal
medulla. Since hormones are distributed to their targets by the circulatory
system, the findings discussed thus far suggested that we examine LE in the
blood circulatory system.

57



Changes in Plasma LE Concentrations With Conditioning May Be
Associated With a Regulatory Enzyme System

The changes in conditioning seen with systemically injected enkephalins
suggest that peripherally located endogenous enkephalin systems may parti-
cipate in regulating an animal’s response to a conditioning situation. In
accordance with this suggestion, evidence has been found in rats for a
plasma enzyme system whose activity, as measured by LE hydrolysis, is
highly correlated with performance in an active avoidance conditioning task.
As seen in figure 5, a correlation of 0.82 was measured between the latency
of rats to escape on the first active avoidance trial and the rate at which LE
is hydrolyzed in plasma (Martinez and Weinberger 1988). Of particular
interest are the changes we observed in the activity of this enzyme system
following the conditioning experience. Following the first avoidance trial
and shock exposure, hydrolysis activity in plasma is significantly altered
(figure 6) (Martinez and Weinberger 1988). Importantly, both increases and
decreases in hydrolytic activity were seen. These data point to the exist-
ence in plasma of a regulatory enzyme system that modulates behavior, and,
accordingly, we have begun to characterize the enzymes that hydrolyze LE
in rat plasma and that may be involved in this modulatory relationship with
conditioning behavior.

Rat plasma was found to have its own unique pattern of enkephalin hydrol-
ysis. These findings are based on differences in total metabolite accumula-
tion measured in the presence or absence of selective peptidase inhibitors,
as assayed by thin layer chromatography. Blood was collected through an
indwelling femoral artery cannula. Eighty-five to 90 percent of the hydrol-
ysis of LE is attributed to the combined action of aminopeptidase M

(E.C. 3.4.11.2) and angiotensin-converting enzyme. The remaining hydroly-
sis of LE in plasma is at present unaccounted for; it does not involve
“enkephalinase” (E.C. 3.4.24.1) or aminopeptidase MII activity, but it could
include dipeptidyl aminopeptidases (Weinberger and Martinez 1988). These
data suggest that either aminopeptidase M or angiotensin-converting enzyme
potentially could be involved in the relationship observed in rats between
the rate of LE hydrolysis in plasma and performance in an avoidance-
conditioning situation.

LE is Rapidly Metabolized After Peripheral Injection

In order to understand the mechanisms responsible for the effects of LE on
conditioning, it is important to characterize the fate of LE after peripheral
injection. Recent studies have examined the kinetics of uptake and metabo-
lism of radiolabeled LE and DADLE following IP administration in rats
(Martinez et al. 1988a; Schulteis et al., in press). Interestingly, 1 minute
following IP injection, 95 percent of the LE in plasma is in the form of
metabolites. By 2 minutes a plateau is reached, at which approximately
97.5 percent of the LE is metabolized.
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FIGURE 5. Correlation between escape latency and LE metabolism

NOTE: Corellation between the latency of rats to escape on the first trial of a one-way active avoid-
ance task and the amount of LE metabolized in 1 minute, as corrected for age. in plasma col-
lected through an indwelling femoral artery cannula immediately before the conditioning trial;
1(19)=.82, p<.001. Correlation between age and LE metabolism rate: r(19)=.58, p<.005.

SOURCE: Martinez and Weinberger (1988), copyright 1988, American Psychological Association.

In contrast, LE is 50 percent metabolized by 2.5 minutes in plasma

in vitro (Martinez et al. 1988a; Martinez and Weinberger 1988; Schulteis
et al., in press). DADLE is metabolized more slowly than LE following IP
administration. The percent of DADLE that is metabolized at 1 minute is
12.7 percent, and, at 15 minutes, it is 63.7 percent. Like LE, DADLE is
much more rapidly hydrolyzed in vivo (63.7 percent at 15 minutes) than in
plasma in vitro (16 percent at 150 minutes) (Martinez et al. 1988; Schulteis
et al., in press).

Because the in vivo metabolism of both enkephalins following IP injection

is much more rapid than in plasma in vitro, it is highly unlikely that plasma
enzymes alone account for the rapid hydrolysis of these peptides after
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FIGURE 6. Changes in LE metabolism associated with conditioning

NOTE: Changes in percentage of LE metabolized between blood samples collected from rats through
an indwelling femoral artery cannula (mean absolute value of the difference between samples,
as corrected for age by analysis of covariance, £+ SEM). Control group: difference in
enzyme activity between sample pairs when a single sample was divided in half for duplicate
assay. n=12. Experimental group: difference in enzyme activity in blood samples collected
immediately before and after the first conditioning trial, n=18. Analysis of covariance with
age as covariate: F(1.27)=10.61, p=.003.

SOURCE: Martinez and Weinberger (1988), copyright 1988, American Psychological Association.

peripheral administration. In accordance with this suggestion, we found that
bestatin (10 mg/kg), an inhibitor of aminopeptidase M, a major participant

60



in the hydrolysis of LE, inhibits LE hydrolysis more effectively when ad-
ministered IP along with LE than when it is injected intra-arterially about
50 seconds before an IP injection of LE. This indicates that a major
portion of LE hydrolysis occurs as LE crosses membranes on its way from
the site of injection into the bloodstream.

These results have important implications for studies of the behavioral
effects of LB following its IP administration. First, al