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Chronic Pain, Memory, and Injury:
Evolutionary Clues from Snail and Rat Nociceptors

Edgar T. Walters
University of Texas Medical School at Houston, U. S. A.

The sensory component of chronic pain is amenablecdmparative study and evolutionary
interpretations. Pain is usually initiated by aation of nociceptors, which detect damaging stimuli
A comparison of rats and a marine snAjlysia, shows that nociceptors in each group satisfy the
same functional definition and exhibit similar faiooal alterations, including persistent
hyperexcitability and synaptic potentiation follagi noxious stimulation. These alterations are also
associated with conventional learning and memomgcaBse of the ancient divergence of these
lineages, some similarities probably reflect indegmnt evolution. However, the molecular signals
linked thus far to known forms of long-term neurbplasticity represent homologous processes that
are found in all metazoan cells. Persistent pli#gtimechanisms now used for chronic pain and
memory may have evolved originally in the earlisstrons by selective recruitment of core cell
signaling and effector systems for neuronal repnsory compensation, and protective functions
related to peripheral injury.

Few investigators of chronic pain mechanisms hard explicit attention
to evolutionary considerations. Nevertheless, @gting clues about the evolution
of pain mechanisms, like the evolution of otherldujical phenomena, can come
from comparative studies at the behavioral, cellldad molecular levels. Pain has
been defined as an unpleasant sensory and emog&gpatience associated with
actual or potential tissue damage (Merskey & BogduL®94). This widely
accepted definition of pain leads to two distinetissof cross-species comparisons,
which differ markedly in the range of species tocbasidered. Sensory responses
to actual or potential tissue damage (noxious détian) could occur, in principle,
in any animal possessing a sensory system, whiamsné@rtually all living species
and extinct species possessing nervous systems, $bme of these mechanisms
may be quite primitive. On the other hand, unpleagmotional experiences
associated with actual or potential tissue damageonly be addressed effectively
in species in which such emotions are likely tousdgnost plausibly in animals
with complex brains and extensive behavioral repess), which may represent a
small fraction of the animal kingdom (Walters, 2D08deed, because emotion is
defined as a subjective experience, the emotiaateat of pain in other species is
extremely difficult (some would say impossible) tdentify (Allen, 2004).
Consequently, much more comparative informatioaveilable about responses to
actual or potential tissue damage (nociceptive aesgs) than about emotional
aspects of pain. Let me stress that the humangsg@erience, and presumably pain
in some animals, normally depends upon both thécaptive component and the
emotional component. Pain that is chronic (outhgstine healing of damaged
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tissue) is surprisingly common, occurring in ab20% of the world’s population
(Breivik, Collett, Ventafridda, Cohen, & Gallache2006), and often is quite
resistant to treatment. Comparative studies ab#émavioral, neural, and molecular
levels should lead to a better understanding obibgy of chronic pain, which
might eventually help in efforts to improve therajy particular, comparisons of
long-term alterations in nociceptive neurons arteotypes of neurons may shed
light on mechanisms contributing to the persistarfoghronic pain. Here | discuss
functional and mechanistic similarities betweenglb@rm sensitization that has
been described in nociceptive pathways in bothusoin and mammalian species.
| then consider possible evolutionary implicatiarfsthe observation that these
mechanisms for persistent alterations are sharéd mvany that are considered
fundamental to conventional learning and memory.

Functional Properties of Nociceptors Are Similar inAplysia and Rats

Nearly all animals exhibit defensive behavioral p@sses to noxious
stimuli, most commonly local or generalized withsledy escape locomotion, and
sometimes aggressive retaliation, usually followsd prolonged immobility,
enhanced vigilance, and recuperative behaviors t@fgal1994). Nociceptors are
sensory neurons specialized for detecting damagimd) potentially damaging
stimuli, and probably are strong activators of defee responses in most animals
(although defensive responses can also be actibgtéidreatening stimuli that do
not cause tissue damage, such as olfactory, ayditor visual stimuli).
Nociceptors have been examined in only a few speci®st extensively in the
laboratory rat Rattus norvegicus) and, among invertebrates, in a mollusplysia
californica. This large, soft-bodied marine snail (it lacksshell) is found
commonly along the coast of southern CaliforAalysia’s large, individually
identifiable neurons have greatly facilitated thiscdvery of various cellular
mechanisms of neuronal function and plasticity. Meurons have been
investigated as intensively #yplysia as the mechanosensory neurons comprising
the left E (LE) cluster in the abdominal gangliondathe ventrocaudal (VC)
clusters in the two pleural ganglia. These highastic cells have been neurons of
choice to investigate basic mechanisms of lear@nd memory (see Kandel,
2001). Both the LE neurons, which innervate themafis siphon (Byrne,
Castellucci, & Kandel, 1974) and the VC neuronsjcWhnnervate most of the
ipsilateral surface of the body (Walters et al.p£20Walters, Byrne, Carew, &
Kandel, 1983a), were found initially to have lowahanosensory thresholds and
are often regarded as receptors for light touchinestigators of learning and
memory (e.g., Antonov, Antonova, Kandel, & Hawki2§01; Barco, Bailey, &
Kandel, 2006). However, the LE and VC mechanosgneeurons are properly
considered nociceptors rather than low-threshaldhaeceptors for the following
reasons.

First, under natural, unrestrained conditions lighich rarely activates LE
or VC sensory neurons; the low thresholds encoedter early studies were an
artifact of applying test stimuli to pieces of thedy wall that were tightly pinned
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to firm substrates. This effectively reduces thtura compliance of the animal’'s
soft body (increasing the effective intensity of akestimuli) and produces
peripheral sensitization, dramatically lowering theechanosensory threshold
(Clatworthy & Walters, 1993; lllich, Joynes, & Weails, 1994; Walters, 1987).
Unless sensitized, these sensory neurons exhiaitvedy high thresholds, graded
responses to increasing stimulus intensities, aldimal responses to sharp,
pinching stimuli that cause clear tissue damagecoi®® these later studies
demonstrated that the LE and VC mechanosensorpngwwhare a property that,
among all sensory neurons, is unigue to nocicepteesnsitization rather than
adaptation to repeated stimulation. All other sensmeurons adapt or
accommodate when repeatedly activated, whereasatfdeast the first several
noxious stimuli, nociceptors become more senstive respond more vigorously
to each successive stimulus. Maximal activation fgxious stimuli and
sensitization by prior noxious stimulation are eueristic features of mammalian
nociceptors (lllich & Walters, 1997; Woolf & Ma, Q@). Presumably these
features represent widespread adaptations to etigitréhe intensity of defensive
responses matches the threat posed by a noxiausser-noxious stimulus, as well
as the increasing threat presented by repeatedotonged noxious stimulation.
Although the sharing of features, such as thesgnyals as distantly related as
Aplysia and rats suggests that they may be quite gerfaraitional properties of
nociceptive neurons need to be compared in manye namimal groups to
distinguish general properties of nociceptors frtamon-specific or life-style-
specific properties. Various other similarities aiso found between rat and
Aplysia nociceptors, but one that has interesting evatatip implications, and
perhaps implications for chronic pain mechanismshé capacity of these neurons
to store long-term cellular “memory” of noxiousmstilation.

Nociceptors inAplysia and Rats “Remember” Noxious Stimulation

Persistent alterations of mammalian nociceptorsttawaght to contribute
to several forms of chronic pain (Cheng & Ji, 2008lters et al., 2008; Woolf &
Ma, 2007). Long-term, memory-like changes intrinsicnammalian nociceptors
following noxious stimulation are implied by numasoobservations but rarely
have been tested directly. This is because evaeiffisiently noxious to produce
long-term changes in behavior in mammals causarmfiation in the region of
injury. Persistent inflammatory signals impingingn @eripheral branches of
nociceptors, rather than long-term alterationsineic to the nociceptors, are
commonly assumed to drive persistent pain. Howeperjpheral injury and
inflammation cause clear changes in gene expregstbim nociceptors, including
an upregulation of some ion channels and growttofaeceptors (Ji, Samad, Jin,
Schmoll, & Woolf, 2002; Mannion et al., 1999; Waxmdocsis, & Black, 1994;
Woolf & Costigan, 1999), which strongly indicatenfplasting alterations of
nociceptor function. Furthermore, peripheral neiwgury and inflammation
produce regenerative and collateral growth of regior axons (Doucette &
Diamond, 1987; Shea & Perl, 1985; Lu & Richardst®91) and a transcription-
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dependent enhancement of the nociceptor's growdte ghat continues to be
expressed in vitro after isolation of the neurobhankford, Waxman, & Kocsis,
1998; Smith & Skene, 1997). In principle, an enlemhgrowth state might also
promote growth of new synapses within the spinaldcd&®trong evidence for
inflammation- or injury-induced functional (elegtoysiological) changes intrinsic
to nociceptors can be provided by testing neurongtio, isolated from continuing
extrinsic signals. Although such tests are ofterdenan dissociated sensory
neurons, they are usually performed in acute petioais, only a few hours after
dissociation. However, long-term (24 h or longeypérexcitability of dissociated
sensory neurons following prior injury or inflamnwat has been documented (Ma
& LaMotte, 2005; Walters et al., 2008). While sumservations are among the
best evidence available for intrinsic cellular “nmawyi, they usually do not
exclude the possibility that this memory only laktsg enough to amplify long-
term responses initiated by the cellular traumdis$ociation (Zheng, Walters, &
Song, 2007).

Aplysia sensory neurons have served as an influential hsyd¢em for
memory studies, so it was natural to investigatgjiterm as well as short-term
alterations of these noiciceptors produced by ngxitimulation within or close to
their receptive fields. Indeed, one of the firsbieations about the VC tail sensory
neurons described dramatic synaptic enhancementlabted at least 75 min
following noxious tail shock (Walters, Byrne, Carefv Kandel, 1983b). It was
then shown that nociceptors directly activated by shock display synaptic
facilitation and hyperexcitability of their cell g (soma) lasting at least 24 hours
(Walters, 1987). Peripheral injury, produced byeitpinching and cutting the tail
or by crushing the nerve that innervates the failpduced effects on the
nociceptors that lasted weeks or longer. Theseudled peripheral axonal
regeneration (Steffensen, Dulin, Walters, & Morrs995) and sprouting of
neurites near a site of peripheral injury and witbéntral ganglia (Steffensen et
al., 1995; Billy & Walters, 1989). Functionally, qiygheral injury caused a decrease
in mechanosensory threshold in the damaged reBitly & Walters, 1989; Dulin,
Steffensen, Morris, & Walters, 1995), a decreasel@ctrical threshold of the
nociceptor axon near a site of injury or intenspatigrization (Weragoda, Ferrer,
& Walters, 2004), and an increase in excitabilgygressed as both a decrease in
electrical threshold and an increase in repetifisiag) of the nociceptor soma
(Gasull, Liao, Dulin, Phelps, & Walters, 2005; Uesg, Gasull, & Walters, 2002;
Walters, Alizadeh, & Castro, 1991). A long-standjmggzle was why nociceptor
somata demonstrate injury-induced plasticity, beean bothAplysia and rats the
nociceptor soma is located at the end of a “blildyg off the direct path
connecting peripheral sensory receptors to theraemresynaptic terminals.
Recently a sensitizing function of soma hyperekdity was revealed by showing
that this hyperexcitability promotes afterdischangehe soma when peripherally
generated action potentials arrive. The afterdigmhds then relayed to other
neurons in the central nervous system, amplifyingrtociceptive input (Gasull et
al., 2005). Finally, peripheral injury also prodsaynaptic facilitation (Walters et
al., 1991), although it is not yet known whethes g8ynaptic effect is intrinsic to
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the nociceptor or due also or instead to other gbsuin the neural circuit, such as
alterations in the postsynaptic neuron. As is fiarethe regenerative growth of
mammalian nociceptors, injury-induced growth oAplysa nociceptors
demonstrates that at least some of the observedgehaare intrinsic to the
nociceptors rather than a reflection of continuimxtrinsic modulation.
Furthermore, an intrinsic set of mechanisms for enggcitability in Aplysia
nociceptors is demonstrated by the finding thagiterm hyperexcitability can be
produced directly in isolated, dissociated neurdnys injuring their neurites
(Ambron, Zhang, Gunstream, Povelones, & Walter961Bedi, Salim, Chen, &
Glanzman, 1998) or transient depolarization (Kwgil, Fishman, Englot, O'Neil,
& Walters, 2009), and is also expressed in excgatylia-nerve preparations in
low-C&* conditions that block ongoing release of extrinsiguromodulators
(Gasull et al., 2005; Kunjilwar et al., 2009).

Functional similarities of long-term plasticity implysia and rat
nociceptors led to a clinically relevant predicti@mout rat nociceptors based upon
patterns of adaptive plasticity Aplysia nociceptors. These patterns suggested that
long-term responses of nociceptors in general teerse noxious stimulation
represent a switch of the nociceptor into a peststintrinsically maintained,
hyperfunctional state. This led us to predict thame of the most persistent and
intractable forms of chronic pain in mammals depeatdleast in part, upon the
switch of mammalian nociceptors into a persisteypenfunctional state after
intense or prolonged exposure to signals of tisswtknerve injury. We have begun
to test this idea in a model of chronic pain indubg spinal cord injury in rats.
This sometimes devastating and untreatable fornpadfi, which occurs in a
majority of human patients after spinal cord injumas not previously thought to
involve changes in nociceptors (Finnerup & Jens&d04). Specifically, we
predicted that prolonged exposure of the centrahsvand terminals of nociceptors
to signs of tissue injury (especially inflammataignals) within the spinal cord
would lead to hyperexcitability of nociceptors theduld result in persistent
spontaneous activity being generated in the somfathese neurons, as well as
enhanced growth of nociceptor axons, with both otffecausing central
sensitization of pain pathways and spontaneous. peiese predictions have
received support in preliminary studies, and suggesew target — nociceptors —
for treating this particularly resistant form ofrohic pain (Walters et al., 2008).

Cellular Memory of Injury in Nociceptors Shares Medanisms
With Conventional Learning and Memory

Striking similarities exist in the behavioral resges ofAplysia and rats
(as well as many other species) to noxious stinmmatincluding withdrawal
reflexes, escape, guarding responses, and reciypebathaviors (Walters, 1994),
and even the conditioning of fear-like responsesatoontext associated with
noxious stimulation (Walters et al., 1981). As jdescribed, these similarities are
paralleled by functional similarities in their noeptors, even though the neural
circuits of molluscs and mammals differ as muchhasr gross anatomy does. It
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turns out that the cellular and molecular mechasisnvolved in persistent
changes in behavioral responses and nociceptotabiity also are similar in
Aplysia and rats. Furthermore, these mechanisms displastamtial overlap with
the mechanisms thought to underlie traditional forofi learning and memory,
which are under intense investigation, especiallyadents, gastropod molluscs,
andDrosophila (Alberini, 2009; Barco et al., 2006; Margulies,|lyu& Dubnau,
2005). In nociceptors and memory circuits these haeisms are expressed as
short- and long-term neuronal alterations; spedlific enhancement of synaptic
transmission (e.g., Ji, Kohno, Moore, & Woolf, 20Q%e & Silva, 2009) and
enhancement of membrane excitability (e.g., De2006; Xu & Kang, 2005). The
long-term synaptic enhancement can involve growthew synapses (Bailey &
Kandel, 2008; De Roo, Klauser, Garcia, Poglia, &llEh 2008). In turn, these
alterations are induced and sometimes maintainetthdyeneration of numerous
plasticity signals that are common Aplysia sensorimotor systems, mammalian
spinal sensory systems, and mammalian circuitshén Hippocampus and other
parts of the brain important for learning and memd@hared plasticity signals
include C&" influx through NMDA receptor-gated channels opedadng intense
electrical activity (Glanzman, 2008; Ji et al., 20Rao & Finkbeiner, 2007),
activation of cell signaling pathways by entry oB?Cor its release from
intracellular stores, and by the binding of neurdalators and growth factors to
G-protein-coupled receptors and receptor tyrosinages (Barco et al., 2006; Ji et
al., 2003; Lu, Christian, & Lu, 2008; Pezet & McMuah 2006; Purcell & Carew,
2003). The resulting intracellular signals are highonserved, including the
second messenger, CAMP, and activated protein &inadipid kinase enzymes,
notably PKA, PKC, ERK, and PI3K (Barco et al., 20@heng & Ji, 2008; Lee &
Silva, 2009; Obata & Noguchi, 2004; Sossin, 2008)ss extensive evidence
suggests that cGMP and PKG (Aley, McCarter, & Leyih998; Lewin & Walters,
1999; Ota, Pierre, Ploski, Queen, & Schafe, 20Q81gS& Ambron, 2004; Sung,
Walters, & Ambron, 2004; Zheng et al., 2007) armqgt@tein kinase, TOR (mTOR
in mammals), which promotes local protein synthasisaxons and dendrites
(Casadio et al., 1999; Hu, Chen, & Schacher, 200vienez-Diaz et al., 2008;
Price et al., 2007; Sossin, 2008; Weragoda et2804), also contribute to both
nociceptor sensitization and conventional memonng-term effects triggered by
some of these signals require changes in genectiptign, with the transcription
factor CREB playing an important role in prominémms of long-term plasticity
in the mammalian brain (Alberini, 2009; Lee & Silva009) and inAplysia
nociceptors (Barco et al., 2006; Casadio et aB918ewin & Walters, 1999), and
perhaps in mammalian nociceptors as well (Molliveook, Carlsten, Wright, &
McCleskey, 2002; Simonetti, Giniatullin, & Fabbre®008; Tamura, Morikawa,
& Senba, 2005; Teng & Tang, 2006). Thus, at theallidar and molecular levels,
the mechanisms of long-term neuronal plasticityeeded thus far seem remarkably
similar when comparing molluscs to mammals, and paring nociceptors to
hippocampal neurons.
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What Explains the Similarities in Mechanisms Assoecited with
Nociceptor “Memory” and Conventional Memory
in Distantly Related Animals?

The similarities reviewed above add to similaritesross major phyla
many have noted in various learning phenomena. thkese similarities (Papini,
2008), these additional parallels may reflect omermmre of the following
evolutionary relationships: far-reaching homologiteading from molecular to
functional levels, massive convergence, or paraNelution. As argued by Papini
for associative learning, homology across all Ievedn immediately be rejected
because invertebrates and vertebrates divergedrgp dgo that specific neural
circuits mediating learning and memory functions diiferent phyla, and (I
assume) circuits mediating nociceptive functiondifferent phyla, probably arose
independently following this early separation. Egample, it is extremely unlikely
that the pleural ganglia housing nociceptor sonmataplysia and the dorsal root
ganglia housing nociceptor somata in rats are hogools structures (although
their development may well involve some homologptacesses). Moreover, the
functions of nociceptive systems and specializednorg systems differ, so the
selection pressures shaping each type of systenbaphp differ. These
considerations indicate that some of the simiksitiacross distantly related
nociceptive systems and between nociceptive systemisspecialized memory
systems reflect common solutions to related probleimt were arrived at
independently. For example, at a functional letelré¢ are only two ways that a
nociceptor can become more effective at sendingrimftion to the central
nervous system: it can become more sensitive tmists and it can amplify its
output. Thus, if, as seems likely, strong selecpicessures have favored enhanced
signaling effectiveness of surviving nociceptorsanregion of injury (e.g., to
compensate for lost sensory branches and to irecrdafensive responsiveness
around wounds that attract predatory and parasitiention; Walters, 1994;
Weragoda et al., 2004), one would predict thateeittypersensitivity (membrane
hyperexcitability) or enhancement of synaptic outpar both, would be
adaptations likely to appear in unrelated nociasp&ubject to similar, strong
selection pressures for enhanced nociceptive fumetiter peripheral injury.

On the other hand, massive convergence of indep#gdéerived
processes is unlikely to account for the large lapein sets of cell signals critical
both for long-term sensitization of nociceptorglifferent phyla and for long-term
memory in different phyla. Indeed, at the subcalulevel, the discovery of
identical cell signals playing the same basic pagtroles in each lineage and in
each form of long-term alteration demonstrates Hwahologous, quite primitive
(Ghysen, 2003), molecular processes subserve iamggparts of these alterations
across phyla and across functionally distinct nesystems. The recent sequencing
of expressed mRNAs if\plysia indicates that most genes expressed in this
mollusc have homologs in mammals, including gehes éncode components of
signal transduction and cellular regulatory pathsv@iyloroz et al., 2006). This
advance, and the imminent sequencing ofyplgsia genome
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(http://www.ncbi.nlm.nih.gov/nuccore/AASCO00000000.2vill greatly facilitate
molecular comparisons betweeiplysia and other organisms. The available
cellular observations indicate that both nociceprmemory” and conventional
memory in different phyla and diverse neural systdrave utilized homologous
cell signaling modules to trigger and maintain ksasting neuronal alterations. In
unrelated or distantly related nociceptive systémese probably has been parallel
evolution — incorporating these core regulatory mesl — to solve problems of
sensory compensation and maintained vigilance atig injury. In specialized
memory systems, the same signaling modules appeaavte been utilized in
neuronal alterations shaped by divergent evolutiopeaessures to solve problems
of information storage. An interesting questionwkether selection pressures
evident today provide any clues about early salacipressures that shaped
primitive plasticity systems that may be ancesivathose used today for diverse
types of persistent neural plasticity.

Injury: A Potent Selection Pressure
for Primitive Plasticity Mechanisms?

From a biological point of view, the emotional insgy and urgency of
severe pain reflect the importance of injury-redatelection pressures during
evolution; an organism that cannot compensatedss bf sensory function after
injury, or use nociceptive sensitization to redabances of further injury, is likely
to die sooner and have less reproductive succassdie that does. Sensitization
around a wound that persists long enough for hgatiroccur appears to be highly
adaptive, and is certainly a robust phenomenomplysia and rats. Injury is
particularly interesting as an evolutionary sel@mtjpressure because it should have
been present at least as long as metazoans (Wdle&4). Thus, unlike pressures
to store information about the environment or abmrsequences of behavioral
actions, which would have had little impact unglunal circuits complex enough to
begin to store such information had evolved, injiglated selection pressures
have probably operated on neurons (or their anggtsiifrom the earliest stages of
neural evolution. In other words, plasticity meclkams selected as adaptive
responses to injury may have evolved very earligreehe appearance of forms of
learning and memory requiring integration of adyivin different neural pathways
(e.g., associative learning). It seems likely tiegt earliest neurons were sensory
and motor neurons, or combined sensory-motor nsuf@fard, Thomson, White,
& Brenner, 1975; Westfall & Kinnamon, 1978). Eadpimals were quite small
and lacked shells or hard exoskeletons, so thechesnof primitive neurons were
close to the soft body surface and exposed to Iper@h trauma from inanimate,
and possibly animate, sources. Thus, from theesarfitages of neural evolution,
injury-related selection pressures may have beeantaxk directly on primitive
neurons.

An implication of these considerations is that {gest neuronal plasticity
mechanisms may have been selected originally irbsmfied ancestors of most
contemporary animals for their ability (1) to rapaind regenerate peripheral
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axonal branches, (2) to compensate for loss ofosgrignction within a damaged
region, and 3) to reduce the chances of aggravamgnjury by subsequent
movements. A fourth function may have undergonecsiein after predation arose
— sensitization around a wounded region to acdelemsponses to subsequent
attacks by predators or parasites attracted towthend (Walters, 1991, 1994;
Weragoda et al., 2004). The first set of mechanigmogld result in regrowth of
destroyed axonal branches while the second, thamt, fourth sets could include
hyperexcitability of surviving branches of damagesensory neurons,
hyperexcitability of the branches of nearby, undgech sensory neurons,
hyperexcitability of the soma or central branchesemsory neurons (which could
amplify trains of sensory action potentials arrgifnom the periphery), enhanced
release of neurotransmitter from central synap$egmsory neurons, and growth
of new synapses from surviving sensory neurons.irhgéhese or similar
functional changes have been observedglysia and rat nociceptors, and also in
neurons in structures, like the hippocampus, tipgear specialized for learning
and memory functions.

None of the molecular signals and cellular effectassociated thus far
with nociceptor plasticity and with learning andmuy (see above) is unique to
these forms of plasticity; each has many othersraled is found in most metazoan
cells. The molecular signals (e.g., second messgngprotein kinases,
transcription factors) identified with neuronal tiaity to date represent parts of
highly conserved, core regulatory systems (e.grh&e & Kirschner, 1997),
which are also involved in other processes, indgdievelopment, differentiation,
adaptation to different physiological conditionsdacellular responses to stress.
Such signals may have become linked in primitiveiraes to the stress of
peripheral injury. Once linked to injury-inducedaglicity in nociceptive sensory
neurons, these regulatory modules could then befxted” for use in other forms
of neural plasticity as nervous systems evolvedisThvhile the phenomena of
nociceptive behavioral sensitization in mollusdstonic pain in mammals, and
long-term memory in mammals are homoplasic at thechological level, they
may be products of parallel evolution, utilizingnhmogous molecular building
blocks (see Papini, 2008). The linking of theseldid blocks to persistent
changes in neuronal function might have occurregirally in response to
ubiquitous injury-related selection pressureshis linkage occurred in a common
ancestor of contemporary animals, geesistence of these different psychological
phenomena could be a homologous property. Howdvsuch linkages occurred
independently in different lineages or differerpéayg of neurons, the persistence of
each form of behavioral modification would reprasshomoplasic property.

In either case, contemporary nociceptors--both @mtebrates and in
invertebrates--offer a special opportunity to dismofundamental mechanisms of
neuronal plasticity that may prove important fodarstanding the persistence of
long-term memory as well as chronic pain. Convgrséhe hypothesis that
peripheral injury was a preeminent selection presgiriving the evolution of
mechanisms of neural plasticity underscores theevaf using known learning and
memory mechanisms to guide the search for mechanismmociceptive sensory
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neurons and their targets, that contribute to thesiptence of some forms of
chronic pain (e.g., Ji et al., 2003). More gengradin evolutionary perspective
combined with an explicit comparative approach yiaid novel predictions about
cellular mechanisms that may contribute to clificahportant problems, such as
chronic pain following spinal cord injury. Such @&ffs are encouraged by the
growing realization that evolutionary consideratoran be a valuable part of
biomedical research and medicine (Nesse, Stearr@m&nn, 2006; Williams &

Nesse, 1991).
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I ncentive Relativity and the Specificity of Reward
Expectationsin Honey Bees
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Honey bees were trained in a proboscis extensgporese procedure on a high quality reward to one
of two odors under one of two contexts and theradower quality reward under the alternative
context to the alternative odor. The performanczrateent induced by the reduced reward, revealed
by comparisons with subjects trained continuallytba lower reward, was independent of odor-
context combinations or the order of experiencénr wtimuli. In a second experiment subjects were
forward or backward conditioned to a high qualgyvard or fed unconditionally and then trained on
a low reward in a novel context to a novel odore Bhserved performance decrement depended only
on exposure to the high quality reward. These tesuiggest that incentive contrast effects ariza fr

a simple mechanism—the comparison of a currentntinge with experienced incentives—that is
effectively independent of cues that signal a relar

Crespi (1942, 1944) discovered that rats antieighe magnitude of a
reward when they are trained to run down a runwag goal box that contains a
food reward (Elliott, 1928; Zeaman, 1949). In parkar, he observed that rats
trained on a high reward run more slowly to thel dm if the magnitude of the
reward is suddenly reduced and, importantly, thasé subjects temporarily run
more slowlyto the goal box than subjects in a control grooat tare trained
continually on the lower reward. This observatioaswof special importance
because it appeared to contradict the postulatartbentive determines the rate at
which a stimulus and a response become associdtgdgnhahn & Olson, 2001,
Hull, 1943, 1952). The numerouacentive relativity studies inspired by this
discovery revealed that many animals form rewarngketations (Flaherty, 1996).
Indeed, an incentive contrast effect was obsermaeldoney bees more than three
decades ago and later studies implicated, as itebrates, a frustration-like
process induced by the reduction of a reward (Bitse, 1976; Couvillon &
Bitterman, 1980, 1984; Shinoda & Bitterman, 1987).

Incentive relativity studies on vertebrates suggdebat multiple
mechanisms underlie responses to shifts of a re{iatherty, 1996; Mackintosh,
1974; Williams, 1983). The magnitude of incentiemtrast effects in these studies
(i.e., the responses of subjects that experienceward shift relative to the
responses of subjects that experience the secomdasryrd continually, but are
otherwise treated identically) reveals that rewargpectations are under direct
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stimulus control. In simultaneous incentive corttragperiments, where two
stimuli with different schedules of reinforcemente gresented alternately, the
behavioral contrast that results from the transitd reinforcement schedules is
more pronounced, for example, when the reinfor¢edudi share many common
elements (Bloomfield, 1972; Blough, 1988; Bower619 Chechile & Fowler,
1973). In addition, static contextual cues—the apps and other background
cues—may contribute to contrast effects induced abyeduction of reward
(Dachowski & Brazier, 1991; Daniel, Wood, PellegriNorris, & Papini, 2008;
Flaherty, 1982). For example, rats trained altelyain low and high reward
runways located in different rooms run more slotathe goal box in the former
runway than subjects trained on a low reward i lwohways (Flaherty & Avdzej,
1976; Flaherty, Blitzer, & Collier, 1978).

Incentive contrast studies with honey bees and berblees similarly
suggest that conditioned and static contextualutiare involved in the formation
of reward expectations. The control of reward etgieans by conditioned stimuli
is evident in a study in which honey bee forageesenrained alternately to a
stimulus A that contained a 50% sucrose solutiavard and a stimulus B that
contained a 20% sucrose solution reward and tletedea few minutes after a final
exposure to B to either A or B under conditionsMmch both stimuli contained
the low reward (Couvillon & Bitterman, 1984). Inrpaular, subjects tested to A
showed a significant disruption of consummatory ewédr relative to subjects
tested to B. The control of reward expectationsstatic contextual stimuli is
implicated in studies of honey bee and bumble leece behavior (Greggers &
Mauelshagen, 1997; Greggers & Menzel, 1993; Menz€Ql; Waldron,
Wiegmann, & Wiegmann, 2005; Wiegmann, Wiegmann, &ldkon, 2003). For
example, bumble bee foragers trained to a high nevgéimulus are likely to
sample a novel stimulus that contains a low quaétyard if the reward contained
in the familiar stimulus is reduced, but subjeasporarily fail to consume the
identical, low quality reward contained @ther stimulus (Waldron et al., 2005;
Wiegmann et al., 2003).

In vertebrates behavioral responses induced byrcesiifts also appear to
be modulated by mechanisms that are effectivelgpeddent of stimuli that signal
a reward. Incentive contrast effects in rats octmrrexample, even when a radical
contextual shift is coincident with a reward redoct (Flaherty, Hrabinski, &
Grigson, 1990; Grigson, Spector, & Norgreh993). These results reveal
behavioral responses that do not depend on assebyateactivated expectancies,
or cued-recall relativity and implicaterecognition relativity incentive contrast
effects that arise from the ability of a subjectrémognize a difference of the
magnitude of incentives (Papini & Pellegrini, 200&niel et al., 2008).

In this study we conducted two experiments in whied manipulated
conditioned stimuli and the context of reinforcemenminimize the influence of
cued-recall memory on the responses of restraimegyhbees to a reduction of
reward. The results of these experiments suggedt ekperience with food is
sufficient to instantiate reward expectations amat incentive contrast effects in
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honey bees, like vertebrates, are modulated by amesims that are effectively
independent of cues that signal a reward.

Experiment 1

In a standard successive negative incentive cdntl@sign subjects are
trained first on a high reward and later under tiah conditions on a lower
reward. The behavior of these subjects is comptoethe behavior of subjects
trained continually on the lower reward. The desidrthis experiment involved
the addition of a concomitant shift of conditiormad contextual stimuli with the
reduction of reward.

In this experiment, subjects were trained in a psois extension response
(PER) procedure in two sessions to an odor stimalas illuminated arena. In the
initial session subjects were trained on a higloar quality reward to one of two
odor stimuli under one of two light backgroundsthe second session all subjects
were trained on a low quality reward to the altéxeaodor under the alternative
light background. Afterward, subjects were testdthout reinforcement under
conditions of the first and second sessions to renshbat any difference of
performance in the second session between subifeztsexperienced a reward
reduction and subjects trained continually on a bpvality reward could not be
attributed to satiety.

Method

Subjects

Honey beesApis melliferg were collected individually into small glass cainers when
they exited from outdoor colonies maintained atzéna State University. Individuals were cooled
until they became motionless and they were theareddn a plastic harness in manner that allowed
them to move their antennae and mouthparts. Bigterivienzel, Fietz, & Schafer (1983) describe
this procedure in detail. Subjects were allowedddimate undisturbed for 2-3 h and they were then
tested for their responsiveness to sucrose by aaketimulation with a 2-pl droplet of 10% (weight
percent) sucrose solution. Individuals were exalufiilem the study if this stimulation failed to étic
proboscis extension. In this responsiveness tespgctive subjects were not allowed to consume the
sucrose solution.

Apparatus

Individuals were PER conditoned in a 15 x 15 x fribldack acrylic arena lined on the top,
bottom and sides with textured aluminum foil, whielflected light produced by two light-emitting
diodes (Unitech Systems Inc., Part No. N5S00TBG4D@unted on the rear floor of the arena. The
two diodes emitted blue (464-475nm) or green (52BABn) light with an intensity of 3200 mcd. The
light conditions under which individuals were traghin this experiment are known to modulate the
strength of learned olfactory associations (Ge€&mith, 1998).

The front of the arena was open and subjects wlaseg in the center of the arena when
they were trained. A 1 ml glass syringe—plungeraeed—that contained a 35 x 2.5 mm piece of
filter paper laden with 3 pl of pure 1-hexanol (§0€H,)sOH) or geraniol (GyH.g0) was positioned
on a stand in front of the arena to deliver odorsubjects. A programmable logic controller was
activated a few seconds after a subject was pliatedhe arena. The controller regulated a vale th
shunted air through the syringe and it triggeretree to signal the appropriate time to deliver a
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reward. An exhaust duct located in the back wathef apparatus vented odors from the arena. The
room was illuminated by a 25-W red light, not easliétected by honey bees (Winston, 1987).

Procedure

Subjects were classically conditioned to eitherekamol (X) or geraniol (R) under blue (B)
or green (G) background illumination in two sessio@ach of which consisted of five trials. In the
first session of the experiment the reward waspd @roplet of either 10% (+) or 40% (++) sucrose
solution. A trial was initiated with the placemesfta subject into the arena. In each trial the odor
stimulus was delivered to a subject for 4 s anéward was delivered 3 s after the start of odor
delivery. The trials within a session were separéie5 min and 10 min separated the last triahef t
first session and the first trial of the secondskes

All four light and odor combinations were used fe ffirst session in different treatment
groups. Half of all subjects exposed to each layld odor combination were rewarded consistently
with the low (XB+, XG+, RB+, RG+) or high (XB++, X&, RB++, RG++) sucrose solution
reward. In the second session of the experimerjesisbwere trained to the alternative odor under th
alternative light condition on a 2-ul droplet of%4q+) sucrose solution reward. This design yields a
total eight groups, four odor and light combinasipaubdivided into groups trained on a low or high
reward. Ten subjects were assigned randomly to efitte treatments.

Each subject was tested 5 min after the final tfahe second session, first under the light
and odor conditions used in the initial sessiothefexperiment and then, 5 min later, under th lig
and odor context experienced in the second sessi@msure that any decrement of performance
observed in the second session by subjects whorierped a reward reduction could not be
attributed to a lack of motivation to feed. Subgewtere not rewarded in either of the tests. The
experimental design is summarized in Table 1.

Tablel
Summary of the Design of Experiment 1.

Session Test
1 2 1 2
XB++ RG+ XB RG
XB+ RG+ XB RG
XG++ RB+ XG RB
XG+ RB+ XG RB
RB++ XG+ RB XG
RB+ XG+ RB XG
RG++ XB+ RG XB
RG+ XB+ RG XB

Note: In Experiment 1 subjects were trained to eithéetanol (X) or geraniol (R) under blue (B) or
green (G) background illumination. The symbols + a+ identify reinforcement with a low and
high reward, respectively. In tests subjects wererawarded (indicated by a lack of a + or ++).
Incentive contrast effects are revealed by compasiof the behavior of subjects that experienced
different reward levels in the first session andniical odor and light conditions in each session.
These respective treatment and control groupssiesl lin pairs.

Statistical Analyses
In each trial and in the two tests the responsesafbject was scored as a one or a zero if a

subject did or did not extend its proboscis witBis of the initiation of odor delivery, respectiyel
that is, a positive response was scored only ibpsois extension occurred before the controller
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triggered the tone that signaled reward delivehe Proportion of trials in which a subject extended
its proboscis was recorded for each session aegeated measures analysis of variance, with post-
hoct tests, was used to compare the performance oéastyver the two sessions, with the light and
odor reinforcement history in the initial sessianfactors. The independence of the performance of
subjects in the unrewarded tests and their reiefoent history in the first session was evaluatad wi

a Fisher’s exact test (Sokal & Rohlf, 1995).

Results

Figure 1 shows the acquisition curves for the tessions. These curves
reveal that subjects trained on a high quality rewia the first session of the
experiment responded poorly in the second sessiativie to subjects trained in
the initial session on a low quality reward. Th@eaated measures analysis of
variance yielded a significant main effect for #agerimental sessiorfr(1, 72)=
14.24, p = 0.0003) and a significant interaction betweessgms and the level of
reinforcement experienced by subjects in the Bestsion (1, 72) = 36.45p <
0.0001). The analysis indicates that subjects @dhion a high quality reward
responded significantly more often to the odor stura than subjects trained to the
lower quality reward in the first session (Figuret(Z2) = 2.50,p = 0.0146). But
subjects trained on a high quality reward in thst fsession performed less well in
the second session than did subjects rewarded aviiw concentration sucrose
solution in the first session(72) = -6.59,p < 0.0001). No other main effects or
two-way or higher-order interactions were significalhe low level of responses
by all subjects in the first trial of the secondsen also implies that subjects
perceived the light-odor stimulus compounds expesge in the two sessions as
distinct from one another.

In the initial test 34 of the 40 subjects that eigeced a reward reduction
and 30 of the 40 subjects that were trained coaliyion the low quality reward
responded to the odor and light conditions unddckvthey were initially trained.
These response frequencies do not differ signifigaffrigure 1; Fisher's exact
test,p = 0.4024). But only 16 of the former subjects mxted in the second test—
under the odor and light conditions of the secassi®n—in comparison to 32 of
the subjects trained continually on the low qualéward (Fisher’'s exact tegt,=
0.0005). These tests confirm that the decremerpeoformance in the second
session by subjects who experienced a reducedademas not due to satiety.
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Figure 1. Acquisition curves and test responses of subjecExperiment 1 reveal a contrast effect as
a result of the reward reduction between sessi@)sProportion of subjects that responded with
proboscis extension to odor delivery in each tofathe first and second sessiofi$ie intersession
inteveral is indicated by Pb)Y Mean response rate for subjects in each sessigeralD means for
subjects trained initially on a high (++) or low)(#teward are indicated by the symbalsand x,
respectively. Table 1 identifies legend symbols,iclwhcorrespond to the stimuli and reward
experienced by subjects in the first session.

Experiment 2

In this experiment our objective was to determirethier experience with
food is sufficient to instantiate reward expectagioThis experiment also involved
two sessions, with subjects divided into three psouThe results of the
Experiment 1 revealed that neither the combinatibthe olfactory stimulus and
background illumination used to train subjectsha first session nor the order in
which subjects were trained on particular lightiodomulus compounds had an
effect on the magnitude of the observed incentivatrast effect and for this
experiment one odor-light treatment used in Expeninl was arbitrarily chosen to
train subjects in two of the three groups. In paltr, subjects in one of these
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groups were forward conditioned on a high or lowlijy reward to geraniol under
green background illumination and subjects in aosdcgroup were backward
conditioned to these stimuli. Subjects in the tlgrdup were simply fed a high or
low concentration of sucrose solution outside trena. In the second session all
subjects were trained to 1-hexanol under blue backgl illumination on a low
quality reward.

An unrewarded test of the responsiveness of subjeas conducted after
completion of the second session to ensure thatresiyced performance in the
second session by subjects that experienced ashigiose solution concentration
in the first session could not be attributed toe$gt In this test a lack of motivation
to feed would be evident in a low level of respend®y subjects forward
conditioned on a high quality reward in the firstssion, relative to the
performance of subjects forward conditioned inligian a low quality reward.

Method

Subjects

Individuals were collected, harnessed and testedtheir responsiveness to sucrose
solution as described in Experiment 1.

Apparatus

The apparatus used in this experiment was the spperatus used in Experiment 1.
Procedure

Subjects were divided randomly into three groupghe first session subjects in one group
were PER conditoned on RG+ or RG++ as describethéfirst session of Experiment 1. Subjects in
a second group were backward conditioned to thi@sels These subjects were fed a 2-ul droplet of
10% or 40% sucrose solution in the dark, outsigedtena and then placed immediately into the
arena, where they were treated like subjects irfdhaer group, except that no sucrose reward was
delivered (+RG, ++RG). Subjects in a third groupreveimply fed a 2-ul droplet of 10% or 40%
sucrose solution in the dark, outside the arena enery 5 min (+, ++). In the second session of the
experiment all subjects were trained, as desciibb&kperiment 1, in 10 trials on XB+. The finalaki
of the first session and the first trial of the @ed session were, as in Experiment 1, separatdd by
min. This design yields a total six treatments a@dubjects were assigned to each of the treatments

The responsiveness of each subject to geraniolrigrden light was tested after the second
session to ensure that any decrement of performaipserved in the second session by subjects fed
or rewarded with a high concentration of sucrodatem in the first session could not be attributed
to satiety. The interval between the final triakloé second session and the test for each subgscbw
min and in the test subjects were not rewarded.ekperiment is summarized in Table 2.

Statistical Analyses

In the first session the responses of subjectswiea¢ backward or forward conditioned
were scored as a one or a zero if proboscis extertid or did not occur within 3 s of the initiatio
of odor delivery, respectively. (In the first sessisubjects fed unconditionally were neither expose
to olfactory nor visual stimuli and, hence, thesdjscts have no scored responses). Individual
responses were scored in each trial of the secesglom and in the test for all subjects. An analysi
of variance was used to compare the performancitécts in the first session, where the order of
reward and stimuli delivery and the quality of redvaerved as factors. The 10 trials of the second
session were divided into two equal blocks of fivals and a repeated measures analysis of variance
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was used to compare the performance of subjects theesecond session, with light and odor
exposure and reinforcement history as factors. ifdependence of performance in the test and
experience with stimuli and reinforcement histofgabjects in the first session was evaluated with
Fisher’s exact test (Sokal & Rohlf, 1995).

Table2
Summary of the Design of Experiment 2.
Session
1 2 Test
RG++ XB+ RG
RG+ XB+ RG
++RG XB+ RG
+RG XB+ RG
++ XB+ RG
+ XB+ RG

Note: Symbols are as used in Table 1. The placementaf++ before or after the odor and light
symbols indicates whether reinforcement was deddeoefore or after the presentation of these
paired stimuli, respectively. If incentive contrasfects occur independently of a learned assaciati
between a reward and olfactory or visual stimtigrt the responses of subjects in the second session
should depend only on the concentration of suceadetion received in the first session. Subjects
were not rewarded in the test.

Results

Figure 2 shows the acquisition curves for subjecthe two sessions. The
performance of subjects in the first session depérwhly on whether proboscis
extension was forward or backward conditioned. drtipular, subjects trained on
RG++ or RG+ responded to the delivery of the odomidus with proboscis
extension more often than subjects trained on +6R&RG (1, 76) = 207.78p
< 0.0001). The performance of subjects in thisisassid not depend on the level
of reinforcement (1, 76) = 1.351p = 0.2487). In addition, the influence of the
manner in which subjects were trained—probosciereston forward or backward
conditioned—did not depend on the magnitude of rdwg(1, 76) = 0.47p =
0.4876).

The performance of subjects in the second sessiegals an incentive
contrast effect in the absence of any experiente eves that signal a reward. The
repeated measures analysis of variance revealeépénfrmance of all subjects
increased over the second sessib(l( 114) = 57.83p < 0.0001). But the
performance of subjects trained on, or fed a himficentration of sucrose solution
in the first session (RG++, ++RG, ++) performedslegll than subjects initially
trained on, or fed a low concentration (RG+, +R( of sucrose solutionH(1,
114) = 37.58p < 0.0001). There was no main effect of the histafrgxposure to
olfactory and visual stimuli on performande(Z, 114) = 0.33p = 0.7042). No
two-way or higher-order interactions were significa
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The reduced performance in the second sessionljgctsi trained on, or
fed a high concentration of sucrose solution infifs¢ session cannot be attributed
to satiety. In the test all 20 subjects trainedR&B++ and 18 of the 20 subjects
trained on RG+ responded to the odor and light itimmd under which they were
initially trained. These response frequencies dodiffer significantly (Figure 2;
Fisher’s exact tesp = 0.4871).
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Figure 2. Acquisition curves and test responses of subjecExperiment 2 reveal that the formation
of reward expectations did not require a learnesb@ation between a reward and olfactory or
contextual, visual stimuli.aj Proportion of subjects that responded with prolsegiension to odor
delivery in each trial of the first and second &@ss The intersession interval is indicated by B) (
Mean response rate of subjects in the second sefdidded into two equal blocks of five trials).
Overall means for subjects that experienced a fitgh or low (+) concentration of sucrose solution
in the first session are indicated by the symboindx, respectively. The gray symbols in the test
results are the means of identically shaped opeh smtid symbols. Table 2 identifies legend
symbols which identify the treatment of subjects in thistfsession.

The test also reveals inhibition of responses Hdyests trained in the
initial session on ++RG or +RG. None of these 4fjextts responded in the test
and this response frequency differs significanttynf the response frequency of
subjects trained in the first session on RG++ or+REisher’s exact tesp <
0.0001). Moreover, 11 of the 40 subjects fed +-bintthe first session responded
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in the test and this response rate is also hidier the response rate of subjects
trained initially on ++RG or +RG (Fisher’s exacstigp = 0.0004). The low rate of
responses in the test by subjects trained init@ly+RG and +RG also reveals, as
was observed in Experiment 1, the distinctivendsh® stimuli used in the two
sessions.

Discussion

These experiments revealed that a reward reduictipedes performance,
even if a substantive shift of the reinforcementtest—the conditioned olfactory
stimulus and static contextual cues—parallels daiction of reward. Indeed, the
results suggest that the formation of reward extiects does not require learned
associations between olfactory and visual stinhat predict a reward. Experience
with a high concentration of sucrose solution, \wketpaired with olfactory and
visual stimuli or provided unconditionally, in tladsence of these stimuli, induced
a similar performance decrement when subjects Waer trained on a lower
quality reward.

Two recent studies reveal that honey bees encaudardeexpectations in
long term memory (Gil, De Marco, & Menzel, 2007;,@#lenzel, & De Marco,
2008). But in incentive relativity experiments tiratolve a short temporal interval
between the terminal experience with a high rewand the reduced reward
experienced under test conditions, like those walaoted, any observed contrast
effects could be ascribed, potentially sensory adaptatiorather than to a process
in which the secondary incentive is compared toeanory of the experienced
incentive (Papini & Pellegrini, 2006). The low cemtration sucrose reward used
in the second session of each of our experimentg foa example, have been
perceived as less sweet by subjects that expedemceward reduction due to a
sensory trace of the high concentration sucrosgtisnlthat carried over between
sessions. Indeed, Biterman (1976) attributed higiral observation of contrast
effects in honey bees to this form of incentiveatiglty, which is now referred to
assensory relativitfPapini & Pellegrini, 2006).

More recent incentive contrast studies with honegsbreveal, however,
decided evidence of a forceful disruptive procdss is distinct from sensory
relativity, even when high and low quality incertsv are separated by time
intervals of a few minutes (Couvillon & Bittermat984). Honey bees trained on a
high reward for an extended number of trials alsowsa reduced resistance to
extinction relative to subjects trained over a stomumber of trials—the
overlearning extinction effeeteven when extinction trials are, likewise,
conducted a few minutes after subjects are traf@edvillon & Bitterman, 1980,
1984; Shinoda & Bitterman, 1987). These resultxrddit a purely sensory
explanation of incentive contrast effects obserireéxperiments like those we
conducted.

The results of our experiments with honey bees estgghat, as in
vertebrates, neither conditioned nor static comtExétimuli have exclusive control
over what is learned about the quality of a rew#émndeed, the control of reward
expectations by contextual stimuli implicated inliea studies with honey bees
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and bumble bees and the behavior of subjects adxbémvthis study are consistent
with a simple mechanism, namely the comparison ofiraent incentive with an
incentive experienced previously. Elucidation o ttontributions of cued-recall
relativity, recognition relativity and sensory athitjon to incentive contrast effects
is an important objective for future studies of @prbee responses to shifts of a
reward.
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The Roles of Endogenous Opioidsin Fear Learning

Gavan P. McNally
The University of New South Wales, Australia

The endogenous opioid peptides and their recepptey important roles in Pavlovian fear
conditioning in many species, including mice, raad humans. These roles are best viewed as
regulating the conditions for fear learning by deti@ing the actions of predictive error on
association formation. Evidence will be reviewedwing such roles for opioid receptors in
ventrolateral quadrant of the midbrain periaqueglugtay (VIPAG). These roles are shared across
mammalian species because many of the effects iofdopeceptor manipulations on fear learning
first reported in rodents have now been documeimtedmans.

For the past two decades Pavlovian fear conditgpriias been used
extensively to study neural mechanisms of emotitaahing. Exposed to pairings
of a conditioned stimulus (CS) such as a tone, withaversive unconditioned
stimulus (US), such as footshock, animals learrdetr the CS as indexed by
expression of co-ordinated fear responses such pasies-typical defense
responses, potentiated startle, and increased blpogksure upon later
presentations of the CS. Fear conditioning has groa popular model for
investigations into the neural substrates of emafidearning because fear is
learned rapidly, often requiring only a single ltriand because conditioned fear
can persist over a long period of time. Much os ttesearch has focussed on the
role of amygdala glutamatergic neurotransmissioffiear learning. This focus is
unsurprising given the role of this neurotransnoissh synaptic plasticity and the
evidence linking amygdala synaptic plasticity tarffenemory formation. However,
other neurotransmitters and neuropeptides as vegelbther brain regions are
important for fear learning. These have receivephiicantly less empirical and
theoretical attention.

This paper has two aims. The first is to reviewesobf the endogenous
opioids in fear learning. The second is to provad¢heoretical framework for
understanding opioid contributions to fear learnimgl their potential interactions
with amygdala-based glutamatergic mechanisms far fearning. The primary
focus is on rodent models of fear learning, butdoent years there has been an
increase in knowledge regarding opioid contribudiolm fear and emotional
learning in humans. These recent data strongly stighe conclusions derived
from non-human animal studies. This comparativeaesh is exciting not only
because it reveals common neural mechanisms folldaming across species to
underscore the important place of basic researgioimrhuman animals, but also
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because it can help to identify novel approachethdotreatment of disorders of
fear and anxiety in humans.

Learning in response to positive prediction errors. Opioidsand fear learning

The opioid peptides are derived from post-transteti modifications of
four peptide precursors: preproopiomelanocortin, eppsenkephalin,
preprodynorphin, and preproorphanin. Each precugb@s rise to multiple active
opioid peptides. These peptides share the commterminal sequence Tyr-Gly-
Gly-Phe (YGGF) followed by various C-terminus exdems producing peptides
ranging from 5 to 31 residues in length. The exoegtto this rule are the peptide
products of proorphanin which have a Phe-Gly-Glg-PRGGF) N-terminus. The
major opioid peptides encoded by the precursorsudiecp-endorphin, Met-
enkephalin, Leu-enkephalin, and dynorphin. Thegatiges bind to at least four
receptors which have been identified via molecuglaning and pharmacological
studies: -, 6-, k-, and ORL receptors. The peptides derived from
preproopiomelanocortin, preproenkephalin, preprodyhin bind to p-g-, andx-
opioid receptors whereas the peptides derived fsomarphanin bind to the ORL
receptor. It is worth noting that there is a compielationship between the opioid
peptides and their receptors. The important painpfesent purposes is that, with
the exception of the orphanin family, high affinityteractions are possible
between the products of each of the peptide precunsd receptor families (for
review see McNally & Akil, 2002; Williams, Chrigtj & Manzoni, 2001).

There is consensus that opioids are critical fayulating emotional
learning and memory, with especially prominent sdke regulating fear learning.
For example, in their seminal studies, Fanselow Rales (1979) showed that
systemic administrations of the opioid receptomlagahist naloxone facilitated the
acquisition of context conditioned fear learningraents. This finding is robust
and has been replicated numerous times in mangreliff laboratories across a
variety of species. Fanselow went on to show thiat facilitation of context fear
conditioning was mimicked by i.c.v. infusion of aloxone or a specific mu opioid
receptor antagonist (Fanselow, Calcagnetti, & Hedtter, 1988; Fanselow et al.,
1991). The facilitation of context fear learning bpioid receptor antagonism
could be subject to a number of interpretations.éxample it might be suggested
that opioid receptor antagonists increase fearxpression of fear conditioned
responses. A closely related possibility is tha¢ #intagonists increase the
aversiveness of the shock US. Alternatively, it mide suggested that the
antagonists have facilitatory influences on feammoe storage and so enhance
consolidation of fear memories.

Recent experiments using more complex behavioradigds have
attempted to identify the specific associative pesc controlled by opioid
receptors. This research has identified a roleofooid receptors in regulating the
prediction errors which cause learning. Fear legrnoccurs when the actual
outcome of the trial (the shock US) exceeds thesebgnl outcome (the predicted
outcome derived from the associative strengthd@fQSs present). That is, when
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there is a positive prediction error. When the alctutcome of the trial is not
different from the expected outcome there is naipt®n error and fear learning
is blocked. Kamin (1968) was the first to demortstrthis effect. Kamin trained
rats to fear a visual CS in Stage I. In StagetH raceived compound presentations
of the visual CS + an auditory CS followed by shoRlats in a control group
received the same Stage |l training but no Stagaihing. Kamin showed that
Stage | training blocked fear learning to the augitCS in Stage Il.

We have used the blocking design to study the w&ffet opioid receptor
antagonism on fear learning. For example, McNallale (2004a) trained rats to
fear a distinctive context in Stage |. Fear was suezd using the species-typical
defense response of freezing. In Stage Il ratdwedeuditory CS — shock pairings
in that context. Prior contextual fear conditionivigcked fear conditioning to the
auditory CS. Injection of naloxone prior to Stadetraining prevented this
blocking so that fear accrued normally to the augliCS.

McNally and Cole (2006) used a within-subjects amriof the blocking
design to study the role of opioid receptors i fearning. This design (Figure 1)
involved training rats to fear CSA in Stage |. ia§e I, for all rats, a compound
of CSA+CSB was paired with shock as was a compadr@SC+CSD. Rats were
tested for fear to CSB (the blocked CS) and CSPB ¢tintrol CS). The logic is that
Stage | training of CSA will block fear learning ©SB during Stage Il. By
contrast, fear learning to CSC and CSD should maaermally because neither
was paired with shock in Stage I. Blocking is shdwrless fear on test to CSB as
compared to CSD.

Compared with a simple experiment where an opiedgjptor antagonist is
administered prior to fear conditioning with a dndCS, there are numerous
advantages to this within-subjects design for snglyear learning. The within-
subjects design isolates the contribution of predicerror to fear learning.
Moreover, this design studies how the antagonisictd learning about multiple
CSs in the same subjects at the same time, whese W@Ss differ only in their
predictive error during Stage Il. If opioid receptantagonists facilitate fear
learning because they increase fear, the aversgepé the US, or facilitate
consolidation of fear memories, then they will nwve different effects on
learning about CSB and CSD. The results of McNaltgl Cole (2006) showed
consistently that this is not the case and insteggported a prediction error
account. The results showed that: 1) blocking cctacause conditioned fear to
CSB was less than conditioned fear to CSD; 2) tigamf naloxone prior to Stage
Il prevents blocking of CSB; 3) injection of naloe had no effect on fear
learning to the control stimulus CSD.
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p-opioid receptors in the ventrolateral quadrant tbe midbrain
periaqueductal gray (VIPAG) are the neuroanatonhicals for this opioid receptor
regulation of fear learning. The midbrain periaquedl gray (PAG) is an
important structure for integrating defensive bébaal and autonomic responses
to threats (Carrive, 1993; Fanselow, 1991; Keayatadler 2001, 2004). The PAG
receives extensive projections from the amygdald ather forebrain structures
important for learning, and it controls expressafndefensive behaviors as fear
CRs. The PAG is organized as a series of four tadgial columns located
dorsomedial (dm), dorsolateral (dl), lateral (Ddasentrolateral (vl) to the cerebral
aqueduct that exert differential control over dsfea behaviors. Both dPAG and
VIPAG have been implicated in defensive respons@AG is important for
controlling unconditioned defensive responses, ed®IvIPAG is important for
controlling conditioned defensive responses (Carri®93). However, in addition
to its well documented role in controlling fear G&Rpression, VIPAG plays a
critical role in fear learning. We used the witlsimbjects blocking design to show
that associative blocking of fear learning depemugndogenous opioid activation
of p-opioid receptors (Figure 1). Blocking, as meead by freezing, was prevented
in a dose-dependent and neuroanatomically speuditner by vVIPAG infusions of
the p-opioid receptor selective antagonist CTARImptd Stage 1l training. It is
worth emphasising that vIPAG infusions of CTAP duwt affect the expression of
fear, as measured by freezing, during Stage lls Rafused with the p-opioid
receptor antagonist showed the same levels ofdiedng Stage Il as control rats
infused with saline. Rather, infusions of CTAP dcselectively to modulate Stage
Il learning by preventing the associative blockaidear.

These results suggest that across the courserofdaditioning a fear CS
acquires the ability to generate endogenous oigidalling at p-opioid receptors
in VIPAG. This signalling acts to limit the amountt further fear learning to that
CS (hence antagonists facilitate fear learning) tanbllock fear learning to novel
stimuli conditioned in compound with that CS (henaatagonists prevent
blocking). A simple, parsimonious, and theoretic@lbherent way to think about
these results is in terms of error-correcting learrules such as the Rescorla-
Wagner model (Rescorla & Wagner, 1972). The ReacoWagner model states
that learning proceeds as a function of the disorep between the actual and
expected outcomes of a conditioning trial. It pd®g a formal description of this
discrepancy as\(-XV). A is the asymptotic strength of association suppdstethe
US, andXV is the summed associative strengths (V) of aldimoned stimuli
present on that conditioning trial. We have suggpsthat opioid receptors
contribute to fear learning because their activattan be specifically identified
with theXV term in the discrepancy. (£V). In other words, activation of opioid
receptors contributes to encoding of the expectecooe of the conditioning trial.
An opioid receptor antagonist prevents this exmkaiatcome from regulating
learning.

This approach explains why naloxone facilitategjuégition of fear
learning. Across the course of conditioning thedipancy X -£V) grows smaller
because the CS gains associative strendt increases). Opioid receptor
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antagonists facilitate fear learning because theygnt this increase BV from
regulating learning on trials when the antagorsgtresent. In other words, opioid
receptor antagonists act to maintain a large diserey § -XV) and so enhance
learning. This same approach explains why opiokbptor antagonists prevent
associative blocking of fear learning. Blocking viin the within-subjects design
because the discrepancy (XVaVg) is smaller during Stage Il than the
discrepancy X —=VcVp) due to the Stage | training of CSA. Opioid reoept
antagonists increase the discrepancyzl/,Vg) because they prevent the V value
of CSA (V) from regulating learning. This enables normalditaning to CSB.

Several lines of evidence argue against the pdiggithat the effects of
opioid receptor antagonism can be identified with iaflation of A, or the
asymptotic level of learning supported by the shid& One such line of evidence
is the fact that opioid receptor antagonists dofadititate fear conditioning if only
a single CS — US pairing (conditioning trial) iseds Rather, multiple CS — US
pairings are required to detect a modulation of fe@nditioning by an opioid
receptor antagonist (Fanselow & Bolles, 1979). Tfadure of naloxone to
facilitate one-trial fear conditioning is incongst with the possibility that opioid
receptor antagonists increaselnstead it is consistent with the claim that &hes
antagonist acts on a product of learning: the ebggecutcome, oEV.

Implicit in this explanation is the suggestion tthaar learning which
occurs following administration of an opioid reaaptntagonist is different to
normal fear learning. A key feature of normal fegarning is that subjects use past
experience with the CS to regulate future learnaigput it. Opioid receptor
antagonists prevent subjects from using this paseréence to regulate learning.
This is equivalent to suggesting that fear learnimgrats treated with opioid
receptor antagonists proceeds via Hebbian leamingiples. For example, a key
feature of Hebbian learning is that a CS will umgelincreases in excitatory
strength when it is paired with a US but such iases are unconstrained by
predictive error, producing effectively limitlesscreases in fear learning. This is
similar to the facilitation of fear learning by o receptor antagonists. Because
Hebbian learning is unconstrained by predictivermssociative blocking cannot
occur. Such blocking does not occur in rats treawd@th opioid receptor
antagonists. Taken together, these data show tiétgenous opioids have a
critical role in regulating fear learning becaubeyt allow subjects to use past
experience with the stimuli to regulate future teag about those stimuli.

It is highly unlikely that this role for opioids jredictive fear learning can
be reduced simply to their role in pain modulati@uonditioned analgesia is a
response to fear (Bolles & Fanselow, 1980). Thiglgesia can be mediated by
opioid receptors (Harris, 1996). Fanselow (1998% lsaggested that opioid
receptor antagonists facilitate acquisition of fleacause they prevent activation of
descending analgesic pathways which would othervédece spinal nociceptive
processing of the footshock US. Several lines aflence suggest that opioid
receptors regulate predictive fear learning indepetly of their role in producing
conditioned analgesia. For example, conditionedgasé is frequently non-opioid
(defined as insensitive to opioid receptor antagfonand lack of cross-tolerance
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with morphine) (for review see Harris, 1996). Satoopioid receptor antagonists
facilitate acquisition of fear to non-painful USsych as loud noises (Cranney,
1987). Third, opioid receptor antagonists faciétatecond-order fear learning
which does not involve a painful US (Cicala, AzedoEstall, & Grant, 1990; Cole
& McNally, 2008, 2009). Fourth, opioid receptor agonists impair fear extinction
learning which involves no US (McNally & WestbrodkQ03a). Fifth, predictive
fear learning is not associated with failures teedeand respond to the US, instead
it is a selective alteration in learning about tiféective properties of the US
(Betts, Brandon, & Wagner, 1996). Thus, althougloids play an important role
in conditioned analgesia, their role in regulatipgedictive fear learning must
involve additional mechanisms to descending pairirobcircuits.

One such mechanism could be the large numbercahdsg projections
from vIPAG to midline and intralaminar thalamic feigKrout & Loewy, 2000).
These thalamic nuclei are essential for conveyimigrination about aversive
stimuli to the amygdala, anterior cingulate cortg@xelimbic and infralimbic
prefrontal cortex, as well as insula cortex. Thasher than viewing PAG simply
as an output structure controlling fear respondiiggits projections to brainstem
and spinal cord (e.g., LeDoux, 2000), we have sstggethat PAG may be
profitably viewed as part of an ascending pathwaying the transmission of
aversive information to forebrain regions importémtfear learning including the
amygdala and prefrontal cortex (McNally, Lee, Chi&Choi, 2005; McNally &
Cole, 2006). Recent electrophysiological data amesistent with this possibility
(Johansen, Tarpley, & Blair, 2008). Lateral amygdaturons responded strongly
to a shock US but showed a diminution of this resiimg across the course of
conditioning. This diminution was prevented by mmilele inactivation of PAG,
directly implicating PAG in regulating US-relatectiaity in amygdala neurons.

The facilitation of fear learning by opioid receptantagonism is not
limited to rodents. It has also been reported irdiss of fear conditioning using
human subjects. Eippert , Bingel, Schoell, Yacub&ard Bichel (2008) injected
human subjects with intravenous naloxone prior dar fconditioning using a
discriminative (CS+/CS-) conditioning procedurehwitainful heat as the aversive
US. Naloxone enhanced the acquisition of fear ® @8+ as measured on a
reaction time task. Eippert et al. (2008) also det# diminution of US-related
blood-oxygen-level-dependent (BOLD) signals in dbm@nterior cingulate across
the course of conditioning which was attenuated nayoxone. Interestingly,
presentations of the CS+ resulted in deactivationsostral anterior cingulate
cortex and amygdala which were prevented by nalex8uch deactivations were
observed in PAG and prevented by naloxone but tesaot reach conventional
levels of statistical significance. These findireyge consistent not only with the
behavioural data from rodents reviewed above &a alith the possibility that
opioid receptors in PAG exert their effects on féaarning by modulating
thalamus — prefrontal cortex and thalamus — amyggdathways.
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Learningin response to negative prediction errors: Opioids and fear loss

The fear acquired through Pavlovian conditionocan be lost through
learning. Fear extinction is currently the most ydap animal model of this
learning. In a standard extinction experiment, a@s trained to fear a CS via
pairings with shock. This fear is then extinguiskedrepeated presentations of the
CS in the absence of the US. The study of feametktin has sparked interest
among the neuroscience community due, at leastrin o its clinical importance.
It is increasingly common to view anxiety-relatedalders as characterised by
dysregulation of fear extinction (e.g., Davis, BRr®tto, & Southwick, 2006).
Like fear acquisition, much contemporary neuroddiierresearch is dedicated to
understanding the role of amygdala and glutamatangurotransmission in fear
extinction learning. However, there is also evidetitat the actions of opioids are
central to understanding fear loss.

Systemic administrations of naloxone prior to featinction training
prevent extinction learning. McNally and Westbr¢@k03a) trained rats to fear an
auditory CS via pairings with a footshock US. Fedr the CS was then
extinguished via six two minute presentations @& @S. Injection of naloxone
prior to extinction training impaired extinctionalming as evidenced by both
within-session extinction and test the followingyddhis impairment was dose-
dependent and not due to state-dependent learfiihng. same injections of
naloxone immediately after extinction training oiop to test for extinction had no
effect on consolidation or retention of extinctialust as the vIPAG is the key
locus for opioid receptor regulation of fear acgiags, so too is it a key locus for
opioid regulation of extinction. Microinjections ofaloxone into VIPAG prior to
extinction training produced dose-dependent andraamatomically specific
impairments in extinction learning (McNally, Pigg,Weidemann, 2004b). Again,
[L-opioid receptors are the important subtype medjagxtinction learning because
infusions of p-, but noé-, or x-opioid receptor antagonists into VIPAG impaired
fear extinction learning (McNally et al., 2005) gEre 2).
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Pavlovian fear conditioning. VIPAG infusions of RBIS) dose-dependently enhance extinction
(from McNally, 2005).
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Further evidence for a role for vVIPAG opioids irafeextinction learning
comes from experiments which have studied whetiar éxtinction learning can
be enhanced by manipulations which enhance opieistamodulation. One such
manipulation exploits an interesting feature of oighi biology. As mentioned
previously, opioid peptides have a common YGGF eaqe at their N termini
which is critical for determining binding to opioigceptors (Akil et al., 1984).
This YGGF sequence is also a target for proteolpgismembrane bound zinc
metallopeptidases (e.g., neutral endopeptidase [NEfrilysin, EC 3.4.24.11] and
neutral aminopeptidase [APN, EC 3.4.11.2]; Roq@€$0; Turner, 2003). These
enzymes are located in the PAG (Noble et al., 20B&ptidase inhibitors can
target and inhibit the enkephalin catabolising emezy (Roques, 2000). For
example, administrations of inhibitors of enkephalatabolism such as RB101(S)
and RB3001 increase extracellular levels of enkiipliathe PAG and potentiate
the behavioral effects of opioids (e.g., Roque€Q020McNally (2005) studied
whether intra-vIPAG administrations of RB101(S), emhmibitor of enkephalin
catabolism, would affect extinction learning. RB{®L permits selective
augmentation of the endogenous opioid peptide bigeaerated during fear
extinction because it reduces catabolism of opmagptides but does not have
motivational effects itself (Noble, Coric, Turcaudournie-Zaluski, & Roques,
1994; Noble, Fournie-Zaluski, & Roques, 1993). #ifumns of RB101(S) into
VIPAG significantly augmented fear extinction leamin a dose-dependent and
neuroanatomically specific manner (Figure 2).

The effects of opioid receptor antagonists on festinction learning
cannot easily be attributed to any tendency ofafitagonists to increase fear. The
antagonists did not inflate the fear CR nor didytheinstate extinguished fear.
Moreover, manipulations which increase fear duemgnction training augment
prediction error and so facilitate fear extinctidearning (e.g., Leung &
Westbrook, 2008) whereas opioid antagonists imibasr learning. Instead, these
data show that the same opioid manipulations whaciiitate the acquisition of
fear learning impair fear extinction learning. Thisly seem paradoxical from the
perspective that fear extinction is a learning pesc However, it is entirely
consistent with the predictive learning approach toderstanding fear
conditioning. The conditions promoting acquisitieersus the extinction of fear
are different. Indeed, they are opposite. Fear iaitiun depends on positive
predictive error whereas fear loss depends on ivegatredictive error. Fear
extinction is the prototypical example of negatpredictive error. At the start of
extinction training the discrepancy between thaigcoutcome of the extinction
trial (no shock) and the expected outcome (shdekyxV), is negative and large
becausa. = 0 andxV > 0. According to the analysis developed heris, hiegative
prediction error should be absent in rats treatitkd &n opioid receptor antagonist
because these antagonists prevent the expectedmautg&V) from regulating
learning on that trial. In other words, during extion training under naloxone the
discrepancyX -xV) is small becausBV has been reduced by the antagonist. The
behaviour of animals subjected to fear extinctiamdar an opioid receptor
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antagonist is consistent with a third principle ldébbian learning: fear, once
acquired, cannot be extinguished.

Opioid receptor activation has diverse cellular ssmuences, including
modulation of potassium and calcium conductancekibition of transmitter
release, and nuclear signalling (Williams et alQP). Of particular relevance to
understanding fear extinction learning is inhimtiof adenylyl cyclase and cAMP.
Inhibition of adenylyl cyclase -cAMP signalling isnportant for extinction
learning in VIPAG because extinction learning ig#ined, in a dose-dependent
manner, by infusions of the membrane permeable cAvi&ogue 8-Br-cAMP
(McNally et al., 2005). This is interesting becausgivation of the adenylyl
cyclase—cCAMP pathway is an important mechanismsfgraptic plasticity and
learning in hippocampus and amygdala (Kandel, 2@xhafe, Nader, Blair, &
LeDoux, 2001). The finding that reductions of cAldignalling in vVIPAG mediate
extinction learning is consistent with the factttiiae circumstances promoting
extinction learning (negative predictive error) #ne opposite to those promoting
acquisition of fear (positive predictive error).

Extinction is one example of negative predictionroe Such errors are
observed under other circumstances and the aatibopioids are central to the
learning that occurs under these circumstances.e®ample is overexpectation. In
a standard overexpectation design, fear of CSAG®HE is established by pairing
each with shock in Stage I. In Stage I, the experital group receives compound
presentations of CSA and CSB with shock, whereasctintrol groups receive
either additional CSA—shock pairings or no addaiamaining. Stage 1l compound
training of CSA and CSB reduces the amount of fe@voked by either CS
(Rescorla, 1970). This occurs because during Sthglee summed predictive
strengths of CSA and CSRY) exceed the amount of learning supported by the
footshock US X). This generates negative predictive error caukisg of fear to
CSA and CSB. In many ways, overexpectation is pable to fear extinction for
study of the role of predictive error in fear losSimple non-reinforced
presentations of a fear CS during extinction tragntconfound the contributions of
a variety of associative and non-associative pseE®to fear loss. For example, a
key procedural difference between fear acquisittnmd fear extinction is the
presence versus absence of the US. Absence of $heludng extinction has
important effects on both learning and performadoging extinction training
independently of its role in generating the negatprediction error which
contributes to extinction learning. Overexpectatiolesigns overcome this
limitation because the shock US is present durioit Istages of the experiment.
Thus, if a neural system, neurotransmitter, or ogeptide is important for
learning not to fear in response to negative ptedficerror it must serve the same
role in fear overexpectation as fear extinction. hége studied the role of opioids
in fear overexpectation. McNally et al. (2004a)rteal rats to fear CSA and CSB
via separate pairings with footshock in Stage IStage Il, an experimental group
received compound presentations of the CSA+CSBowvi@t by footshock. A
control group did not receive Stage Il training. efdr was evidence for

- 163 -



overexpectation (fear loss) on test of fear to CJAis overexpectation was
prevented by injection of naloxone prior to Stalgeedining.

L earning versus performance: Opioids and GABA

A consistent finding from these experiments wag #raopioid receptor
antagonist administered prior to test did not atgiression of fear as measured by
the species-typical defense response of freeziegh®&r systemic nor intra-vIPAG
administrations of opioid receptor antagonistspsgmwide dose ranges and actual
levels of fear, affected expression of fear. Iwislely accepted that extinction
training imposes a mask on conditioned fear. Thraskireduces expression of fear
after extinction training. The dissociation betwedine effects of opioid
manipulations on acquisition versus expression e#r fextinction shows that
opioids are important for the learning of fear egtion but not for the expression
of fear after extinction training. This can be casted with the role for
GABAergic neurotransmission in fear loss. Harrisl &destbrook (1998) reported
that expression of fear extinction was prevented pog-treatment with the
benzodiazepine partial inverse agonist FG7142. Tdentifies GABA as a
possible neurochemical substrate for masking oibiting fear after extinction
training, a possibility supported by the demonsirathat fear extinction training
up regulates benzodiazepine binding and gephryilNARvels in the amygdala
(Chhatawal, Myers, Ressler, & Davis, 2005; HeldRé&ssler, 2007).

A role for GABA in masking fear after extinctioraining is not specific
to extinction learning. Rather, it is a product régative predictive error. The
negative prediction error during extinction traipircauses imposition of a
GABAergic mask on fear. The evidence for this cl@iomes from recent studies
on the mechanisms regulating expression of fear a&fverexpectation training.
Recall that despite their procedural differencedinetion and overexpectation
share a common cause (negative predictive erral) aamommon consequence
(fear loss). Garfield and McNally (2009) trainedsréo fear CSA and CSB via
separate pairings with footshock in Stage |. ThienStage Il, rats received
compound pairings of CSA+CSB with footshock. Thesiged overexpectation of
fear: there was less responding to CSA on test aosapto controls which did not
receive Stage Il training. Garfield and McNally (80 showed that injection of
FG7142 prior to test alleviated the expression wérexpectation in a dose-
dependent manner.

Taken together with the data reviewed previousBrehis an important
difference between the effects of opioid and GABermanipulations on
predictive fear learning. Opioids reguldearning in response to prediction error
whereas GABA regulatespression of fear after negative prediction errors.

Opioidsand fear lossin humans

A role for opioids in fear loss is not unigue taeants. It is also observed
in humans under clinically important conditions.p@gure therapies for anxiety
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disorders bear great similarity to procedures fapegimental extinction of
acquired fear. In both cases a feared stimuluspsatedly presented in the absence
of an aversive outcome to cause a reduction in #grosure therapies have well
documented efficacy for treatment of anxiety digosd(e.g., Booth & Rachman,
1992; Menzies & Clarke, 1993). Endogenous opioicsdiate the therapeutic
benefit of exposure therapies. Administrations aliorone or naltrexone prior to
exposure (Kozak et al., 2007; Merluzzi, Taylor, 3@od, & Gdétestam, 1991) or
systematic desensitization therapy (Egan, Carr,tH&nAdamson, 1988) for
simple phobia significantly reduced treatment eifiz. Indeed, this impairment
was seen regardless of whether multiple (Egan.e1988; Merluzzi et al., 1991)
or single (Kozak et al., 2007) treatment sessioaeevemployed indicating that it
did not depend on cumulative exposure to opioigmtists. There is important
agreement between studies on fear loss via exdmetaining in rodents and fear
loss via exposure therapy in humans: both depeitidatly on the actions of
endogenous opioids.

The findings that opioid antagonists can impag therapeutic efficacy of
psychological treatments for anxiety disorders uimhns raise the possibility that
novel pharmacotherapy augmenting endogenous omieidotransmission may
enhance the efficacy of psychological treatmentafxiety disorders. To date this
possibility has not been examined. However thembdata reviewed above using
RB101(S) suggests such experiments may be wortbwifil a suitable
pharmacological agent could be developed for huns&n Recent data suggest that
such pharmacotherapy may have additional benefteims of preventing the
development of anxiety disorders. Bryant, Creant@iDonnell, Silove, and
McFarlane (2008) assessed development of post-atiumisorder (PTSD) after
traumatic injury (e.g., transport accidents; agsaulndividuals had been admitted
to hospital and treated with opiate analgesics.arheunt of opiate exposure in the
48 hr following trauma was negatively associatethWiTSD severity at 3 months.
This relationship was not observed for depressywepsoms. Bryant et al. (2008)
suggested that opiate exposure might have redatedRTSD severity because it
attenuated fear conditioning caused by the traungjtiry and its aftermath. This
interpretation is consistent with the data revieWerk and the findings that opiates
produce amnesia for fear conditioning (McNally & Su@ook, 2003b,c). This
suggests that increased activity at opioid recspitotthe hours following trauma
may serve a protective influence against the lengrtanxiogenic consequences of
trauma and supports a role for opioids and theeptors in regulating human fear
and anxiety.

Conclusion

The endogenous opioids acting at p-opioid recegtoithe VIPAG play
important roles in regulating fear learning. p-dgiceceptor antagonists facilitate
the acquisition of fear but impair the extinctimverexpectation, and blocking of
fear learning. These roles are best viewed as aggglthe conditions for fear
learning by determining the actions of predictiveoe on association formation.

- 165 -



Manipulations which reduce p-opioid heuromodulaiinIPAG enhance learning
in response to positive predictive error and impgarning in response to negative
predictive error. Conversely, manipulations whichhace p -opioid
neuromodulation in VIPAG impair learning in resperie positive predictive error
and facilitate learning in response to negativedigtdre error. Many of these
effects have been observed in both non-human amamsubjects. They have also
been observed under clinically relevant circumstanin individuals suffering
from anxiety disorders.

An important feature of the fear which is acquinedubjects treated with
p-opioid receptor antagonists is that it is divdréem the actions of predictive
error. Instead this learning displays three keyattaristics of Hebbian learning:
apparent removal of limits on fear learning, abseotassociative blocking, and
absence of fear extinction. These findings show th@mal opioid receptor
function in VIPAG is integral to the neural meclams of predictive learning.
During fear conditioning, VIPAG opioid receptordoal subjects to use past
experience with stimuli to regulate future learnimgput those stimuli. We have
suggested that this occurs because VIPAG opioidptecs gate transmission of
information about the affective/motivational quialit of the US or its absence to
amygdala, prefrontal cortex, and insular cortex a va VIPAG -
midline/intralaminar thalamus pathway. In the alogewnf this feedback signal
from VIPAG, fear learning is divorced from and peeds independently of
prediction error.
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Role of Opioid Receptorsin Incentive Contrast

Mauricio R. Papini
Texas Christian University, U. S. A.

A downshift from a more preferred to a less preférincentive leads to a transient rejection of the
lower incentive. This phenomenon, known as suceessegative contrast (SNC), has been reported
in studies with mammals, but not with fish, amphits, or reptiles, all showing gradual adjustments
to the new incentive conditions. It is assumed #matinderstanding of the brain systems involved in
the onset of SNC in mammals will suggest likelyibrareas for a comparative analysis in

nonmammalian vertebrates. Studies reviewed inatftisle show that opioid receptors are normally

engaged during SNC, participate in the detectiomefincentive downshift, play a role in SNC onset

(delta receptors), and modulate recovery from SkEpfa receptors). However, opioid receptors do
not seem to be involved in the consolidation of tteavnshift memory. These results suggest a
relationship between the evolution of the opioidteyn and the evolution of learning mechanisms
involved in the adjustment to incentive downshifisyertebrates.

Most animals can be viewed as open systems in b@hhinteraction with
the environment to obtain resources important feirtsurvival and reproductive
success (sessile animals may be cited as excepimnssponges). Such resources
are called incentives and include food, fluids, ltge nesting locations and
materials, social companions, and others. Incestiiave both absolute and
relative value. The absolute value of incentivesdénonstrated by the basic
instrumental conditioning procedure, according toichh an animal modifies an
existing response or acquires a new response \Vila¢metsponse is followed by an
incentive (Thorndike, 1911). The relative valuerafentives is demonstrated when
the behavior supported by an actual incentive dégpemn the value of past
incentives experienced under similar conditiondidi) 1928).

Incentive relativity is the basis of a wide varieily phenomena grouped
together under the name of incentive contrast efféxee Flaherty, 1996). This
article is concerned with one such type of incentbontrast effect known as
successive negative contrast (SNC). In the cladsimonstration of SNC, Elliott
(1928) trained two groups of rats in a complex mexzéocate an incentive and
measured both the time to reach the goal (lateany)the number of entries in
blind alleys (errors). One group was rewarded Withn mash, a wet mixture of
cereals (the large incentive, L), whereas the othes rewarded with sunflower
seeds (the small incentive, S). Rats learned theatgpath to the goal faster when
rewarded with L than when rewarded with S, buti& $tom L to S resulted in a
fast-emerging behavioral disruption (Figure 1l1a).tité that the incentive
conditions during postshift trials were equal fottbgroups. A generally accepted
view of SNC suggests that the behavioral disruptédtects a comparison between
the current incentive and the reactivated memorythef incentive previously
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comments on a previous version of this paper. Biaczaj served as acting editor for this article.
Correspondence concerning this article may be adddeto Mauricio R. Papini, Department of
Psychology, Texas Christian University, Box 29892Bort Worth, TX 76129, U. S. A.
(m.papini@tcu.edu).



received in that situation (see Papini & Pellegridd06). When the disparity
between past and current incentive is sufficielattge, then a variety of behavioral
and physiological effects are observed, includihgnges in aggressive behavior,
glucocorticoid levels, vocalizations, and escapkab®r (see Papini & Dudley,
1997). Furthermore, treatments known from othereerpents to relate to
emotional effects, such as administration of arwxios or lesions in limbic
structures, also modulate SNC (see Flaherty, 1998)s, it is widely appreciated
that, when the disparity is significant, the congpar mechanism induces a series
of effects that may collectively be referred toesmsotional (Flaherty, 1996). The
emotion in question is frustration, here defined aas aversive internal state
induced by the surprising reduction or omissionaaf expected incentive (see
Amsel, 1992). Amsel (1992) distinguished between wmtonditioned form
(primary frustration, occurring second-to-minutef$era a surprising downshift
event) and a conditioned form (secondary frustratb@curring in anticipation of a
frustrating event).

As mentioned above, comparative studies suggesSIH& may not be a
general learning phenomenon, at least among vete=rThe SNC and similar
effects have been reported in honeybees (Bitterd@irg; Couvillon & Bitterman,
1984) and bumblebees (Waldron, Wiegmann, & Wiegma2®05), but the
analysis of these effects at a neurobiological llesealmost nonexistent in
invertebrates. Consequently, this review is regdicto studies involving
vertebrates. Experiments with species assignednsetvative vertebrate lineages
in terms of brain structure, such as bony fish.(d.gwes & Bitterman, 1967),
amphibians (e.g., Papini, Muzio, & Segura, 199%)] aeptiles (e.g., Papini &
Ishida, 1994), suggest that whereas these aninwdsgmdinate different incentive
magnitudes, incentive downshift leads to, at keegradual adjustment of behavior
to the new incentive conditions (see two exampiesigure 1b,c). This is referred
to as reversed SNC. Although the mechanisms uridgriyNC were proposed to
be unigue to mammals (Papini, 2002, 2003, 2006; Be®osela, Jakovsevic,
Elgier, Mustaca, & Papini, 2009), starlings (FraidCuello, & Kacelnik, 2009;
although not pigeons, Papini, 1997) must be addede list of species exhibiting
this effect. Several research strategies may béeimgnted to determine the source
of this apparent species divergence in learninghamg@ism. The strategy illustrated
in this article is based on a levels approach &nieg mechanisms designed to
capture some of the most traditional approachésestudy of learning, including
the behavioral tradition traced back to Thorndik81(1) and the neurobiological
tradition represented by Lashley’'s (1929) work.Uréy2 captures this idea in
terms of four levels of mechanistic analysis. A¢ thp, the traditional behavioral
analysis of learning processes, as representedhosndike, Tolman, Hull, and the
traditions that branched from these early contiimgt A psychological level of
mechanistic analysis refers to such concepts amilsts-stimulus associations, as
illustrated in the figure. These ideas are “modularthe sense that they can be
applied to a variety of learning processes, inclgdappetitive conditioning and
fear conditioning. Unlike the concepts used at iotbeels of analysis, these terms
are specific to the analysis of learning mechanishie neurobiological level
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refers to studies involving such techniques asbiegion (pioneered by Lashley),
stimulation, and recording of neural activity inatevely large cell populations.
These studies aim at identifying the circuitry iweal by any given learning
phenomenon. The neurochemical level refers tottoadil studies involving drug
manipulations, such as most of the research redémthis article. Pavlov (1927)
pioneered these studies by assessing, for exarimeeffects of bromides on
experimental neurosis induced by conditioning pdoces and even used
morphine as an unconditioned stimulus. Drugs agenthin factors used to study
synaptic properties related to learning mechanidamsally, the cell-molecular
level involves factors that interfere with cellularocesses involved in synaptic
plasticity. Some of the earliest examples involugdies on the role of protein
synthesis in long-term memory (e.g., Agranoff, Baw& Brink, 1966; Potts &
Bitterman, 1967). Notice, however, that brain areasirotransmitters, and cellular
processes are not specific to learning mechanibuaisintervene in a wide variety
of biological processes (e.g., Kandel & Abel, 1995)

According to the approach illustrated in Figurdd?,learning phenomena
in different species to be considered homologoses, (based on inheritance from a
common ancestor), they must be based on the sanwhamiems at the
psychological, neurobiological, neurochemical, aatt-molecular levels. Because
most progress in the understanding of mammalian 8&KCbeen achieved in the
area of neurochemical mechanisms (Flaherty, 1986)strategy followed in the
experiments described in this article aims at disdog the neurochemical
systems involved in SNC onset in rats. It is hypsthed that phylogenetic
changes in such systems are responsible for théut@ro of mechanisms
underlying SNC in vertebrates.

Role of Opioid Receptorsin SNC

We owe most of our understanding of the neurocbammnechanisms
underlying SNC to Flaherty and collaborators (s&hérty, 1996), who used a
consummatory version of this effect (¢cSNC). In t8NC situation, two groups of
rats receive ten 5-min-long daily trials of acceésseither 32% or 4% sucrose
solutions (the L and S incentives, respectivelglipfved by five trials in which all
rats are exposed to 4% sucrose. Various dependeasures have been used,
including the amount of fluid intake, licking respses, and the cumulative time in
contact with the sipper tube. Downshifted ratsdgfly reject the 4% sucrose, but
their behavior eventually recovers to the leveltloé unshifted controls only
exposed to 4% sucrose. Flaherty (1996) discovenat dertain drugs, such as
benzodiazepine anxiolytics and ethanol, reduce c8h@he second postshift trial
(usually trial 12), but have no effect when adnteried before the first postshift
trial (usually trial 11). This trial selectivity ggests that the mechanisms that
control the triggering of cSNC and those contrgllirecovery from cSNC are
dissociable. If the goal is to understand cSNC priben one would have to
identify neurochemical systems that are activagdecsively on trial 11. Flaherty's
research failed to produce unequivocal evidendaisftype of trial selectivity, but
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he identified several drugs that reduced cSNC wdubministered before trials 11
and 12, including sodium amytal, cyproheptadinel mmorphine (Flaherty, 1996).

Of these three, morphine taps on a single neuroclaésystem, the opioid system,
well known because of its role in the modulation mdripheral pain and

conditioned fear, among other functions. Becausth@fknown parallels between
pain-fear and frustration (e.g., Gray, 1987; Wagi669), it seemed appropriate
to concentrate first on opioid receptors.
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Figure 1. (a) The successive negative contrast (SNC) effeciraily reported by Elliott (1928) in
rats.(b) Reversed SNC effect in pigeons (Papini, 1997),(anth terrestrial toads (Papini, Muzio, &
Segura, 1995). The dotted line marks the transftiom a large (L) to a small (S) incentive. In thes
experiments, training involved a single trial paydA runway was used with rats and toads, but the
pigeon data were collected in a Skinner box sitwatl was bran mash for rats, fifteen 45-mg food
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pellets for pigeons, and 1,280 s of access to Watdonads. S was sunflower seeds for rats, one 45-
mg food pellet for pigeons, and 80 s of accessatemfor toads.

Mechanistic Level Example Modular Representation

Psychological S-Slearning

Coincidence

Neurobiological detectors

CEREBELLUM AMYGDALA

Neurochemical Synaptic
receptors

Second-

Cell-molecular messenger
systems

SPECIFICITY

Figure 2. Four mechanistic levels of analysis of learningmdmena such as SNC (Papini, 2008).
The modular representation column depicts alteraathplementations of these mechanisms at each
level. Modularity is implied in the possibility thany specific mechanism at one level may play a
role in more than one mechanism at a higher lesg.,(NMDA receptors may be implicated in
different types of learning, in different brain as§ Specificity refers to the fact that only
psychological concepts are restricted in their i@pfibn to explain learning phenomena. For
example, cAMP is found in bacteria; being unicelfubrganisms, there is no synaptic plasticity in
which cAMP could play a role similar to that whibhs been identified in animals.

The opioid system is relatively well characteriz&dm the genes coding
for receptors and the precursors of their endogethgands, to the distribution and
MRNA expression patterns in the rat brain (see @ngbSundstrém, Larsson, &
Larhammar, 2008; lkeda et al., 2005; Mansour, Faki), & Watson, 1995;
McNally & Akil, 2002; Sim-Selley, Vogt, Childers, &/ogt, 2003). Solutions
derived from the poppy seed have been used foemnilh to reduce pain induced
by physical injury (Brownstein, 1993). Their activgredient was isolated in 1806
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and named morphine by Friedrich Serturner. Of ther frecognized opioid
receptors, morphine has greater affinity for the maceptor (MOR), but it also
binds to the delta (DOR) and kappa (KOR) receptaitbough not to the opioid
receptor-like (ORL) receptor (also known as nodiceppioid peptide receptor).
Morphine is, thus, the starting point for an anislyaf the role of opioid receptors
in cSNC.

Rowan and Flaherty (1987) first reported that fretrial systemic
administration of morphine (4 and 8 mg/kg), whethefore trial 11 or trial 12,
attenuated cSNC without completely eliminating #ffect. These doses had no
detectable effect on consummatory behavior in eafgosed only to 4% sucrose
(unshifted controls), but increased consummatohabier in rats exposed to the
32-t0-4% sucrose downshift. A higher dose of marph(iLl6 mg/kg) also disrupted
the consummatory behavior of unshifted controlsjstimaking it difficult to
interpret the effects of morphine on the consummyabehavior of downshifted
rats. Rowan and Flaherty also reported that nalexamonselective OR antagonist
with greater affinity for the MOR, failed to distugSNC (0.25, 0.5, and 1.0
mg/kg) when administered by itself. However, nalexq0.5 mg/kg) eliminated
the attenuating effects of morphine (4 mg/kg) wheth were coadministered.

ORsareEngaged in cSNC

There were at least two potential problems withrthloxone data reported
by Rowan and Flaherty (1987). First, because nalexs expected to enhance
cSNC, a 32-t0-4% sucrose downshift could leavéelitbom to detect further
suppression of consummatory behavior, especialltriahll (i.e., a floor effect).
Second, whereas the dose (0.5 mg/kg) used wasisuffio abolish the effects of
morphine on cSNC, it may have been insufficienhdee effects on its own. With
these caveats in mind, Pellegrini, Wood, Daniet] Bapini (2005) exposed rats to
a 32-t0-6% sucrose downshift while administerir®yrag/kg dose prior to trials 11
and 12. The treatment successfully enhanced cS8¥GhaAwn in Figure 3, there
was evidence of cSNC in both the saline and nalexmairs of downshifted vs.
unshifted groups, but whereas naloxone had no teffec unshifted rats, it
significantly reduced consummatory behavior in dskwfied rats. Moreover,
whereas the cSNC effect (i.e., the difference betwdownshifted vs. unshifted
groups) lasted two trials in the saline compari@adals 11-12), it lasted at least 5
trials in the naloxone comparison (trials 11-15).

The enhancing effects of naloxone on cSNC wereresiticted to these
particular conditions. In a second experiment, d@gihi et al. (2005) reported
naloxone-induced consummatory suppression afterribie conventional 32-to-
4% sucrose downshift (2 mg/kg). This naloxone effesc not an automatic
consequence of a downshift experience becauseativedy mild reduction in
sucrose concentration does not lead to enhancesliconatory suppression. For
example, naloxone leads to significant suppresaiter 32-t0-6% or 32-t0-12%
sucrose downshifts, but not after 16-t0-3% or 6% sucrose downshifts
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(Daniel, Ortega, & Papini,2009). Thus, opioid blagk is hypothesized to enhance
the frustrative response to incentive loss, whicturn augments the cSNC effect.

300
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D T
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.E 200 |
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3 m32/Sal
n 100 D 6/NIx
3 j B 32/NIx
O Ll
11 12
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Figure 3. Effects of naloxone on cSNC (Pellegrini et al.p2D Naloxone is a nonselective opioid
receptor antagonist with greater affinity for th@®R. Rats were exposed for 10 trials to either 32%
or 6% sucrose. On trial 11, downshifted animals dezkss to 6% sucrose (rather than the usual 32%
sucrose), whereas unshifted controls continue tesscthe same 6% solution of previous trials.
Naloxone (2 mg/kg, ip) was administered 15 min befials 11 and 12 (shown in this figure). In
both trials, there was significantly more supprassf goal-tracking times in the group treated with
naloxone (NIx) than in the saline (Sal) groups. &wecking time is the cumulative time in contact
with the sipper tube during the trial.

OR Blockage Altersthe Detection of the I ncentive Downshift

Detecting a downshift in sucrose concentrationasa purely perceptual
problem. The cSNC effect requires a comparison éetwthe sweetness of the
current (postshift) solution and the reactivatednoey of a previously experienced
(preshift) solution. Papini and Pellegrini (2006pwed that, within some limits,
equal ratios of postshift/preshift sucrose conegiains yield similar levels of
consummatory suppression. For example, a 32-to-4&tose downshift leads to
similar goal-tracking times as a 16-t0-2% sucroewrtshift; in both cases, the
downshift involves an 8-to-1downshift ratio. In #duh, the smaller the ratio, the
lesser the consummatory suppression (i.e., an 18-t@&tio induces more
suppression than a 4-to-1 ratio). This ratio camstds analogous to Weber’s law
as applied to comparisons between sensory inputstaapplies to a variety of
incentive downshift situations in addition to cSNEellegrini & Papini, 2007;
Pellegrini, Lopez-Seal, & Papini, 2008).

Recent data suggest that OR blockage alters thegtufvdetection rule
from a ratio to an absolute difference rule (Dawiehl.,2009). Saline treated rats
exhibited similar suppression of consummatory beirawhen given a 16-t0-6%
vs. 32-t0-12% sucrose downshift (post/pre ratio.38]) or 16-t0-3% vs.32-t0-6%
sucrose downshift (post/pre ratio = 0.19). Intengdy, rats treated with naloxone
(2 mg/kg) exhibited a level of consummatory supgim@son trial 11 that was more
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in synchrony with the absolute difference betwe®a pire- and postshift sucrose
concentrations, rather than with their ratio. Tll@summatory behavior of these
animals on the first downshift trial (trial 11) ided a coefficient of determination
r? = 0.77, whereas the same data for the saline aengieldedr® = 0.42. The
difference indicates that a linear function relgtconsummatory behavior to the
absolute difference in concentrations provides #ebdit for naloxone-treated
animals than for saline-treated animals. Lineaistydistorted in saline animals
because of ratio constancy. These results suggastQR blockage distorts the
comparison between the current solution and thetiveded memory of the
preshift solution, biasing it in the direction tietabsolute difference between the
two solutions, rather than of their ratio.

DORs Selectively M odulate cSNC Onset

Flaherty (1996) reviewed data showing that berezmpine anxiolytics
displayed trial selectivity, reducing contrast wregtministered before trial 12, but
not before trial 11. Based on such evidence, Fglseiggested that recovery from
cSNC involved a conflict between the rejectiontad townshifted solution and the
need to consume sucrose given that animals ardlyusoad deprived in these
experiments. In fact, recovery from cSNC is retdra¢hen rats are not food
deprived, suggesting that satiety reduces the approomponent of the conflict
(Dachowski & Brazier, 1991). But none of the exteaseries of pharmacological
experiments summarized by Flaherty (1996) provesetectively modulate cSNC
on trial 11, during the very first exposure to tlmvnshifted solution.

To test for selective modulation of cSNC on tfidlvs. 12, Wood, Daniel,
and Papini (2005) gave three downshifted-unshiftads of groups injections
before each of these two trials. One pair receDEBOPE (24ug/kg) before trial
11, but the vehicle before trial 12; a second pageived the vehicle before trial
11, but DPDPE before trial 12; and the third pdigmoups received the vehicle
before both trials. DPDPE is a selective DOR agaansl, thus, it was expected to
reduce cSNC much as morphine did in prior expertméRowan & Flaherty,
1987). Surprisingly, however, the attenuating efigcDPDPE was restricted to
trial 11, as shown in Figure 4. Although DPDPEtedadownshifted rats showed
somewhat lower consummatory behavior on trial hé,difference with DPDPE-
treated unshifted rats was not significant. In &iddj DPDPE had no effect when
administered before trial 12 or in unshifted colstroAnother experiment
(Pellegrini et al., 2005) showed that administratiof the DOR antagonist
naltrindole (1 mg/kg) before trials 11 and 12 erdeahcSNC on trial 11, but had
no effect on trial 12. Based on these resultsai Ywpothesized that DORs play an
important and selective role in the onset of thé&€Seffect, modulating the
intensity of primary frustration, that is, an unddioned state peaking
immediately after a surprising incentive downslafid hypothesized to play a
major role in consummatory suppression during firfal
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Figure 4. Effects of DPDPE on cSNC (Wood et al.,, 2005). DEDP a selective DOR agonist.
Groups of rats received DPDPE (@dg/kg, ip) administration either before trial 11kmfore trial 12.
Whereas DPDPE significantly reduced cSNC when aidteired before trial 11, it had no effect
when administered before trial 12. A control graepeived saline (Sal) administration before both
trials.

K ORs Sdlectively M odulate Recovery from cSNC

Another recent series of experiments with the Ka@gonist U50,488H
provided additional evidence for trial selectiviZf/ood, Norris, Daniel, & Papini,
2008). In this case, U50,488H administered befoaé 11 had no detectable effect
on cSNC, but before trial 12 led to either attermma{l mg/kg) or enhancement (3
and 10 mg/kg) of cSNC. Subsequent experiments shdhat the attenuating
effect of the 1 mg/kg dose failed to occur when 4B8H was administered
immediately after trial 11, whereas the enhancifigce of the 3 mg/kg occurred
also when it was administered immediately afted ttll. Additional data suggested
that the enhancing effect of the 3 mg/kg dose wabagbly due to the development
of a conditioned taste aversion (CTA), as animalerg4% sucrose (i.e., without a
downshift) and injected immediately after the tradhibited less consummatory
behavior than animals injected 3 h after the fjial, paired vs. unpaired sucrose-
U50,488H trials). Therefore, the enhancing effecthe high dose of U50,488H
was tentatively dismissed as due to CTA, whereaseffect of a low dose of
U50,488H on cSNC was hypothesized to be similathtd of benzodiazepine
anxiolytics in that it is selective for trial 12.hlis, KORs are hypothesized to
modulate the intensity of secondary frustratioaf ik, a conditioned state induced
by anticipated frustration, assumed to play a mame in consummatory
suppression during trial 12.

What isthe Function of ORsin cSNC?

The enhancing effects of naloxone on cSNC destribieove can be
attributed to at least four mechanisms. First, QBcktage may modulate the
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downshift experience, either amplifying the avegsoonsequences of surprising
reward reductions (Papini & Dudley, 1997), reducthg incentive value of the

downshifted solution (Norris, Perez-Acosta, Orte§aPapini, in press), or a

combination of both effects. Second, naloxone cexlelt this effect by affecting

the detection of the downshift, as shown above.ifaithl data are needed to
evaluate these possibilities.

Third, naloxone may induce a CTA analogous to thlserved with
U50,488H. The logic underlying this CTA hypothesisbased on the notion that
when 4% sucrose is paired with the aversive stataded by a drug on trial 11,
downshifted rats have never tasted 4% sucrose dyefdrereas unshifted controls
have experienced 10 previous trials with 4% sucrd$mis, since CTA occurs
more readily with novel flavors (i.e., latent intibn; Cannon, Best, & Batson,
1983), downshifted rats would be more likely tharshifted rats to develop an
aversion to the 4% sucrose, resulting in an appaehancement of the cSNC
effect. Despite the potential for CTA, administoatiof naloxone (2 and 10 mg/kg)
immediately after the first experience with 4% siser (i.e., in the absence of a
downshift experience) failed to support CTA relatito groups receiving either
unpaired or backward arrangements between sucras@aoxone. It should be
noted that no information is available on the #&pibf naltrindole, which also
enhances cSNC (see above), to support CTA.

Fourth, OR blockage could enhance cSNC by strengibethe aversive
memory of the incentive downshift event first expaced on trial 11. Posttraining
naloxone administration is known to enhance the sclidation of fear
conditioning (see McGaugh & Roozendaal, 2008). Hmxethe same doses of
naloxone (2 mg/kg), naltrindole (1 mg/kg), and DEDE24 pg/kg) that were
effective when administered before trials 11 and/@rhad no effect on recovery
when administered immediately after trial 11 (Déeieal., 2009). Therefore, it is
hypothesized that ORs are not involved in the eimgpdf secondary frustration in
the cSNC situation.

ORsand Individual Differencesin Recovery from cSNC

cSNC is a robust phenomenon, but there are notifferences in the
length of the effect across experiments run untdersame nominal conditions.
Recovery from incentive downshift may take betwéeand 6 postshift trials. In
addition, there are substantial individual diffezes in both the extent of the initial
suppression (trial 11) and the speed of the sulesggecovery (trial 12 and
beyond), as shown in Figure 5a. Because ORs adecatgd in both aspects of the
cSNC effect, Pellegrini et al. (2005) hypothesizbdt individual differences in
postshift performance reflect the efficiency of egenous opioid ligands to their
receptors. Rats and humans express several ORnsothat bind with different
effectiveness and play a role in drug addictiog.(dkeda et al., 2005). Thus, an
experiment was designed to test the hypothesisrétatthat expressed fast vs.
slow recovery from cSNC (as measured in terms efpiarformance on trials 11
and 12) exhibit differential sensitivity to OR blkage in an activity situation.
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Activity was measured in a narrow, dark, and walex designed to minimize

anxiety-like responses that rats often exhibit pem lighted spaces (Pawlak, Ho,
& Schwarting, 2008). Groups matched for performancetrial 11 (i.e., equal

initial suppression) that exhibited either fastsbow recovery of goal-tracking

times on trial 12 received naloxone (2 mg/kg) treait immediately before a 15-
min activity session. As predicted, whereas nalexbad no effect on activity for

fast-recovery rats, it significantly reduced adtiviate in the session for slow-
recovery rats (Figure 5b). These results were pné¢ed as providing support for
the hypothesis that the animal's ability to copghwan experience of incentive
downshift is directly related to OR effectiveness.

(a) Individual differences in recovery from incentivevehshift.

300 Fast recovery (n=10) 300 Slow recovery (n=5)

N
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(b) Effects of naloxone on activity in fast-recovery sw-recovery rats.

80 Fast Recovery Slow Recovery

Activity
w s ol (<2} ~
o o o o o

N
o

—e—Naloxone
—&—Saline

[
o

o

Blocks of 5 Minutes

Figure 5. (a) Unpublished data showing individual performancerduthe last preshift trial (trial 10)
of access to 32% sucrose and the initial threespdstrials (trials 11-13) of access to 4% sucrose
Animals differ in terms of their performance onatril2 relative to trial 11: scores go up for fast
recovery rats, but stay the same or go down faw sézovery rats(b) Effects of naloxone (2 mg/kg,
ip) on activity in groups of rats that exhibitedheir fast or slow recovery during a 32-t0-4% sueros
downshift (Pellegrini et al., 2005).
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Evolution of the Opioid System

Using Figure 2 as a guide, one could argue thapitkeits complexity,
SNC is beginning to be understood at the behaviandl heurochemical levels.
Whereas nothing much can be said about the neincaitcand the cell-molecular
processes underlying SNC, the behavioral and neamical research described in
this article offers a general guide to generateesbgpotheses about the possible
evolutionary history of the mechanisms underlyifgCS It is useful to start by
making explicit two assumptions: (1) that the bebial differences illustrated in
Figure 1 reflect a divergence in learning mechasismderlying adjustments to
incentive downshifts, rather than the effect of satontextual variable unrelated
to learning (e.g., perceptual, motivational, or onotlifferences across species;
Bitterman, 1975); and (2) that the set of mechasismderlying SNC evolved in
Mesozoic mammals (or their ancestors) by means abption of brain
mechanisms originally involved in fear conditionifl@apini, 2003, 2006). Some
set of fear conditioning mechanisms appears to dseml to most, if not all,
vertebrates, as shown by research on avoidanaarigan teleost fish@arassius
auratus;, Portavella, Salas, Vargas, & Papini, 2003; Patftay Torres, Salas, &
Papini, 2004). Based on these assumptions andeoresults reviewed above, it is
hypothesized that evolutionary changes in the fanst of ORs made SNC
possible in mammals.

The evolution of the opioid system is beginnindpéounderstood by recent
work with a variety of vertebrates, thanks to thevolvement of ORs in
nociception (Sneddon, 2004). The four recognizeds @dRelta, mu, kappa, and
ORL), whose genes share a similar sequential steichave been identified in
mammals, birds, reptiles, amphibians, and teld@shkt but not in chondrychthyes
(sharks), cephalochordates (lancelets), urochasdataicates), or arthropods (fruit
flies; Dreborg et al., 2008; Stevens, 2009). The&yesome indication that
endogenous ligands may bind with less specificitponmammalian ORs than in
their mammalian homologues (Stevens, Brasel, & MpR&07), but the status of
this claim is uncertain. ORs may be equally selecticross vertebrates, but their
selectivity may relate to different endogenous ridg (Dreborg et al., 2008).
Studies using selective radioligands for the DOROR and KOR in the
amphibianRana pipiens show that binding to these ORs is just as speaf#idt is
for mammals (Newman, Sands, Wallace, & Stevens2R00terestingly, although
the amino acid sequences in these ORs are verjasiboth across species and
within species, nonmammalian ORs are more similar each other than
mammalian ORs (Stevens et al., 2007). This sugggstster divergence in OR
structure in the mammalian lineage compared to rmommalian vertebrates. The
extent to which this divergence allowed the mamamatipioid system to extend its
influence to situations involving incentive lossmans to be determined.
However, a tentative evolutionary hypothesis isserged in Figure 6.
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Figure 6. A phylogenetic tree showing the main vertebratedges and the hypothesized events in
the evolution of opioid receptors. The four desedilmpioid receptors, MOR, DOR, KOR, and ORL,
have been found in bony fish and tetrapods. Bectingse proteins are characterized by a high degree
of sequence similarity, they have been hypothesizechave evolved in two events of gene
duplication from a generalized ancestral proteiareHt is also hypothesized that the DOR underwent
co-option from playing a role in the pain-fear daméo playing a role in the onset of incentive
contrast situations.

The evolutionary hypothesis based on the functiambption of fear
conditioning mechanisms into those subserving &djest to incentive loss
(Papini, 2003) requires some specificity as tortarire of those functions for the
opioid system. In relation to fear conditioning.e tlopioid system has been
suggested to play a role in modulating (1) therisity of the shock-induced pain
and signal-induced fear (Fanselow & Bolles, 1978) the magnitude of the error-
correction mechanism involved in fear acquisitiard aextinction (McNally, in
press), and (3) the consolidation of the fear mgnidcGaugh & Roozendaal,
2008). As reviewed in this article, the functionale of the opioid system
suggested by research on incentive downshift wdigdconsistent with (1),
uncertain about (2), and inconsistent with (3). Bt task of comparing the
function of the same neurochemical system on diffebbehavioral functions is
rather complex. Consider the opposite effects abidpblockage on extinction.
Naloxone treatment retards fear extinction (McNa&lywWestbrook, 2003), but it
facilitates appetitive extinction (Norris et ah, press). Different behavioral effects
may reflect either the same or different opioiddiion. For example, if opioid
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blockage enhances aversive emotional states, thségnal for pain should cause
more intense fear (thus retarding fear extinctenmj more intense frustration (thus
enhancing appetitive extinction). On the other hamposite effects may reflect
different functions. For example, opioid blockageayminterfere with error
correction in fear extinction (McNally, 2009), bioave a different function in the
case of appetitive extinction. Clearly, the evidens presently insufficient to
determine whether evolutionary changes in the dmgstem can be meaningfully
related to opioid function in the pain-fear andstration domains.

Conclusions

Based on a level’s view of the mechanisms undagl8NC, the research
described here was designed to build on the extensork on the neurochemical
basis of cSNC published by Flaherty and collabasat8ystemic administration of
opioid peptides was selected as an initial manimrabecause a series of
experiments indicated that morphine reduced th&ainimpact of incentive
downshift in the consummatory situation (Rowan &ldrty, 1987). Systemic
drug administration is a relatively practical apgmb to determine some general
effects and identify ORs involved in cSNC, but @shat least two disadvantages
related to the widespread distribution of ORs i@ tiiammalian brain. First, it does
not tell us where in the brain a given opioid pagtis causing the observed
behavioral effects. Second, the same compoundgaictidifferent brain sites may
affect behavior in opposite ways, thus obscurirggdhitcome of some experiments.
Nonetheless, systemic administration provides ghawadmap to target specific
brain sites. Lesion studies implicate several braiclei in the development of
cSNC, including the parabrachial nucleus (Grigsepector, & Norgren, 1994),
gustatory thalamus (Sastre & Reilly, 2006), medialygdala (Becker, Jarvis,
Wagner, & Flaherty, 1984), and medial prefrontaiteéx (Pecoraro, De Jong,
Ginsberg, & Dallman, 2008). A study using c-Fosliknmunoreactivity identified
the medial amygdala and a variety of brain aretiseded selectively on trial 11,
during initial exposure to incentive downshift (Besro & Dallman, 2005). Such
studies provide a guide to explore the role of @Rspecific brain locations on
cSNC onset using microinjection procedures (e.igo & Chuang, 2003).

Once the minimum circuitry for cSNC is known, it wad be possible to
approach the homologous brain areas in other vatebto determine similarities
and differences across species. Potential nonmamatdodels include the goldfish
(Carassius auratus), terrestrial toadBufo arenarum), and pigeon@olumba livia).
These species have been extensively studied imtimeedownshift situations and
the behavioral effects are strikingly different frahose observed in mammals.
Recent research with pigeons shows, for exampla, ttheir adjustment to a
downshift in incentive is regulated primarily byethmagnitude of the preshift
incentive, rather than the ratio of post-to-preshifignitudes, as described above
for rats (Pellegrini et al., 2008). Such systematicdy of key model species will
open the way to a deeper understanding of the geplof learning mechanisms in
vertebrates.
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