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Role of Opioid Receptorsin Incentive Contrast
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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& $tom L to S resulted in a
fast-emerging behavioral disruption (Figure 1l1a).tité that the incentive
conditions during postshift trials were equal fottbgroups. A generally accepted
view of SNC suggests that the behavioral disruptédtects a comparison between
the current incentive and the reactivated memorythef incentive previously
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received in that situation (see Papini & Pellegridd06). When the disparity
between past and current incentive is sufficielattge, then a variety of behavioral
and physiological effects are observed, includihgnges in aggressive behavior,
glucocorticoid levels, vocalizations, and escapkab®r (see Papini & Dudley,
1997). Furthermore, treatments known from othereerpents to relate to
emotional effects, such as administration of arwxios or lesions in limbic
structures, also modulate SNC (see Flaherty, 1998)s, it is widely appreciated
that, when the disparity is significant, the congpar mechanism induces a series
of effects that may collectively be referred toesmsotional (Flaherty, 1996). The
emotion in question is frustration, here defined aas aversive internal state
induced by the surprising reduction or omissionaaf expected incentive (see
Amsel, 1992). Amsel (1992) distinguished between wmtonditioned form
(primary frustration, occurring second-to-minutef$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.
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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.
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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.
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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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