Available online at www.sciencedirect.com

SCIENCE éDIRECTQ ngress'“
C Neuro-Psychopharmacology

& Biological Psychiatry

¥, S

LSEVIE Progress in Neuro-Psychopharmacology & Biological Psychiatry 29 (2005) 1264 — 1280

www.elsevier.com/locate/pnpbp

Review article

Interface of physical and emotional stress regulation through the endogenous
opioid system and p-opioid receptors

Saulo C. Ribeiro ?, Susan E. Kennedy *, Yolanda R. Smith °, Christian S. Stohler ¢,
Jon-Kar Zubieta **

& University of Michigan, Department of Psychiatry and Molecular and Behavioral Neuroscience Institute (MBNI), 205 Zine Pitcher Place,
Ann Arbor, MI 48109-0720, USA
® University of Michigan, Department of Obstetrics and Gynecology, Ann Arbor, MI, USA
¢ University of Maryland, School of Dentistry, Baltimore, MD, USA

Accepted 26 August 2005
Available online 26 October 2005

Abstract

Unraveling the pathways and neurobiological mechanisms that underlie the regulation of physical and emotional stress responses in humans is
of critical importance to understand vulnerability and resiliency factors to the development of a number of complex physical and
psychopathological states. Dysregulation of central stress response circuits have been implicated in the establishment of conditions as diverse
as persistent pain, mood and personality disorders and substance abuse and dependence. The present review examines the contribution of the
endogenous opioid system and p-opioid receptors to the modulation and adaptation of the organism to challenges, such as sustained pain and
negative emotional states, which threaten its internal homeostasis. Data accumulated in animal models, and more recently in humans, point to this
neurotransmitter system as a critical modulator of the transition from acute (warning signals) to sustained (stressor) environmental adversity. The
existence of pathways and regulatory mechanisms common to the regulation of both physical and emotional states transcend classical categorical
disease classifications, and point to the need to utilize dimensional, “symptom”-related approximations to their study. Possible future areas of
study at the interface of “mind” (cognitive—emotional) and “body” (physical) functions are delineated in this context.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Living beings are open systems with definite boundaries,
characterized by relatively stable form and structure, which
tends to persist over time. Thermodynamically, they might be
defined as localized regions where there is a continuous increase
in order, and genetically as systems with increasing levels of
complexity, capable of evolution by natural selection (Sagan
and The Editors, 1995). All living beings share a permanent
dynamic activity organized around multiple mechanisms
designed to maintain a stable internal milieu (Cannon, 1939).
However, life can be maintained only through a continuous
exchange with the environment, by which living systems
increase their order at the expense of an increase in the entropy
of the surrounding environment. These encounters with the
surroundings bring permanent threats to life or internal
homeostasis, and common mechanisms have evolved to deal
with these stressors (Cannon, 1915; Selye, 1936). Sensations
such as temperature (Craig et al., 2000b), itch (Andrew and
Craig, 2001), visceral distention, muscle ache, hunger, thirst,
‘air hunger’, sensual touch (Craig, 2003a), emotions (Damasio
et al., 2000), and pain (Craig et al., 2000a; Craig, 2002,
2003a,b,c) can be seen as closely connected to the preservation
of homeostasis, contributing to the global representation of the
physiological condition of the body and well-being.

2. Pain as warning signal and homeostatic emotion

Pain is operationally defined by the International Associa-
tion for the Study of Pain as “an unpleasant sensory and
emotional experience associated with actual or potential tissue
damage, or described in terms of such damage” (Merskey and
Bogduk, 1994). This definition emphasizes its Janus-like dual
elements, simultaneously encoded as a discriminative sensation
and as a global sign of danger to physical or psychological
equilibrium. Stemming from the specificity theory (von Frey,
1894; Iggo and Ogawa, 1971; Kumazawa and Perl, 1977;
Sugiura et al., 1986) and from the gate control theory (Melzack
and Wall, 1965), the studies of pain as a sensation show that
physical pain starts in the tissues, where specialized high-
threshold sensory neurons respond to potentially damaging
environmental stimuli such as excessive pressure, heat, cold,
distension, noxious chemicals, or tissue damage (Caterina et
al., 2000). From these nociceptors, action potentials are
transmitted to neurons in the dorsal horn of the spinal cord
through fast A-sigma fibers and through slower C fibers, the
former being responsible for the first, sharp, acute and well
localized pain, and the latter by the so-called “second pain”,
characteristically more diffuse, widespread, dull, with a
persistent character associated with unpleasantness and emo-
tional response (Julius and Basbaum, 2001; Aguggia, 2003).
Further processing in the dorsal roots, trigeminal nuclei and
spinal cord involves intricate circuits, regulation by opioid and
NMDA receptors, substances P and K, specific protein kinases,
and further modulation by substances such as serotonin,
extracellular protons, arachidonic acid, bradykinin, nucleotides,
calcitonin gene-related peptide and neurotrophins (Malmberg

et al.,, 1997; Mantyh et al., 1997; Sah et al., 2003). From the
dorsal horn cells, ascending spinohypothalamic, spinopontoa-
mygdaloid and spinothalamic pathways project into multiple
brain areas (Price, 2000). Ventroposterior thalamus and the
primary and secondary somatosensory parietal areas SI and SII
further seem to be connected with the integration of pain as a
discriminated perception (Coghill et al., 1994). Finally, the
midbrain periaqueductal gray is thought to integrate the
impulses from higher centers and modulates descending
impulses to increase or decrease pain threshold, closing the
loop via the nucleus raphe magnus (Hosobuchi et al., 1977,
1979). This perspective and body of work lends to the notion
that injury and the sensory transmission and perceptions arising
from it are the primary processes of interest. It therefore tends
to emphasize the sensory elements of the pain experience, with
other factors, such as processing in more complex supraspinal
circuits, taking a more or less important secondary role (a
bottom-up approach to the pain experience).

A different line of research, this time stemming from the
pattern theory (Goldscheider, 1894), has placed more attention
on the global character of pain as a homeostatic emotion that
dominates attention, acting as a potent motivational drive that
induces an automatic avoidance response, an increase in arousal
and negative valence, and clear autonomic and neurochemical
responses (Woolf and Salter, 2000; Scholz and Woolf, 2002).
Once it is encoded affectively and cognitively as an emotion,
pain loses its specific discriminative character and eludes even
any clear definitions (Schott, 2004). This characteristic unpleas-
antness associated with pain is unrelated to its sensory
characteristics (Price, 2000) and can be clearly dissociated from
it: in pain associated with labor, for example, affective ratings
vary independently of sensory ratings, depending on whether
women focus on the birth of the child or on the pain (Price et al.,
1987). Acute and more sustained pain also demonstrates similar
dissociations: even when maintained at similar intensity
(sensory-related) levels, its negative affective qualities increase
as a function of the time exposed to the painful stimulus. The
latter then becomes more comparable to the experience of pain as
described by humans suffering from persistent, clinical pain
conditions (Stohler and Kowalski, 1999). A profusion of skillful
imaging studies have shown that the dorsal anterior cingulate
cortex is activated in response to unpleasantness but not the
actual painful stimuli (Talbot et al., 1991), to illusion of pain in
the thermal-grill illusion paradigm (Craig and Bushnell, 1994;
Craig et al., 1996), and to hypnotic changes in unpleasantness,
but not intensity (Rainville et al., 1997). In addition to the dorsal
cingulate, the anterior insula has also been implicated in studies
involving mental anticipation of pain (Ploghaus et al., 1999),
attentional manipulations (Peyron et al., 1999), and empathic
pain (Singer et al., 2004). Placebo analgesia has been recently
related to decreased brain activity in the contralateral thalamus,
contralateral insula and rostral anterior cingulate cortex (Wager
etal., 2004). A recent model of pain as a homeostatic threat tries
to integrate these findings implicating two different circuits in
the processing of pain and other homeostatic signals (Craig,
2002, 2003a,b,c): one circuit involves the parabrachial nucleus,
the ventromedial thalamic nucleus (Lenz et al., 1993a,b; Craig et
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al., 1994; Lenz et al, 1998; Blomgqvist et al., 2000), the
sensorimotor area 3a, postero-medial and anterior insula, where
an interoceptive map is generated and feelings and affective
responses related to the sensation of self are encoded (Bush et al.,
2000; Damasio, 2003b; Singer et al., 2004). In a parallel circuit,
the medial dorsal thalamic nucleus integrates lamina I input with
brainstem homeostatic activity from the parabrachial nucleus
and periaqueductal gray, projecting to the anterior cingulate or
limbic motor cortex (Hsu and Shyu, 1997; Kung and Shyu,
2002) and generating the motivating, autonomic and driving
components associated with pain (Critchley et al., 2003).
Emotions, pain and the sense of self are seen as closely
interconnected and related to interoception and to the feeling
of homeostatic balance (Collet et al., 1997; Damasio, 1998,
2003a,b; Damasio et al., 2000; Churchland, 2002; Critchley et
al., 2004). Only primates seem to have the neuroanatomical
capacity to feel pain in the same way that humans do (Craig,
2003a), and in humans these emotional experiences become
even more complex in view of the cognitive and linguistic
abilities of our species. This “top-down” approach to pain
neurobiology is then more akin to that taken by various
disciplines in the study of various forms of physical and
emotional stressors, where the more elaborate processing
occurring in telencephalic regions takes precedence over the
actual source of the unpleasant sensory process. This perspective
may be particularly appealing to understand the individual
experience of pain as initial pathological processes become
established and impair the individual in multiple elements of
their function.

3. Emotion regulation

Like its counterpart pain, emotion also has two facets that
seem to be irreducible from each other, historically repre-
sented in the sharp distinction between dimensional or
categorical models (Calder et al., 2001). Categorical models,
analogously to studies derived from the pain specificity
theory, see each emotion as a class with distinct pathways
and integration centers in the brain. Fear, disgust, anger,
happiness, surprise, and sadness are described as universal
emotions, and multiple categories try to account for the
multiple existential contexts, objects, situations and disposi-
tions to act (Fuster, 2004) which are characteristic of
everyday human experience, and that form the so-called
“folk psychology” (Russell, 2003). Emotional classes do not
seem to have sharp boundaries, but to appear as fuzzy sets of
multiple similar feelings, which have indistinct borders,
blending with neighboring categories as emotions become
more distant from the prototypical class element (Chaplin et
al., 1988; Russell and Fehr, 1994). Moreover, languages and
cultures differ widely in how they carve categorically the
domain of emotion: sadness, for example, does not exist in
the Tahitian and Chewong lexicons, and is not distinguished
from anger in Luganda (Russell, 1991), in spite of being well-
known as a basic emotion and reliably reported as distinct
from other emotions on the basis of facial (Ekman, 1993),
autonomic (Ekman et al., 1983; Collet et al., 1997; Thayer

and Faith, 2001; Levenson, 2003; Christie and Friedman,
2004), self-report (McNair et al., 1971), linguistic (Russell,
1991), and anatomical studies. As a reaction to these
shortcomings, and as an attempt to find more fundamental
and basic components of the emotional experience, dimen-
sional theories, like the “pattern theories” of pain, have
emphasized the global, immediate, affectively condensed
character of emotions. In dimensional models, emotions are
seen as points in spaces defined by orthogonal axes of
pleasure—displeasure and activation—deactivation (Russell,
1980, 2003; Russell and Carroll, 1999; Remington et al.,
2000), by varimax-rotated factors of positive and negative
affect (Watson and Tellegen, 1985; Watson et al., 1988,
1999), or by evaluative valence axes of positivity and
negativity (Cacioppo and Berntson, 1994; Cacioppo and
Gardner, 1999; Larsen et al., 2001). As such, they become
closely connected with pain or pleasure (Sartre, 1948;
Aristotle, 1952; Abbagnano, 1982; Calder et al., 2001), with
the well-being and homeostatic status of the total organism
(Craig, 2003b; Damasio, 2003a,b; Damasio et al., 2000), with
non-specific stress responses (Szabo, 1998) and with global
reactions of approach or withdrawal. In contrast to extero-
ceptive (touch) or teloreceptive (vision) modalities, emotions
are like “feelings from the body”, endowed with a
characteristic affect that motivates behavior, and generates
autonomic responses (Craig et al., 2000a; Rainville, 2002).
Teleologically, they may be seen as evaluative tools evolved
to show the significance of certain encounters of the organism
with the environment and with the stability of its internal
milieu, in a process where pain and pleasure are transformed
into emotional distress or satisfaction as a result of appraisals
of their significance, context, action and posture tendencies
and interpersonal relations (Lazarus, 1991).

4. Interfaces between pain and emotion regulation through
stress circuitry

Prolonged, stressful conditions have been repeatedly
associated with specific emotional reactions and physiological
responses that are different from those observed when the
organism faces an acute danger, an insight anticipated by
Selye (1936) when he differentiated “stress” from the “flight
or fight reaction” described by Cannon (1915). The latter
reflects more closely sudden threatening environmental
events, known to trigger within seconds a massive release
of catecholamines, hypothalamic CRH, prolactin, growth
hormone and glucagon, which act mostly through rapid
second messenger cascades within seconds to a few minutes
of the event. In contrast, and more akin to the broader
“stress” concept of Selye, there is a second slower wave
happening within minutes that involves both release of
glucocorticoids and decline of gonadal steroid secretions,
whose actions are mainly genomic and not fully exerted until
hours of the onset of the stressor (Sapolsky et al., 2000).
Thus, stress seems to involve both an acute global response
and specific response dependent on type, location and pattern
of stressors (including environmental context, duration of
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stress, social status, and nature of social hierarchies) (Lopez et
al., 1999; Korte et al., 2005; Sapolsky, 2005). When systems
involved in the maintenance of balance are elevated in a
sustained manner, the resulting allostatic, disrupted state,
results in an imbalance of the primary mediators and in
widespread physiological and anatomical changes and
damages resulting from mechanisms evolutionarily well
adapted to deal with physical, acute stressful situations
(Sapolsky, 1996; McEwen, 2004; Korte et al., 2005).
Specifically, prolonged, unpredictable, uncontrollable and
intermittent stressors have been associated with detachment
and withdrawal of the organism from the environment. In
many widely used animal models, including the forced swim
and tail suspension tests, learned helplessness to inescapable
shock, exposure to chronic mild uncontrollable stresses, and
the social defeat and variable foraging paradigms, rodents and
primates display behaviors which resemble sadness and
depression. These include “anhedonia” (decreased interest
in sucrose), rapid eye movement sleep alterations, reduced
body weight, diminished sexual behavior, and persistently
elevated corticotropin-releasing factor and corticosterone
levels (Nestler et al., 2002), with secondary effects on
neuronal plasticity and connectivity (Sapolsky et al., 1985).
As an example of this differentiation between mechanisms
engaged during acute and prolonged challenges, animals
subjected to prolonged, intermittent foot shock had analgesia
of significantly longer duration and appeared behaviorally
depressed, showing a decrease in acoustic startle, orientation
to touch, and ability to cling to wall (Lewis et al., 1980). In
these studies, foot shocks of short duration, or even when
more prolonged but applied to the rear paws, as opposed to
forepaws, did not activate suppressive, stress-induced analge-
sic endogenous opioid neurotransmission, which was other-
wise engaged during the more threatening or prolonged
stimuli, presumably as a homeostatic response (Watkins and
Mayer, 1982). Along the same lines, alterations in other
neurotransmitter systems, manifested as changes in the
concentrations of receptors such as the serotonergic 1A and
2A appear in sustained and unpredictable forms of stress, and
in human depression and postmortem material from suicide
victims, but not in acute versions of the same challenges
(Lopez et al., 1999). Numerous other examples can be cited,
differentiating the biological consequences of acute, akin to
the original “flight or fight” response, versus those engaged
during more substantial allostatic loads. In humans, sadness
appears as an all-inclusive feeling that colors the whole
psychic life, reminding more of a “mood” than an acute
emotion (Jaspers, 1977), and presenting as more associated
with internal representations than with any present, here-and-
now stimulus. As the prototype of a fuzzy -category
encompassing grief, longing, guilt, depression and others
(Shaver et al., 1987), sadness is generally experienced at the
end of a chain of struggles to cope, when the absence of
commitments and meaning slowly leads to inaction or
withdrawal from involvement in the world, culminating in a
state of passivity, internalization, and prolonged suffering
(Freud, 1917; Klein, 1978; Ey et al., 1989).

5. Endogenous opioids and the regulation of physical and
emotional stressors

Opiates have been connected to pain and emotion for
millennia: a Sumerian papyrus of circa 1500 B.C. describes a
remedy for children made of poppy-plant and, in the eight
century, opium was widely known and used in Asia and Europe
(Watkins and Mayer, 1982). Opioid abuse and dependence are
associated with euphoria, high and intense pleasure, ecstatic
experiences, excitation, mood changes, and intense reward
properties, while withdrawal is associated with irritability and
dysphoria; these symptoms are thought to be mediated mainly
through p-opioid receptors in gamma-aminobutyric acid
(GABA) neurons and their connections with the mesolim-
bic—mesocortical dopaminergic system (O’Brien, 2001; De
Vries and Shippenberg, 2002; Kreek et al., 2002; Gerrits et al.,
2003; Greenwald et al., 2003). The exogenous opioid morphine
(named after Morpheus, the Greek god of dreams) was
synthesized in 1804 (Brownstein, 1993) and, in the past
decades, an endogenous opioid system was discovered and
described in detail (Pert and Snyder, 1973; Terenius, 1973;
Hughes et al., 1975, 1977; Kosterlitz and Waterfield, 1975;
Bradbury et al., 1976; Waterfield et al., 1976; Walker et al.,
1977; Hosobuchi et al., 1979). The opioid system consists of
several G-protein receptors with multiple subtypes (Lembo et
al., 2002; Hong et al., 2004), named mu (u, for morphine),
kappa (k, for ketocyclazocine) (Martin et al., 1976), delta (9,
for vas deferens) (Lord et al., 1977), and ORL-1 (for opioid
receptor-like) (Bunzow et al., 1994; Chen et al., 1994; Fukuda
et al., 1994; Mollereau et al., 1994; Wang et al., 1994; Wick et
al., 1994; Lachowicz et al., 1995). The endogenous ligands for
these receptors are peptides belonging to four families, the
endorphins, the enkephalins (Hughes et al., 1975; Bradbury et
al., 1976), the dynorphins (Goldstein et al., 1981) and the
orphanin FQ or nociceptin (N/OFQ) family (Meunier et al.,
1995; Reinscheid et al., 1995), respectively derived from four
precursors, each of them encoded by a gene: prepropiomela-
nocortin (Nakanishi et al., 1979), preproenkephalin (Noda et
al., 1982), preprodynorphin (Kakidani et al., 1982), and
proorphanin (Nothacker et al., 1996; Pan et al., 1996). Each
of these different subsystems has different distributions and
functions in the brain (Gutstein and Akil, 2001; Bodnar and
Hadjimarkou, 2002), being involved in the regulation of pain,
reinforcement and reward, release of neurotransmitters, auto-
nomic and neuroendocrine modulation. Several of the naturally
occurring peptides preferentially bind to the p-opioid receptor,
but a specific and more selective endogenous ligand was found
only in 1997 and was called endomorphin (Zadina et al., 1997).
In animals, activation of p-opioid receptors hyperpolarizes
neurons in the lateral amygdala, periaqueductal gray and
ventral pallidum (Sugita and North, 1993) by direct mechan-
isms, such as inhibition of cAMP and calcium currents, or by
indirect mechanisms, such as modulation of GABA or
glutamatergic transmission.

Multiple animal and human studies have confirmed the role
played by the endogenous opioid system in the modulation of
pain and stress. At the neuroendocrine level, the stress hormone
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ACTH and the opioid peptide p-endorphin have a common
precursor, respond to the same regulatory mechanisms, and are
concomitantly secreted by the adenohypophysis in response to
acute stress or pain, such as breaking the tibia and fibula
(Guillemin et al., 1977). In the peripheral nervous system, pain
induces the production of opioid peptides by the dorsal root
ganglia neurons and by immune cells, which act by inhibiting
calcium and sodium ion channels, blocking firing of nocicep-
tors (Stein et al., 2003). Additionally, stimuli, such as deep
brain stimulation, pain, and morphine, a selective p-opioid
receptor agonist, are thought to work through a common
centrifugal system, by which signals originating in the central
nervous system descend through the dorsolateral funiculus of
the spinal cord and eventually inhibit nociceptive neurons
located either in the dorsal horn or in the trigeminal nucleus
caudalis (Watkins and Mayer, 1982). In the supraspinal central
nervous system, opioids have been proposed to act on the
affective part of the so-called “pain matrix”. This assertion was
based on observations that patients receiving exogenous
opioids frequently report that the pain is still present, but that
they feel more comfortable, and that continuous, dull pain is
relieved more efficiently than sharp, intermittent pain (Gutstein
and Akil, 2001). This effect mimicked early studies showing
that resection of the anterior cingulate cortex reduced the
distress associated with pain, but not the perception of pain
itself (Foltz and White, 1962). This relatively restricted
perspective has been challenged by studies demonstrating that
both sensory and affective qualities of pain are suppressed by
the activation of p-opioid receptor mediated neurotransmission
in humans, albeit in distinct anatomical localizations, many of
them cortical (Zubieta et al., 2001). In animals, electrical
stimulation of the rat central grey and midbrain structures was
found to cause complete anesthesia to stimuli such as paw
pressure, tail shocks, burning, ice water or abdominal surgery
(Reynolds, 1969; Mayer et al., 1971); however, similar effects
have also been obtained at higher levels of the telencephalon,
such as the thalamus (Albe-Fessard et al., 1985) and central
nucleus of the amygdala (Manning, 1998), suggesting that
analgesia takes place at multiple levels of the neuraxis through
similar mechanisms.

Aside from their involvement in pain regulation, opioids
have been involved in the neurochemistry of social attachment,
alleviating separation distress in dogs, guinea pigs, rats and
primates (Panksepp, 2003). Global reactions such as stress-
induced increases in pain-thresholds, catalepsy and changes in
locomotor activity and body temperature resemble those
produced by some opiates, are antagonized by naloxone, and
are capable of producing cross-tolerance to p-opioid receptor
agonists (Yamada and Nabeshima, 1995). Intriguingly, only
certain painful stimuli lead to p-opioid mediated analgesia: hind
paw shock-induced analgesia is not blocked by naloxone and
does not resemble or is cross-tolerant with morphine-produced
analgesia, whereas front paw shock-induced analgesia is
(Watkins and Mayer, 1982), suggesting differences in the
manner that pain is modulated depending on the type of pain
in question, and perhaps related to its perceived threat to the
organism. Similarly, animals subjected to prolonged, intermit-

tent, foot shock show longer lasting analgesia which is blocked
by naloxone, whereas animals subjected to brief, continuous
foot shock display analgesia that is not blocked by naloxone
(Madden et al., 1977; Lewis et al., 1980). As described above,
only the former appeared behaviorally depressed and had
naloxone-reversible analgesia (Lewis et al., 1980). These data
then suggest that the activation of the endogenous opioid system
is associated with the regulation of emotions and connected
with detachment as a reaction to prolonged, repeated and
intermittent (unpredictable or more troublesome), as opposed to
brief and regular (predictable), stresses. All these data contrib-
uted to the intriguing hypothesis that the opioids may act by
blunting the distressing, affective component of pain, modulat-
ing stress by attenuating or terminating stress responses that, if
carried for a prolonged time, could be detrimental to the
organism (Drolet et al., 2001). One of the caveats of
pharmacological studies, however, is that the antagonists
typically utilized to block opioid effects, naloxone and
naltrexone, are not selective for the various opioid receptor
types, particularly in the high doses ranges, bringing into
question the participation of the various receptors for opioid
peptides in these processes. The majority of the experimental
evidence available, however, has specifically implicated the
activation of p-opioid receptors in analgesic effects (Watkins
and Mayer, 1982; Akil et al., 1984; Rubinstein et al., 1996; Sora
etal., 1997; Zubieta et al., 2001), reproductive and stress-related
neuroendocrine functions (Smith et al., 1998; Drolet et al.,
2001), and the adaptation and response to novel and emotion-
ally salient stimuli in animal models (Kalin et al., 1988; Nelson
and Panksepp, 1998; Filliol et al., 2000b; Moles et al., 2004)
and more recently in humans (Zubieta et al., 2003b). For this
particular system, the typical effects have been in the direction
of suppression, whereby p-opioid receptor activation reduced
pain and affective ratings in humans (e.g., Zubieta et al., 2001,
2002, and references therein). Nevertheless, k-opioid mediated
neurotransmission has also been implicated in pain regulation in
women, but not in men (Gear et al., 1996; Mogil et al., 2003),
and in the regulation of ACTH and cortisol production
(Williams et al., 2003). Delta-opioid mechanisms have also
been recently associated with antidepressant-like effects in
animal models (Jutkiewicz et al., 2003; Torregrossa et al.,
2004), as well as with pronociceptive activity in neuropathic
pain in the rodent model (Wang et al., 2001).

6. Endogenous opioid regulation of pain and emotion in
humans as measured with positron emission tomography

The close relation between persistent pain states, prolonged
stress, and emotional states led us to study their central
regulation by the endogenous opioid system and p-opioid
receptors in humans, using positron emission tomography
(PET) and experimental challenges in vivo. In these neuroima-
ging studies, activation of the endogenous opioid system is
observed as a reduction in p-opioid receptor availability (in
vivo receptor binding) with the selective p-opioid agonist
radiotracer [''C]carfentanil. These reductions are thought to
reflect one or multiple processes associated with the release of
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the endogenous neurotransmitter: competition between the
radiolabeled tracer and the endogenous ligand for the receptor
sites, receptor internalization and recycling, or both (Laruelle,
2000). In the case of agonists such as carfentanil, selective
labeling of high affinity sites has been suggested to induce a
more pronounced sensitivity to changes in endogenous
neurotransmission, which may further include a conversion
of high affinity sites to low affinity by the excess endogenous
neurotransmitter (Sastre and Garcia-Sevilla, 1994; Kenakin,
1997; Narendran et al., 2004). This mechanism has also been
invoked to explain the findings of more pronounced changes in
dopamine D, binding measures after amphetamine challenges
when evaluated with a agonist radiotracer, compared with a
radiolabeled antagonist (Hwang et al., 2005).

In the first study examining the activation of the endogenous
opioid system and p-opioid receptors in humans, we utilized a
sustained pain challenge, muscular pain in the masseter muscle,
that was maintained at moderate, constant levels, through the
infusion of small amounts of hypertonic saline (Zubieta et al.,
2001). This stimulus was associated with a significant activation
of the p-opioid receptor system in multiple regions. These
included the anterior cingulate and lateral prefrontal cortex,
anterior insular cortex, anterior and lateral thalamus, ventral
basal ganglia (nucleus accumbens and ventral pallidum),
amygdala, hypothalamus and periaqueductal gray. The activa-
tion of this neurotransmitter system was furthermore variable
between individuals in spite of the pain being maintained at
constant levels of intensity for the duration of the study. These
individual variations were correlated with the capacity to
suppress both sensory (in the lateral thalamus, amygdala, and
ventral basal ganglia) and affective ratings of the pain (in the
dorsal anterior cingulate cortex, anterior—medial thalamus, and
nucleus accumbens/ventral pallidum), as measured by the word
descriptors of the McGill Pain Questionnaire (Melzack and
Katz, 2000). These data demonstrated that the influence of the
endogenous opioid system on the experience of pain was taking
place at multiple “higher” level telencephalic regions, in
addition to the more traditional theory that descending
inhibitory inputs impacted on opioid receptor-regulated brain-
stem pain control regions (e.g., periaqueductal gray, ventrome-
dial medulla). Some of the regions where p-opioid modulation
was shown had been traditionally involved in the “pain matrix”
of pain sensory and affective representation (e.g., dorsal anterior
cingulate, insular cortex, thalamus, and periaqueductal gray).
Others, such as the amygdala, nucleus accumbens and ventral
pallidum, had been more typically implicated in the assessment
of intensity and valence of emotions (amygdala; Morris et al.,
1996, 1998; Anderson et al., 2003), reward and reinforcement
(nucleus accumbens; Koob and Moal, 1997; Robinson and
Berridge, 2000), and in the regulation of sensory-motor
integration (ventral pallidum; Mogenson and Yang, 1991).
Subsequent work utilizing the capsaicin model of cutaneous
hyperalgesia in a smaller sample (Bencherif et al., 2002) also
demonstrated the activation of the p-opioid receptor system at
the level of the thalamus.

Of note, the vast majority of the subjects studied in these
samples was male. In view of the possible influences of sex on

brain functional responses to phasic and repetitive pain
challenges (Paulson et al., 1998; Fillingim and Ness, 2000)
and in the concentration of p-opioid receptors (Zubieta et al.,
1999), subsequent studies were designed to determine whether
sex differences to sustained pain could be attributed to
differences in the capacity to activate the endogenous opioid
system and p-opioid receptors (Zubieta et al., 2002). In these
studies, women were studied in the early follicular phase of the
menstrual cycle, when estradiol and progesterone were low,
using the sustained muscle pain challenge described above. Sex
differences were obtained in the thalamus, ventral basal ganglia
(nucleus accumbens and ventral pallidum) and amygdala,
whereby the magnitude of endogenous opioid system and p-
opioid receptor activation was more prominent in men than in
women. These regional effects were associated with a more
effective suppression of sensory (in the nucleus accumbens and
amygdala), affective qualities of pain (in the anterior thalamus),
and of the internal affective state (negative affect, ventral
pallidum) in males than in females. Moreover, a significant
reduction of p-opioid system activation from baseline levels (a
deactivation of neurotransmission, observed as increases in the
in vivo binding measure) was detected in the nucleus
accumbens in women, an effect associated with hyperalgesia.
This was an unexpected result since responses of the
endogenous opioid system were taking place in the direction
of reduction of function in women, instead of simply showing
lesser degrees of activation than males, or even no evidence of
activation in response to the pain challenge. Interestingly,
substantial opioid tone in this region had been previously
described (Gear and Levine, 1995), with the local injection of
naloxone being associated with hyperalgesic responses in
animal models. Subsequent studies in a second sample of
women studied again under conditions of low estradiol and low
progesterone (early follicular phase of the menstrual cycle)
confirmed the deactivation of p-opioid receptor-mediated
neurotransmission in the anterior—medial thalamus, nucleus
accumbens and amygdala. Furthermore, that these reductions
were reversed after increasing plasma levels of estradiol for 7—
9 days by the administration of exogenous estradiol, whereby
the response of the endogenous opioid system and p-opioid
receptors became comparable to that of males. Increases in the
concentration of p-opioid receptors as measured with PET were
also obtained in the same regions (Zubieta et al., 2003a). The
latter findings, whereby the capacity of activating endogenous
opioid transmission impacting on p-opioid receptors as well as
the baseline concentration of these receptors was enhanced by
estradiol, appears consistent with the published data in animal
models. In the ovariectomized animal model, estrogen admin-
istration has been shown to increase p-opioid receptor protein
concentrations, immunoreactivity and mRNA (Hammer and
Bridges, 1987; Dondi et al., 1992; Quinones-Jenab et al.,
1997), the concentration of endogenous opioid peptides and
their mRNA (Broad et al., 1993; Hammer et al., 1993) and the
release of endogenous opioid peptides in cell cultures (Eck-
ersell et al., 1998). Further study of the influence of gonadal
steroids, and possibly their interaction with various forms of
stress (whether physical, emotional, or both) in women appears
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then justified, as various idiopathic pain syndromes (e.g.,
fibromyalgia syndrome, temporomandibular pain) are more
frequently diagnosed in women, but only after gonadal
maturation (Unruh, 1996). They also appear influenced by
circulating gonadal steroids, with higher ratings of pain during
times of low or rapidly changing levels of estradiol (LeResche
et al., 2003).

We have also examined the response of the endogenous
opioid system and p-opioid receptors to a purely psychological
challenge, the induction of a sustained (30 min) sadness state
elicited by the cued recall of an autobiographical experience
associated with that emotion (Zubieta et al., 2003b). In view of
the sex differences in the p-opioid system function described
above, as well as sex differences in responses to emotional
challenges (George et al.,, 1996), the sustained sadness
induction studies were performed only in women. As was
observed in the pain-stress challenges in women, the main effect
of sustained sadness induction was one of reduction in p-opioid
receptor mediated endogenous opioid neurotransmission. These
reductions reached statistically significant thresholds in the
rostral anterior cingulate, ventral basal ganglia, amygdala and
inferior temporal cortex. They were further correlated with the
increases in negative affect during the challenge (anterior
cingulate and ventral basal ganglia) and reductions in positive
affect ratings (ventral basal ganglia and amygdala), as measured
with the Positive and Negative Affectivity Scale (PANAS)
(Watson et al., 1988). These studies, together with data acquired
in animal models, demonstrate that the endogenous opioid
system and p-opioid receptors in telencephalic regions mediate
the regulation of emotional responses in the face of both
physical and psychological stimuli once they transition from an
acute to a sustained state. While emotional regulatory processes
are typically difficult to study in animal models due to their
complexity, transgenic animal models devoid of p-opioid
receptors or the endogenous opioid peptide B-endorphin point
to reductions in the capacity to suppress responses to pain
signals (Matthes et al., 1996; Sora et al., 1997), stress-induced
analgesia (Rubinstein et al., 1996), and more recently,
exaggerated anxiety-like responses in the elevated maze model
(Filliol et al., 2000a) and deficits in maternal-pup attachment
behavior (Moles et al., 2004).

7. Similarities and differences in the response of the human
p-opioid system to physical and emotional challenges

To illustrate and further examine the responses of the
endogenous opioid system and p-opioid receptors to stressful
physical (sustained, moderate levels of muscle pain, arguably a
physical and psychological stressor; Stohler and Kowalski,
1999) and emotional stimuli (sustained sadness induction), we
reanalyzed data from female volunteers involved in our
previous studies with these two models. In this manner, we
compared the commonalities and differences of the response of
the p-opioid system to these two different stressors (Ribeiro et
al., 2004). In these analyses, we selected a matched sample of
22 healthy women (20—-30 years of age), who were not taking
psychotropic medications or hormone treatments, did not

exercise in excess of 1 h three times per week, had regular
menstrual cycles, and were scanned during the follicular phase
of their menstrual cycles (2 to 9 days after the onset of menses),
ascertained by plasma levels of estradiol and progesterone
immediately before scanning. All studies were conducted in the
morning, between 8 and 11 a.m. Written informed consent was
obtained in all cases. All of the procedures used were approved
by the University of Michigan Investigational Review Board
for Human Subject Use and the Radiation Safety Committee.

All subjects underwent PET imaging with [''C]carfentanil, a
p-opioid receptor specific radiotracer, 10—15 mCi i.v., with a
bolus plus continuous infusion protocol. Quantification of p-
opioid receptor binding potential (BP=B,./K4) Wwas per-
formed with Logan plots and the occipital cortex as the input
function (non-specific binding region). All subjects also
received a T1 SPGR MRI scan for coregistration with PET
and non-linear warping to the International Consortium for
Brain Mapping (ICBM) stereotactic coordinate system (Meyer
et al., 1997). During PET imaging, subjects underwent either a
sustained sadness induction protocol (n=14 subjects) or a
sustained moderate pain protocol in the right masseter muscle
(n=8 subjects), in a single blind fashion. The control
conditions were the recall of a neutral (non-emotional) event
and the infusion of non-painful isotonic saline, respectively.
Isotonic saline control (non-painful) and hypertonic saline
painful challenges were introduced in the left and right sides,
respectively. The order of active and control conditions were
randomized and counterbalanced between subjects. The Pos-
itive and Negative Affectivity Scale (PANAS) was adminis-
tered immediately following each condition, retrospectively
rating the affective state of the volunteers during the condition
(Watson et al., 1988).

Images were analyzed using SPM’99 software, as previ-
ously described (Zubieta et al., 2001, 2002). The effects of
sustained sadness and sustained pain were evaluated on a
voxel-by-voxel basis using paired (within subjects, between
conditions), two-tailed ¢-tests [(BPpain —BPconTrROL) OF
(BPsapness — BPnrutrar)]- The differential effects of each
set of conditions were tested using unpaired (between subjects
and conditions) two-tailed z-tests [(BPpamw —BPconTrOL) —
(BPsapnEss — BPnrutrar)]- Regions were considered signif-
icant if p<0.0001, since the regional effects had already been
described in larger samples — in the face of a priori
hypothesis.

The sustained painful and sustained sadness states were
associated with similar ratings and increases in negative affec-
tive scores (as measured with the PANAS scale) (Table 1).

Table 1

Effects of sustained pain and sustained sadness states on the internal affective
state of the volunteers as measured with the positive and negative affect scale
(PANAS)

Condition PANAS negative affect PANAS positive affect
Neutral affect 1.6+£2.4 14.6+7.3
Non-painful control 1.6+2.2 9.4+4.7
Sad affect 7.8+4.5 10.9+6.4
Pain state 8.5+£6.9 11.6+6.4
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Table 2A
Sustained pain-induced deactivation of p-opioid neurotransmission in women
(n=8)

Regions Coordinates Cluster size % ABP Z score
(x, y, z) (mm) (voxels) (control — pain)

Thalamus (R)  —11, —13, 10 311 —11.3 3.95

Thalamus (L) 5, —5, 14 990 —16.0 5.09

Ventral basal -9,13, -2 752 —13.7 5.43
ganglia (R)

Ventral basal 21,6, —11 97 —11.7 3.56
ganglia (L)

Amygdala (R) —27, -1, =21 356 —15.8 4.11

Data represent the localization (ICBM coordinates) and magnitude of
differences in p-opioid binding potential (BP) from non-painful control to
sustained pain states, a measure of endogenous opioid release and p-opioid
receptor availability. Significant reductions in endogenous opioid neurotrans-
mission were observed. Sizes of significant clusters are expressed in mm®. Z
scores were deemed significant at » <0.0001.

However, the PANAS positive affect scores were significantly
lower in the control condition for the pain challenge (unpaired,
two-tailed ¢-test, p<0.05). These differences between the
control conditions may be due to the higher level of
invasiveness of the pain control state, or the expectation that
pain may take place (anticipation of pain), since it involved the
positioning of a needle in the masseter muscle and the infusion
of non-painful isotonic saline for the duration of the pain control
condition.

The induction of either a sustained painful state or a
sustained sadness state in this sample of women was associated
with a regional deactivation of p-opioid receptor mediated
neurotransmission, evidenced by increases in the in vivo BP
measure, as observed in previous work (Zubieta et al., 2002,
2003b). Tables 2A and 2B show the regions where significant
effects were observed in this sample.

As noted in Tables 2A and 2B, sustained pain and
sadness challenges elicited similar effects on endogenous
opioid neurotransmission and p-opioid receptors in the
ventral basal ganglia spanning both the nucleus accumbens
and ventral pallidum, and in the amygdala. However, the
effects of the emotional challenge were observed bilaterally,
while only unilaterally (ipsilateral to pain) in the case of the
pain stimulus (Fig. 1). Subtraction analyses between condi-
tions [(BPpain —BPcontroL) — (BPsapness — BPneuTtrAL)]

and [((BPsapness — BPneutrAL) — (BPpan —BPcontrOL)]
still demonstrated some significant differences in these over-

lapping regions. As would be expected in view of the bilateral
effects of the sadness induction, the left amygdala p-opioid
neurotransmission was significantly more deactivated in re-
sponse to the emotional challenge (x, y, z coordinates in mm, 17,
1, —23,z=3.69, p<0.0001). The pain challenge, on the other
hand, induced a significantly greater deactivation in the right
ventral basal ganglia (ipsilateral to the pain) (x, y, z coordinates
inmm, —7, 10, —7,z=6.86. p<0.0001).

These findings point to both overlapping and differential
effects of two distinct challenges, one involving a sustained
negative emotional state (sadness induction), and another a
sustained painful state (moderate levels of pain). Both

experimental challenges were associated with similar increases
in negative affect scores and changes in endogenous opioid
neurotransmission. In the case of women studied during the
follicular phase of the menstrual cycle these took place in the
direction of deactivation, a permissive effect towards the
experience of these challenges (Zubieta et al., 2002, 2003b).
Furthermore, some overlap was observed in the regions
involved (ventral basal ganglia and amygdala). These results
then add to a growing body of literature suggesting that pain,
emotion and other distress signs (stressors) share common
psychological, neuroanatomical and neurochemical pathways.
Areas of specialization also seem to emerge, whereby in this
sample thalamic p-opioid neurotransmission was exclusively
modulated by the sustained pain challenge. Conversely, p-
opioid neurotransmission in the rostral anterior cingulate and
the inferior temporal cortex were only modulated during the
sadness state. In this regard, the involvement of p-opioid
receptors at the level of medial and anterior thalamus in the
regulation of pain signals has been well documented in animal
models (Albe-Fessard et al., 1985; Bushnell and Duncan, 1989;
Harte et al., 2000) and humans (Casey et al., 2000; Zubieta et
al., 2001), as ascending medial spinothalamic pathways
synapse in this area prior to transmitting noxious information
to higher order, integrative neocortical regions (Price, 2000).
Conversely, the rostral anterior cingulate is typically activated
by emotional stimuli (Mayberg et al., 1999), while more dorsal
areas of the cingulate are implicated in the representation of the
affective quality of pain (Rainville et al., 1997; Tolle et al.,
1999), albeit both regions are modulated by p-opioid receptor
mediated neurotransmission (Schlaepfer et al., 1998; Zubieta et
al., 2001; Petrovic et al., 2002). Similarly, p-opioid receptors in
the subamygdalar inferior temporal cortex have been recently
implicated in the regulation of synaptic and emotional
responses to the presentation of negative emotional stimuli
(Liberzon et al., 2000).

The ventral basal ganglia and amygdala, arecas where
neurotransmitter responses overlapped between these two
challenges, appear to form part of a less specialized, “motiva-

Table 2B
Sustained sadness-induced deactivation of p-opioid neurotransmission in
women (n=14)

Regions Coordinates Cluster size % ABP Z score
(x, y, z) (mm) (voxels) (control — sad)

Anterior cingulate —-3,31,2 874 —23.1 5.77

Temporal cortex (L) 24, 7, —38 115 —33.2 4.95

Ventral basal —15,2,3 133 —18.8 3.66
ganglia (R)

Ventral basal 14,1, -2 39 —11.3 3.66
ganglia (L)

Amygdala (R) —20, 0, —21 89 —12.3 3.44

Amygdala (L) 16, —4, =21 146 —19.3 4.09

Data represent the localization (ICBM coordinates) and magnitude of
differences in p-opioid binding potential (BP) from neutral to sustained sadness
states, a measure of endogenous opioid release and p-opioid receptor
availability. Significant reductions in endogenous opioid neurotransmission
were observed. Sizes of significant clusters are expressed in mm®. Z scores
were deemed significant at » <0.0001.
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RIGHT VENTRAL BASAL GANGLIA

RIGHT AND LEFT VENTRAL BASAL GANGLIA

SADNESS

RIGHT AND LEFT AMYGDALAS

Fig. 1. Reductions in the state of activation of the p-opioid system during intensity-controlled sustained muscle pain and sustained sadness in women. Brain areas
where partially overlapping, significant changes in regional in vivo p-opioid receptor availability from saline control to sustained pain (#=8) and from neutral to
sustained sadness states (n =14) were obtained in women: ventral basal ganglia (nucleus accumbens and ventral pallidum) and amygdala. The left side of the image

corresponds to the right side of the volunteers (radiological convention).

tional-integrative”, stress—response circuit (Mogenson and
Yang, 1991; Kalivas et al., 1999). Mu-opioid receptor mediated
endogenous opioid inputs play an important regulatory role in
both locations (Chen et al., 1993; Quirarte et al., 1998; Steiner
and Gerfen, 1998; Napier and Mitrovic, 1999). At the level of the
ventral basal ganglia, the nucleus accumbens and the ventral
pallidum/substantia innominata are connected through the
dopamine-enkephalinergic striatopallidal pathway. In this path-
way, dopamine binding to D, receptors activate downstream
enkephalinergic neurons (Chen et al., 1993; Steiner and Gerfen,
1998). While the dopaminergic system is better known for its
involvement in reward and reinforcement (Koob and Moal,
1997; Robinson and Berridge, 2000), accumulating evidence in
healthy humans using a social stress challenge (Pruessner et al.,
2004), in patients diagnosed with chronic pain syndromes
(Jaaskelainen et al., 2001; Hagelberg et al., 2003), and in animal
models (Horvitz, 2000) demonstrates its additional involvement
in responses to aversive stimuli, possibly explaining the
activation of endogenous opioid neurotransmission and p-opioid
receptors in this pathway. The ventral pallidum, in turn, has been
shown to receive inputs from multiple sources, both cortical
(prefrontal cortex) and subcortical (amygdala and ventral
tegmental area), and appears to represent an integrative “relay”
region where multiple sensory modalities are processed and are
further regulated by p-opioid receptors (Mogenson and Yang,
1991; Chrobak and Napier, 1993; Johnson and Napier, 1997;
Napier and Mitrovic, 1999). The amygdala, originally thought to

be primarily implicated in the assessment and assignment of
emotional valence (Morris et al., 1996) and in the modulation of
emotional memory (LeDoux, 1993; Cabhill et al., 1995), also
appears to have a broader role related to the assessment of the
intensity of sensory inputs, whether negative or positive
(Anderson et al., 2003), and is also potently modulated by p-
opioid receptors (Quirarte et al., 1998; Schlaepfer et al., 1998;
Manning et al., 2001).

8. Overview and possible research directions

The activation of endogenous opioid neurotransmission and
p-opioid receptors in response to sustained experimental pain
(Bencherif et al., 2002; Zubieta et al., 2001, 2002, 2003¢) and
its psychophysical correlates in humans confirm the regulatory
role played by this system in the attenuation or termination of
the pain response to blunt a prolonged, detrimental reaction
with no protective value to the organism (Drolet et al., 2001).
However, these effects have only been clearly demonstrated in
males and in a relatively small proportion of females (Zubieta
et al.,, 2001, 2002). The observation that most women
responded to the same sustained painful stimulus and to a
sustained sadness states with deactivation of this neurotrans-
mitter system, an effect associated with increased ratings of
negative affect, hyperalgesia and more pronounced pain
unpleasantness (Zubieta et al., 2002, 2003b), suggests a
bidirectional role of this system in the generation or mainte-



S.C. Ribeiro et al. / Progress in Neuro-Psychopharmacology & Biological Psychiatry 29 (2005) 1264—1280 1273

nance of these states. In this regard, and as noted above, the
existence of an endogenous opioid tone modulating both
painful and non-painful stressful challenges has been suggested
in animal studies: the administration of naloxone in the nucleus
accumbens of rats has been shown to induces hyperalgesia
(Gear and Levine, 1995); naloxone-induced conditioned place
aversion in rats, a centrally mediated effect possibly localized
in the amygdala (Yamamoto et al., 1994; Thielen and Shekhar,
2002), is absent in p-opioid receptor knock-out mice (Skoubis
et al.,, 2001). In addition, increases in the basal metabolic
activity and c-Fos expression of the amygdala and brainstem
nuclei, dopamine release in the nucleus accumbens and
acetylcholine release in septo-hippocampal neurons have been
shown after naloxone administration (Spanagel et al., 1992;
Kraus et al., 1996; Mizuno and Kimura, 1996; Gestreau and
Besson, 2000). Grounded in this baseline tonic activity, the
ability to activate or deactivate the p-opioid system, as
suggested in our results, implies a broader regulatory and
homeostatic role of this system, whereby increases or decreases
of opioid activity serve different adaptive roles depending on
specific circumstances.

Such a broad regulatory role is consistent with the marked
behavioral variability observed in pain, stress and emotional
responses. In order to work efficiently to sign homeostasis
disruption, the nociceptive and emotional systems must be
activated at a threshold sufficiently high to avoid impairment of
normal functioning, but low enough to signal danger before it
becomes effectively harmful (Scholz and Woolf, 2002). Timely
activation and termination of the stress responses are essential
for survival, since the acute responses to stress may be damaging
to the organism if carried indefinitely (Sapolsky, 2003). The
unpleasantness of stimuli varies according to subjectively
perceived threat and temporal relations: for example, there is a
significant and independent increase in the negative affect
related to pain as it becomes more widespread and as it changes
from tonic to chronic (Stohler and Kowalski, 1999), and
stimulation of deep tissues, such as ischemic exercise or cold
pressure pain, leads to more unpleasantness than electrical
shocks or noxious contact heat (Rainville et al., 1992).
Conditions of stress or adaptation to an extreme environmental
demand may lead to decreased pain sensitivity or even analgesia
(Basbaum and Jessell, 2000), and in other situations hypersen-
sitivity may have a protective role, decreasing functional use
during recovery from an injury (ladarola and Caudle, 1997;
Woolf and Salter, 2000). Pain must then be seen as a dynamic
experience, by which peripheral stimuli originating from the
nociceptor system are permanently modulated and reevaluated
within a broader context of the organism and its interaction with
the environment, which includes expectations, views of the
future, and global value of the pain in comparison to other
stimuli, leading to a constant resetting of the pain threshold. The
same flexibility is necessary in the emotional responses. Failing
to reach a goal, lack of success in major life enterprises,
submission and restrain in social interactions (Waal, 1989; Price
et al., 2004), humiliation and entrapment (Brown et al., 1995;
Gilbert and Allan, 1998; Kendler et al., 2003), or facing death
(Freud, 1917; Sartre, 1956; May et al., 1958; Heidegger, 1996;

Pyszczynski et al., 1999; Goldenberg et al., 2001; Solomon et
al., 2003) are potent elicitors of negative affect, which may serve
the double function of decreasing current investment and
preventing premature pursuit of alternatives (Nesse, 2000).
Low mood may serve as a yielding sign in hierarchy conflicts, as
a communication designed to manipulate others into providing
resources signals the pursuit of unreachable goals, motivating
consideration of alternative strategies, shifting cognition to more
systematic and perhaps more realistic patterns, and leading to
regulation of investment strategies as a function of changes in
anticipated levels of payoffs (Nesse, 1990, 1991, 2001).
Moreover, interoceptive awareness involves increased activity
in insula, somatomotor and cingulate cortices (Critchley et al.,
2004) and is associated with increased emotional expression
(Ferguson and Katkin, 1996) and increased ability to experience
emotional stimuli (Wiens et al., 2000). This ability has been used
in art and theatre as the path for actors to draw on their “affective
memory” to be able to respond genuinely to events that must be
imagined on the stage, and to repeat performances (Strasberg
and Chaillet, 1995), and may play a role in self-induced
emotional states. In everyday social interactions, it may be in
the core of social emotions involving sympathy, social cognition
(Adolphs, 2003) and adequate selection and performance of
social roles (the word “person” comes from the Greek
“persona”, meaning “mask”) (Ferrater Mora, 1990). The
Socratic dictum “know thyself” necessarily involves being in
tune not only with one’s thoughts and outside reality but also
with the subtle or more severe emotional reactions, which are
primary evaluative tools of meaning and value.

The extensively documented existence of defective states
seems to point occasions in which the plastic nature of the pain
may lead to permanent imbalance (ladarola and Caudle, 1997;
Anand, 2000; Ruda et al., 2000; Woolf and Salter, 2000;
Ballantyne and Mao, 2003; Stein et al., 2003). Seemingly
normal reactions to psychosocial stresses may trigger depres-
sive episodes in susceptible individuals, which eventually
become autonomous (Kendler et al., 2003; McEwen, 2003a,b).
Chronic pain may be caused by auto- or heterosensitization of
the nociceptor terminals, windup of action potential discharges
in the dorsal horn, modulation of the peripheral terminals and
synaptic transmission, or modification of primary sensory
neurons and of pain transmission neurons (Woolf and Salter,
2000). Consistently with our results, showing more deactiva-
tion of stress-modulatory p-opioid inputs in females, women
are overrepresented in a number of clinical pain conditions,
report more recent pain complaints and pain in a greater
number of regions compared to men, show greater pain
sensitivity than men in experimentally induced pain (Fillingim
and Ness, 2000), and are clearly more prone to experience
major depression (Kornstein et al., 2000; Angst et al., 2002).
Interestingly, a common genetic polymorphism reducing the
function of the enzyme catechol-o-methyl transferase (COMT)
has been shown to be associated with a poorer activation of -
opioid neurotransmission in response to sustained pain
(Zubieta et al., 2003c) and with higher levels of trait anxiety
in women, the latter being a risk factor for the development of
depression (Enoch et al., 2003). The function of this enzyme is
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reduced by estradiol (Xie et al., 1999) and may in fact represent
a point of interaction between stress—response regulatory
mechanisms and gonadal maturation. While it is known that
sex steroids affect peripheral and central pain pathways in a
cyclical fashion, with the balance shifting toward enhanced
pain responses during the late luteal phase and toward
decreased response during the follicular phase (Fillingim and
Ness, 2000; LeResche et al., 2003), it remains to be studied if
these defect states may be associated with an adaptive role in
dealing with life events and stress. In this regard, there is
evidence from animal models and humans that gonadal
steroids, and in particular estrogen, modulates both p-opioid
receptor density and the concentration and release of endog-
enous opioid peptides activating these receptors (Dondi et al.,
1992; Broad et al., 1993; Hammer et al., 1993; Eckersell et al.,
1998; Zubieta et al., 1999, 2003a).

These findings generate interesting directions for future
studies. The common circuits, neuroanatomical areas and
neurotransmitter system involved in sadness, pain, and stress
may be related not simply to a shared circuit but to
underlying dimensional factors that transcend the traditional
categorical separation of physical and emotional functions,
responses and disease processes. In this regard, an important
area of study involves the role played by the opioid system in
the interactions between cognition, emotion and physical
experiences, the so-called “top-down” processes. For exam-
ple, in animal studies, analgesia can be classically condi-
tioned; classically conditioned analgesia is mediated by the
opioid system and blocked by naloxone: animals can learn to
activate their endogenous opioid system to inhibit pain
(Watkins and Mayer, 1982). In pain associated with labor, it
was shown that affective ratings vary independently of
sensory ratings, depending on whether women focus on the
birth of the child or on the pain (Price et al., 1987). The mere
anticipation of pain causes changes in the synaptic activity of
the anterior cingulate, anterior insula and posterior cerebellar
regions (Ploghaus et al., 1999), while the subjective reduction
of pain associated with both placebo and opiate agonist
administration has been associated with increased activity in
rostral anterior cingulate cortex and anterior insula (Petrovic
et al., 2002). If the placebo effect is taken as a model of these
“top-down” regulatory processes, placebo effects under
conditions of expectation of analgesia have long been shown
reversed by the opioid receptor antagonist naloxone, implying
a clear role of the opioid system in placebo analgesia (Levine
et al., 1978). Placebo analgesia has also been associated with
decreases in the synaptic activity of pain-representation
regions including the thalamus, insula and rostral anterior
cingulate cortex, albeit the mechanisms by which these
regional effects induce analgesic effects is unknown. Antic-
ipation of analgesia by itself was associated with increases in
the activity of the dorsolateral prefrontal cortex, suggesting
that this region may be implicated in regulating placebo
effects through the expectation of pain relief (Wager et al.,
2004).

The anterior cingulate cortex, an area with high affinity for
opiates (Vogt et al., 1979) has been involved in a number of

multiple higher-order functions. These have included perfor-
mance monitoring (MacDonald et al., 2000), cognitive moni-
toring and cognitive control (Kerns et al., 2004), decision
making (Sanfey et al., 2003), error detection (Carter et al., 1998),
remote memory for contextual fear conditioning (Frankland et
al., 2004), cognitive conflict and memory suppression (Ander-
son et al., 2004), and emotional regulation (Mayberg et al.,
1999). Both the anterior cingulate cortex and the prefrontal
cortex have been seen as crucial neural substrates of the global
work space that enables consciousness and control and
detection of cognitive conflict (Mayr, 2004). Effects of
emotional and painful challenges on the opioid system and
p-opioid receptors have been shown for both of these regions
(Zubieta et al., 2001, 2003b,c); however, they are not
consciously modulated. The inhibitory effects of this neuro-
transmitter system may then have an adaptive function to
reduce conscious cognitive control, which requires work
(Matsumoto and Tanaka, 2004). Although this conscious
control is necessary when we block a habitual behavior and
instead execute a less-familiar behavior, it may be less efficient
when responding to salient threatening or pleasurable stimuli
that may require automatic and less conscious modulation. The
possible role played by the opioid system in these processes is
an exciting area of research.

In summary, findings in human subjects and animal models
demonstrate the involvement of the endogenous opioid system
and p-opioid receptors in the regulation of stressful states
irrespective of their modality (physical, such as pain, or
emotional). Furthermore, substantial sex differences exist in the
function of this system, representing a point of interaction
between gonadal maturation and the neurobiologies of pain,
stress and affective regulation. Further delineation of the function
and regulation of these and related circuits is necessary to
understand the mechanisms by which humans maintain homeo-
stasis and protect against substantial environmental insults.
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