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Expectations, positive or negative, are modulating factors influencing behavior. They
are also thought to underlie placebo effects, potentially impacting perceptions and
biological processes. We used sustained pain as a model to determine the neural mech-
anisms underlying placebo-induced analgesia and affective changes in healthy humans.
Subjects were informed that they could receive either an active agent or an inactive
compound, similar to routine clinical trials. Using PET and the p-opioid selective ra-
diotracer [!!C]carfentanil we demonstrate placebo-induced activation of opioid neuro-
transmission in a number of brain regions. These include the rostral anterior cingulate,
orbitofrontal and dorsolateral prefrontal cortex, anterior and posterior insula, nucleus
accumbens, amygdala, thalamus, hypothalamus, and periaqueductal grey. Some of these
regions overlap with those involved in pain and affective regulation but also motivated
behavior. The activation of endogenous opioid neurotransmission was further asso-
ciated with reductions in pain report and negative affective state. Additional studies
with the radiotracer [''C]raclopride, studies labeling dopamine D2/3 receptors, also
demonstrate the activation of nucleus accumbens dopamine during placebo adminis-
tration under expectation of analgesia. Both dopamine and opioid neurotransmission
were related to expectations of analgesia and deviations from those initial expectations.
When the activity of the nucleus accumbens was probed with fMRI using a monetary
reward expectation paradigm, its activation was correlated with both dopamine, opioid
responses to placebo in this region and the formation of placebo analgesia. These data
confirm that specific neural circuits and neurotransmitter systems respond to the ex-
pectation of benefit during placebo administration, inducing measurable physiological
changes.
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Recent years have seen a renewed interest
among researchers to understand the placebo
effect. From the beginning of controlled trials,
when putatively active treatments were for the
first time compared against “sham” controls, it
was recognized that “the passions of the mind
[had a wonderful and powerful influence] upon
the state and disorder of the body” (Haygarth
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1801). These initial observations of placebo ef-
fects have now been corroborated across multi-
tudes of studies in modern times (de Craen et al.
1999). Clinically significant placebo-associated
improvements can occur in as few as 5% or
as many as 65% of individuals in random-
ized, controlled trials (RCTs), depending on the
central nervous system (CNS) disease process
under consideration and the particular study
sample under investigation. Certainly, placebo
effects add to the variability in responses as-
sociated with the pathologies and treatments
themselves. As a result, promising results in
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open, uncontrolled trials without placebo con-
trol are oftentimes no longer observable once
the placebo effects are taken into account. Sim-
ilarly, nocebo effects, the development of ad-
verse events or worsening of a condition after
the administration of a placebo, are reported in
asizable proportion of individuals participating
in clinical trials (Drici et al. 1995; Long et al.
1989).

Historically, placebo effects have been re-
ported consistently since the emergence of
placebo-controlled trials in the 18" century.
In the widely quoted Beecher report of clini-
cal trials of analgesic drugs (Beecher 19553), it
was noted that placebos exerted significant clin-
ical responses in approximately 30% of patients
enrolled in inactive treatment groups. How-
ever, elements unaccounted for in this and a
number of subsequent reports have included
the effects of natural history of the disease (no-
treatment), which can spontaneously remit or
change in severity in the course of the disease
without intervention. The presence of other
cognitive—emotional biases, such the “halo”
effect, related to the individual response to the
characteristics of the experimenting or treat-
ment team or individual, or those induced by
fact that subjects know that they are being stud-
ied, termed the “Hawthorne effect,” have to be
additionally considered in the interpretation of
placebo-related responses, particularly so when
subjective or simple behavioral measures (e.g.,
improvement in performance) are the primary
outcomes.

More recent work using meta-analytical
tools has emphasized the variability present
in both active and inactive treatment condi-
tions. These were found to be considerable for
subjective outcome measures, with their uti-
lization accounting for a substantial propor-
tion of the variance in the so-called “placebo
effects.” However, even from that perspec-
tive, analgesic placebo effects were observed
to be more substantial than those in other
conditions with similarly subjective outcome
measures (Hrobjartsson & Gotzsche 2001;
Hrobjartsson & Gotzsche 2004; Vase et al.
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2002). It 1s then not surprising that a consid-
erable effort has been committed to the study
of mechanisms that may account for placebo-
induced analgesic effects over the last three
decades (Benedetti et al. 2005; Price et al.
2008). As will be reviewed in the following
pages, there is substantial evidence that cog-
nitive processes associated with the expectation
of treatment and recovery are in fact associated
with the mobilization of internal mechanisms
that can elicit an objectively observable physi-
ological response (a placebo effect).

There is an emerging literature examining
the neurobiology of placebo effects across a
variety of domains, such as mood and affec-
tive regulation (Mayberg 1997; Petrovic et al.
2005) as well as motor control in Parkinson’s
disease (Benedetti et al. 2004; de la Fuente-
Fernandez et al. 2001). However, the neurobi-
ology of the placebo effect was born in 1978,
when it was shown that placebo analgesia could
be blocked by the opioid receptor antagonist
naloxone. This indicated an involvement of the
endogenous opioid system in the production
of placebo-induced analgesic effects (Levine
et al. 1978). In patients who had undergone
oral surgery 2 hours prior, naloxone, placebo,
or morphine were administered with the
expectation of either pain relief or pain wors-
ening. Naloxone was associated with hyper-
algesia, showing that the stress and/or pain
associated with the surgical procedure had by
itself induced the release of endogenous opi-
oids. The administration of placebo induced a
significant reduction in pain ratings in 39% of
the subjects, which was fully antagonized by
naloxone. In subsequent studies by the same
group, in which hidden and machine-driven
infusions of placebo and naloxone were in-
troduced (Levine & Gordon 1984), the effect
of naloxone on placebo analgesia was con-
firmed and estimated to approximate that of
8 mg of morphine in that particular experi-
mental setting. Subsequent studies by Gracely
et al. (1983) and Grevert et al. (1983) us-
ing similar opioid receptor-blocking pharma-
cological challenges confirmed the existence of
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opioid-mediated placebo analgesia but also de-
scribed a time-dependent, nonopioid compo-
nent that was not reversible by naloxone.

In what has become a classic study of com-
ponents related to the development of placebo
analgesic effects, Amanzio and Benedetti
(1999) explored the contribution of expecta-
tions and conditioning to the development of
placebo analgesic effects. Ultilizing ischemic
arm pain as an experimental model, they
demonstrated that contextual cues promot-
ing a credible expectation of analgesia during
placebo administration induced analgesic ef-
fects that were completely blocked by nalox-
one (i.e., expectation effects were entirely me-
diated by the activation of opioid mechanisms).
Expectation cues that followed a course of
morphine (morphine preconditioning group)
also produced analgesic responses that were
fully antagonized by naloxone. Naloxone re-
versibility was also achieved in the absence
of cues promoting expectation as long as
morphine had been preadministered (i.e., the
volunteers were recelving an inactive agent
when morphine would have been normally
administered). However, conditioning with the
nonsteroidal anti-inflammatory drug ketorolac,
paired with additional expectation cues, in-
duced a placebo antinociceptive response that
was only partially blocked by naloxone, while
ketorolac conditioning alone produced analge-
sia that proved to be naloxone insensitive. Over-
all, these results show that while purely cogni-
tive factors (expectation of analgesia induced
by the placebo administration) are associated
with the activation of endogenous opioid sys-
tems, conditioning is capable of recruiting other
mechanisms in support of analgesia, depending
on the conditioning agent.

These and other observations have led to
the proposition of a number of theoretical con-
structs to explain the formation of placebo ef-
fects, again most typically studied in the con-
text of analgesic responses to pain. All these
constructs hinge upon elements of higher or-
der processing involving cognitive and emo-
tional circuits, known to modulate the expe-
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rience of pain. (1) Expectations and beliefs,
whereby cognitive assessments and beliefs of
analgesia trigger the placebo effects (Bootzin
1985; Montgomery & Kirsch 1997; Price et al.
1999). (2) Anxiety relief, where placebo admin-
istration elicits analgesia through reductions in
the anxiety experienced by the subjects (Evans
1985; McGlashan et al. 1969). (3) The con-
ditioning hypothesis emphasizes the engage-
ment of learned responses through the previ-
ous exposures to active treatments (Ader 1997;
Gleidman et al. 1957; Herrnstein 1962; Siegel
1985; Voudouris et al. 1989; Voudouris et al.
1990; Wickramasekera 1980). (4) The so-called
response-appropriate sensations hypothesis fur-
ther states that pain and analgesia are experi-
enced after a complex, preconscious assessment
of sensory and internal stimuli. Pain experience
or pain suppression is then engaged as a process
of adaptation to environmental circumstances
(Wall 1993).

A number of studies have now shown the
involvement of distinct brain structures in re-
sponses to cognitive manipulation. Hypnotic
suggestions have been used to selectively re-
duce or increase sensory (intensity) and affec-
tive (unpleasantness) qualities of pain, with the
effects being associated with changes in the
metabolic activity of the somatosensory and an-
terior cingulate cortex, respectively. (Hofbauer
et al. 2001; Rainville et al. 1997; Willoch et al.
2000). Hypnotic suggestions, however, seem to
differ from and could not account for typical
placebo analgesic responses (Price & Barrell
2000), albeit some similarities as to the networks
involved have emerged (Raz et al. 2005). In fact,
data show that certain CINS circuits, known to
be involved in the perception and integration
of the pain experience, are susceptible to vari-
ous manipulations. The perception of pain can
be either diminished or enhanced, depending
on the additional presence of cognitive distrac-
tors, or the suggestion of pain enhancement
or reduction (Petrovic & Ingvar 2002). Theo-
ries regarding the placebo analgesic effect uni-
formly acknowledge the interplay between en-
vironmental information and their perception
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and integration by the individual’s organism
to induce a positive (placebo) or negative (no-
cebo) response. The presence of these interac-
tions implies the involvement of higher order,
CNS associative processes in the production
of analgesic placebo effects. This assertion has
been elegantly demonstrated by work in which
analgesic agents were administered covertly
(subjects were not aware of the actual tim-
ing of the administration). Substantially lower
and even insignificant effects were obtained
from even well-recognized analgesic treatments
when the context of drug administration was
removed from the treatment (Amanzio et al.
2001; Benedetti et al. 2003; Levine et al. 1981).
These findings call for the elucidation of mech-
anisms underlying “mind—body” interactions.

In an initial report, the effects of the short-
acting p-opioid receptor agonist remifentanil
on regional cerebral blood flow (rCBE as
measured with positron emission tomography
[PET], thought to reflect metabolic demands),
were found to overlap with the effects of a
placebo under conditions of expectation of
analgesia in the rostral anterior cingulate cor-
tex (rACCQ). Placebo administration increased
the correlation between the activity of this
region and that of the midbrain periaque-
ductal gray (PAG), a region known to exert
modulatory effects on the experience of pain.
Individuals with high placebo analgesic re-
sponses further demonstrated greater rCBF re-
sponses to remifentanil, suggesting that individ-
ual differences in placebo analgesia may involve
differences in the concentration or function of
p-opioid receptors (Petrovic et al. 2002). Subse-
quent work has used functional magnetic reso-
nance imaging (fMRI) and the blood oxygena-
tion level-dependent signal (BOLD) as well as a
covert manipulation to increase individual ex-
pectations. This consisted of a reduction in the
heat intensity of the probe used to induce pain
during the administration of a placebo. In re-
sponse to the manipulation, placebo-associated
reductions in the activity of the rACC, insular
cortex, and thalamus were observed, correlat-
ing with the subjectively rated pain relief af-
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forded by the placebo administration (Wager
et al. 2004). Using a similar experimental ap-
proach, the opposite effect—activation of the
rACC and increased connectivity between this
region, the amygdala, and PAG during placebo
administration—were described (Bingel et al.
2006). Other work found increases in the ac-
tivity of the rACC, prefrontal, insular cortex,
supramarginal gyrus and inferior parietal cor-
tex, employing sham acupuncture as a form
of placebo intervention (Kong et al. 2006).
While these differences in the directionality
of findings may seem difficult to reconcile,
particularly when similar placebo enhance-
ment procedures are used, several method-
ological differences between the studies have
been noted (Kong et al. 2006). Among them
are the selection criteria for the subjects en-
tered in the neuroimaging protocols. In one of
them (showing placebo-associated reductions
in BOLD responses during placebo administra-
tion), only subjects demonstrating substantial
placebo analgesia in preceding “training” trials
were studied (Wager et al. 2004). In contrast,
the remainder of the studies (showing placebo-
associated increases in regional BOLD activ-
ity), did not eliminate nonresponder subjects for
imaging (Bingel et al. 2006; Kong et al. 2006).
Raz et al. (2005) reported that only high hyp-
notizable subjects responded with reductions in
rACC BOLD responses during posthypnotic
suggestions in a cognitive conflict resolution
task (as opposed to low hypnotizable or vol-
unteers in whom no suggestions were used).
This may suggest that differences in subject
preselection procedures (e.g., the elimination
of nonplacebo responders) would have con-
tributed to the apparent differences in response
directionality between studies. However, they
also highlight the nonspecificity of the regional
BOLD response, thought to reflect the sum of
local field potentials across a variety of inputs,
neuronal types, and neurotransmitter systems
(Logothetis et al. 2001).

In our laboratory we have primarily focused
on the examination of é viwo molecular mech-
anisms and related circuits involved in the
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formation of placebo effects. For that pur-
pose, we employed PET and validated mod-
els to quantify p-opioid and DA D2/3 recep-
tors while administering a model of sustained
experimental pain. Using these types of func-
tional assays, reductions in the iz vivo availability
(binding potential [BP]) of the respective recep-
tor population reflect placebo-induced activa-
tion of either the opioid or DA neurotransmis-
sion, respectively. Subjects were studied under
baseline conditions (no stimulus), pain expec-
tation (pain intensity is rated, expected but not
actually endured), and actual pain. The lat-
ter two were performed with and without the
administration of a placebo, consisting of iso-
tonic saline infused intravenously, I mL every
4 min and with the subject receiving verbal
and visual cues at the time of application. The
study sample consisted of young, healthy males
and females, ages 20-30 years. Women were
studied in the follicular phase of the menstrual
cycle, ascertained by menstrual diaries, timing
of menses and plasma levels of estradiol and
progesterone prior to scanning. The sustained
pain model employed elicits psychophysical re-
sponses similar to those of clinical pain states in
terms of pain intensity and pain affect (Stohler
& Kowalski 1999). The resulting steady-state
of deep muscle pain was maintained for
20 min by a computer-controlled closed-loop
system through individually titrated infusion of
medication-grade hypertonic saline (5%) into
the masseter muscle, aiming for a target pain
intensity of 40 visual analog scale (VAS) units
(Stohler & Kowalski 1999; Zhang et al. 1993).
Volunteers rated pain intensity every 15 s using
an electronic version of a 10-cm VAS, placed in
front of the scanner gantry. For trials where sub-
jects expected to receive pain but a nonpainful
stimulus was applied, the same procedure was
followed, except that isotonic instead of hyper-
tonic saline was administered.

In order to study the molecular mechanisms
underlying the placebo effect our model of sus-
tained experimental pain was used in either one
of two modes of operation, producing very dif-
ferent experimental conditions: (1) The placebo
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effect was assessed by measuring the subject-
specific infusion volume required to maintain
pain at the preset target level for 20 min, with or
without the administration of the placebo, and
(2) by using the subject-specific, pre-established
infusion profile with and without the adminis-
tration of the placebo. In the first condition the
placebo effect was perceptually not transparent
to the subject as pain intensity was kept at the
preset target level for both the “no placebo”
and “placebo” conditions and with the effect
of the placebo being expressed by the differ-
ence of the rate of infusion required between
the two conditions. For the second scenario the
subject was able to recognize the effect of the
administered placebo by experiencing either a
lessening or worsening of the pain intensity over
the course of the trial as a consequence of the
placebo administration.

In addition to the momentary assessments
of pain intensity acquired every 15 s, subjects
completed the McGill Pain Questionnaire with
its sensory and affective subscales (Melzack &
Katz 2000), 0-100 VAS scores of pain intensity
and unpleasantness, the Positive and Negative
Affectivity Scale (PANAS) measuring internal
affective state (Watson et al. 1988), and the Pro-
file of Mood States inventory (POMS), which
provides a total mood disturbance score (TMD)
(McNair et al. 1992). These rating scales were
completed at the end of the challenges for
both conditions, with and without placebo
administration.

We were interested in the understanding of
individual variations in placebo responses, and
all eligible subjects were included in the stud-
ies without any consideration given to their
placebo responsivity. Furthermore, we used in-
structions that were similar to those of typical
clinical trials: “We are testing an agent that has
been shown to reduce pain in some subjects. It
is thought that it does this through the activa-
tion of anti-pain mechanisms in our bodies. You
will receive both active and inactive agents dur-
ing the trial.” In the first series of experiments
described below, an additional statement was
added to deal with the fact that the placebo
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effect was not transparent to subjects due to
the choice of pain model used: “You may not
be able to tell whether the agent is working, but
the investigators will be able to tell with their
equipment.”

Placebo-Induced Activation of
Regional Endogenous Opioid
Neurotransmission

In an initial investigation involving 14
healthy males we determined the regional ac-
tivation of endogenous opioid neurotransmis-
sion on p-opioid receptors with PET and the
selective L-opioid radiotracer [!!C]carfentanil
(Zubieta et al. 2005). In this experiment the
pain model was operated so that the infu-
sion was individually titrated to the preset level
of pain intensity, irrespective of whether the
placebo was administered or not, preventing
subjects from experiencing a difference be-
tween conditions. It was observed that the ad-
ministration of the placebo, with expectation
that it represented an analgesic agent, was as-
sociated with significant activation of p-opioid
receptor mediated neurotransmission in both
higher order and subcortical brain regions
(Fig. 1, left). These included the pre- and sub-
genual rACC, the dorsolateral prefrontal cor-
tex (DLPFC), anterior insular cortex (aINS),
and the nucleus accumbens (NAC). These re-
glonal activations were correlated with lower
ratings of pain intensity (rACC, aINS, NAC),
pain unpleasantness (rACC), reductions in
MPQ sensory (rACC, aINS), affective (NAC),
and total (rACC, aINS) scores, as well as in
the negative emotional state of the volunteers
as measured with the POMS (NAC). The
magnitude of p-opioid system activity in the
rACC also correlated positively with the in-
creases in pain tolerance (the increase in al-
gesic volume requirements to maintain pain
at the target intensity, r = 0.96) This dataset
was the first direct evidence that the admin-
istration of a placebo with implied analgesic
properties was associated with the activation
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of a pain and stress inhibitory neurotransmit-
ter system, the endogenous opioid system, and
\-opioid receptors, involving a number of brain
regions. Furthermore, this activation was asso-
ciated with quantifiable reductions in the phys-
ical and emotional attributes of the stressor,
a sustained pain challenge. The regions im-
plicated in this phenomenon included some
involved in cognitive and emotional integra-
tion, including responses to placebo (rACC);
the representation and modulation of internal
states, both physical and emotional (INS); and
reward and saliency assessments (NAC). The
DLPFC was not found to be related to changes
in the psychophysical properties of the pain
challenge, but instead to the expected analgesic
effect of the placebo, as rated by the volunteers
prior to its administration. This is consistent
with the hypothesized function of this brain
region in the cognitive adjustments to environ-
mental information for the control of behavior
(Fuster 2000).

A follow-up analysis, conducted in a larger
sample (VN = 20) (Zubieta et al. 2006), exam-
ined the variance in endogenous opioid ac-
tivity as a function of placebo-associated ex-
pectations, and psychophysical characteristics
of pain. Perhaps counterintuitively, the largest
proportion of the variance in regional endoge-
nous opioid activity (40-68%, depending on
the region) was accounted for by a multiple re-
gression model that included the affective (but
not sensory) quality of the pain, the PANAS
positive and negative affect ratings, and a mea-
sure of individual pain sensitivity (the volume
of algesic substance that had to be infused to
maintain pain at target intensity level). This
indicated that the individual affective experi-
ence during pain, whether pain-specific (MPQ)
pain affect subscale) or not (PANAS ratings of
positive and negative internal affective state),
were important predictors of the subsequent
development of a placebo response, as was
the measure of individual pain sensitivity. This
concept seems to be consistent with that ad-
vanced by observations that placebo analge-
sia is achieved proportionally to the relief of
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anxiety afforded by the placebo (Evans 1985;
McGlashan et al. 1969). It is also in line with
the assertion that placebo effects result from
the organism’s assessment of its internal needs
(Wall 1993), as pain sensitivity was also found
to be a predictor of the formation of placebo
responses as reflected by endogenous opioid
activation.

A second experimental series was conducted
with the same radiotracer, labeling p-opioid
receptors, but this time the infusion profile to
achieve target pain levels was determined in
advance and repeated in the studies with and
without placebo (Scott et al. 2008). Pain in-
tensity ratings, acquired every 15 s, would be
expected to be lower with placebo administra-
tion than without, this being the primary evi-
dence of a formation of the placebo effect at a
psychophysical level. This series also included
PET studies with the dopaminergic (DA) tracer
['!C]raclopride, labeling DA D2 receptors in
the basal ganglia and D2 and D3 receptors in
the NAC (Seeman et al. 2006). The data ac-
quired with this radiotracer will be described
in the following section.

In these studies the expected analgesic ef-
fects were rated at 48 £ 23 (range 0-95). Af-
ter the experiments were conducted the per-
ceived effectiveness of the placebo was rated at
42 £ 29. Significant endogenous opioid acti-
vation was observed in the pre- and subgen-
ual rACC, orbitofrontal cortex (OFC), anterior
and posterior insula (aINS) and pINS, medial
thalamus (m'THA), NAC, amygdala (AMY),
and periacqueductal gray (PAG) (Fig. 1, right).
There was a notable lack of involvement of
the DLPFC in these results, while activation
in the OFC was observed instead. Regional
magnitudes of activation correlated with the
subjects expected analgesia (NAC, PAG), the
update of these expectations by the subjectively
perceived efficacy of the placebo (the ratio be-
tween observed and expected efficacy) (NAC,
AMY), as well as with placebo-induced changes
in pain intensity (rACC, NAC, OFC). In view
of the previous results, where affective state ex-
plained a substantial proportion of the vari-
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ance in placebo responses, we also examined
whether increases in positive affect during the
placebo condition were related to the opioid
response. Positive correlations were obtained
between the increases in PANAS positive af-
fect and the magnitude of placebo-induced
endogenous opioid system activity in the
NAC.

When individuals were classified as high
and low placebo responders using the median
reduction in pain intensity during placebo as
the split point, it was opioid activity in the
NAC that was significantly different between
the two groups. A small group of subjects (N
= 5) showed higher ratings of pain (hyper-
algesia) during placebo (consistent with a no-
cebo effect). When compared to high placebo
responders, the placebo and nocebo groups
demonstrated changes in the opposite direc-
tion: Regional opioid system activation was ob-
served in high responders, while deactivations
were present in the nocebo group.

Besides demonstrating a dynamic modu-
lation of placebo and nocebo responses by
the endogenous opioid system, the involve-
ment of NAC opioid neurotransmission in
differentiating high and low placebo respon-
ders was documented for the first time. This
brain region presents high levels of DA in-
nervation arising from the ventral tegmental
area (mesolimbic DA circuit) and is known
to be involved in responding to rewards and
salient stimuli (both rewarding and aversive)
(Horvitz 2000). It is also thought to respond
to updates in reward expectations that depend
on the emotional response to changing envi-
ronmental information (so-called counterfac-
tual comparisons) through its connections with
the OFC and the AMY (Schultz 2006; To-
bler et al. 2005; Tom et al. 2007). It is also
notable that in the second experimental de-
sign, when pain intensity was allowed to de-
cline with increasing placebo effects, involve-
ment of the OFC but not the DLPFC was
observed. It is possible that OFC-NAC-AMY
integration would be more prominent when
there is a need for the continuous update of
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OFC

PAG

Figure 1. Placebo-induced activation of regional p-opioid receptor mediated neurotrans-
mission. Some of the areas in which significant activation of p-opioid neurotransmission
during sustained pain were observed affer the introduction of a placebo with expectation of
analgesia in two different experimental designs. On the left (Zubieta et al. 2005) there was
evidence of dorsolateral prefrontal cortex activation, related to individual expectations of anal-
gesia. On the right (Scott et al. 2008), prefrontal activation was localized in the orbitofrontal
cortex, and correlated with nucleus accumbens endogenous opioid and dopamine release.
DLPFC = dorsolateral prefrontal cortex, OFC = orbitofrontal cortex, rACC = rostral anterior
cingulate (BA 25), dACC = dorsal area of the rostral anterior cingulate (BA 24), NAC =
nucleus accumbens, PAG = periaqueductal gray.

effectiveness information over time (subjective
value), while in the absence of this infor-
mation previously created expectations (and
possibly DLPFC involvement) would have a
more prominent role.

Dopaminergic Mechanisms in the
Formation of Placebo Analgesic
Effects

The previous results point to a distributed
network of regions participating in placebo ef-
fects, mediated by the endogenous opioid sys-
tem. The NAC emerged as a prominent part
of it, believed to be responding to the saliency
or the reward value of the placebo stimulus.
Here, endogenous opioid activation was associ-
ated with expectations of analgesia, the update
of those expectations over time, and placebo-
induced analgesic effects.

The NAC lies at the interface of sensorimo-
tor and limbic systems, and through its con-
nections with the OFC, ventral pallidum, and
the amygdala, it forms part of a circuit in-
volved in the integration of cognitive, affec-
tive, and motor responses in animal models

(Kalivas et al. 1999; Mogenson & Yang 1991).
This circuit and additional interconnected re-
gions (e.g., insular and medial prefrontal cor-
tex, medial thalamus) are heavily modulated
by the endogenous opioid system and pL-opioid
receptors. It has also been proposed as a pri-
mary site of interaction between the effects
of DA-releasing drugs, novelty, and stressors
(Badiani et al. 1998; Badiani et al. 1999; Day
et al. 2001; Napier & Mitrovic 1999; Uslaner
et al. 2001), typically studied in the context of
the administration of reinforcing drugs. A pos-
sible role of NAC DA in placebo-responding
was initially postulated following observations
that basal ganglia DA release took place in the
placebo arm of a RCT in patients with Parkin-
son disease. Dorsal basal ganglia DA activity
was related to improvements in motor con-
trol, while NAC DA was associated with the
expectations of improvement reported by the
subjects (de la Fuente-Fernandez et al. 2002;
de la Fuente-Fernandez et al. 2001). Subse-
quent work has also shown that placebo admin-
istration in an RCT with patients diagnosed
with major depression increased metabolism
in the NAC region, among other brain areas
(Mayberg etal. 2002). A subject’s expectation of
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receiving methylphenidate, a psychostimulant,
but instead being administered a placebo, acti-
vated NAC and rACC metabolism in healthy
subjects (Volkow et al. 2006), but not in a drug-
abusing sample (Volkow et al. 2003). BOLD
responses in the NAC have also been shown
to be proportional to expectations of anxiety
relief in a study in which subjects were pre-
conditioned with a benzodiazepine anxiolytic
and presented with negative affective stimuli
(Petrovic et al. 2005). This work then suggests
an involvement of the ventral basal ganglia in
either responding to individual expectations or
the novelty of a placebo administration.

To further study these processes in the con-
text of placebo analgesia, the same subjects
(N = 20) that underwent p-opioid receptor
scanning (second experiment above), under-
went studies with the DA D2/D3 receptor ra-
diotracer [''C]raclopride (Scott et al. 2008).
Opioid and DA scans were randomized in or-
der. As in previous studies scans included a
pain anticipation period (pain was expected but
not received), where subjects were administered
intramuscular nonpainful isotonic saline and
rated pain intensity in the same manner as the
actual pain scans. During the actual pain scans
the same infusion profile was used for studies
with and without placebo (Scott et al. 2008).

Placebo administration was associated with
the activation of DA D2/D3 neurotransmission
that was exclusively localized in mesolimbic
dopaminergic terminal fields, ventral caudate,
ventral putamen, and NAC. The magnitude of
DA activation in the NAC was positively corre-
lated with the individual expectations of anal-
gesia, the update of those expectations during
the study period (the ratio of subjectively rated
analgesic efficacy over the initial expectations),
and the magnitude of analgesia (the change in
pain intensity ratings over the 20-min study pe-
riod). As was the case with the opioid system,
DA activation in the NAC was also positively
correlated with the increase in PANAS positive
affect ratings during placebo. When both re-
gional opioid and DA responses to placebo were
examined as to their contribution to placebo
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analgesia, DA release in the NAC emerged as
the most predictive region and neurotransmit-
ter, accounting for 25% of the variance in the
formation of placebo analgesic effects. Con-
sistent with the hypothesis that NAC DA re-
sponses to placebo constitute a “trigger” that,
responding to the saliency and reward value of
the placebo would allow for the activation of
downstream adaptive (e.g., opioid) responses,
placebo-induced NAC DA release was posi-
tively correlated with the magnitude of endoge-
nous opioid release in the NAC, ventral puta-
men, AMY, aIN§S, pINS, and rACC. Similar to
the opioid system, NAC DA release also differ-
entiated volunteers that were above and below
the mean in their analgesic responses (high and
low placebo responders) in these trials. For the
comparison between high placebo and nocebo
responders, nocebo responders demonstrated
a deactivation of DA neurotransmission dur-
ing placebo in the NAC and ventral putamen,
an effect opposite in direction to that of high
placebo responders.

Partly overlapping with the above sample, we
then examined the hypothesis that individual
variations in placebo responses may be related
to differences in the processing of reward ex-
pectation (Scott et al. 2007). For this purpose,
healthy males and females (N = 30 total) were
studied with a combination of molecular PET
with [''C]raclopride and fMRI. In this case,
and to avoid motivational mechanisms that
may be related to individual differences in pain
sensitivity, placebo-induced DA release was ex-
amined during the pain expectation state. Sub-
jects also underwent an fMRI-BOLD study
using a variation of the Monetary Incentive
Delay (MID) task. This task is known to acti-
vate NAC synaptic activity during anticipation
of a monetary reward (Knutson et al. 2004).
Individual variations in placebo-induced NAC
DA release were then compared to the synap-
tic activity of the same region during anticipa-
tion of a monetary reward. Both these mea-
sures were also examined as a function of the
anticipated analgesic effects of the placebo,
deviations from those expectations, and the
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magnitude of placebo analgesic effects in pain
challenges. It was hypothesized that in healthy
subjects, in the absence of underlying pathology
or previous conditioning, individual variations
in placebo-induced NAC DA activity and in the
synaptic activity of this region during reward
anticipation would be related to each other and
to the variability in placebo effects obtained in
the studies.

In a manner similar to what was observed
in actual pain studies, the introduction of the
placebo during a pain anticipation state was
associated with the activation of DA neuro-
transmission and D2/D3 receptors in the NAC,
bilaterally, in a manner proportional to the
anticipated analgesic effects as rated by the
volunteers, as well as with the difference be-
tween anticipated and subjectively perceived
effectiveness of the placebo (i.e., the update of
expectations over time).

We then examined whether individual varia-
tions in the synaptic activity of the NAC during
the MID task would be predictive of the mag-
nitude of placebo effects. It was observed that
individuals that activated NAC synaptic func-
tion to a greater extent during monetary re-
ward anticipation also showed more profound
placebo responses. These included greater pos-
itive affect scores during pain expectation peri-
ods and greater levels of analgesia in pain trials.
The NAC BOLD signal during monetary re-
ward anticipation was further correlated with
placebo-induced DA activity as measured with
PET. In a regression model, NAC synaptic ac-
tivation during anticipation of the (high, $5)
monetary reward accounted for approximately
one third of the variance in the development of
placebo-induced analgesia in the pain trials. In
a manner similar to the results obtained with
NAC DA responses to placebo, the activation
of NAC synaptic activity during reward expec-
tation was further correlated to the difference
between the anticipated and subjectively per-
ceived analgesic effects of the placebo. It should
be noted that the fMRI studies were conducted
separately from the pain expectation and pain
studies and that the subjects were not aware of
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any link between the two sets of experiments.
Given this situation, these results are believed
to reflect intrinsic differences in the response
of the NAC during reward anticipation, fur-
ther defining individual variations in placebo
responding,

Conclusions

An emerging literature is demonstrating that
cognitive and emotional processes that are en-
gaged during the administration of an oth-
erwise inactive agent, a placebo, are capable
of activating internal mechanisms that mod-
ify physiology. A network of regions, including
the rostral anterior cingulate, dorsolateral pre-
frontal and orbitofrontal cortices, insula, nu-
cleus accumbens, amygdala, medial thalamus,
and periaqueductal gray, appear involved. Opi-
oid and dopamine neurotransmission in these
areas modulate various elements of the placebo
effect, which appear to include the representa-
tion of its subjective value, updates of expecta-
tions over time, changes in affective state, and
changes in pain ratings. In some cases, such
as that of the nucleus accumbens, a substantial
proportion of the variance in placebo analgesic
effects seems linked to the capacity to activate
this brain region in response to rewards, a pos-
sibility that will need to be replicated and tested
in larger trials. In this context it 1s of interest to
note that both opioid (Harris et al. 2007; Jones
et al. 1994; Jones et al. 2004; Willoch et al.
2004) and dopamine (Wood et al. 2007) neu-
rotransmission has been found diminished in
chronic pain syndromes. The relationship be-
tween these alterations and the capacity to de-
velop placebo effects in these and other clinical
conditions remains to be explored.

The circuitry involved in placebo analgesic
effects also have the potential to modulate
a number of functions beyond pain, as the
brain regions involved have been implicated
in the regulation of stress responses, neuroen-
docrine and autonomic functions, mood, re-
ward, and integrative cognitive processes, such
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as decision making. Both unconditioned, pre-
sumably associated with conscious expectations
(Lanotte et al. 2005; Pollo et al. 2003), and
conditioned effects on some of these mech-
anisms are starting to be shown in humans
(Benedetti et al. 2003; Goebel et al. 2005;
Longo et al. 1999; Stockhorst et al. 2000).
Besides the perspective that placebo effects
confound RCTs, the information so far ac-
quired points to neurobiological systems that
when activated by positive expectations, or even
preconditioning, are capable of inducing
physiological change. They should therefore be
considered as resiliency mechanisms with the
potential to aid in the recovery from challenges
to the organism.
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