Dear Dr. Pariente,

We would like to thank you and the reviewers for the positive evaluation of our manuscript
entitled "The role of dopamine for positive treatment expectations and placebo analgesia" which
we had submitted to PLOS Biology for consideration as a Preregistered Research Article.

A point-by-point reply to remaining comments of reviewer #3 is included below. All changes
made to the manuscript and supplement are highlighted in yellow. We are confident that we
could address all concerns and hope that the revised version will now be acceptable for
publication in PLOS Biology.

Reviewers' comments:

Reviewer #1

This Stage 1 manuscript describes a comprehensive set of novel analytical approaches to examine the influence of
dopaminergic mechanisms on the development of expectations, conditioning and placebo analgesia. It provides a
novel approach not previously examined to determine pharmacological influences on the processes related to
placebo analgesia

We would like to thank the reviewer for their positive evaluation of our manuscript and for
highlighting the novelty and originality of our proposed study.

Reviewer #2:

The importance of the research question(s).

Very important as it can shed light on the interactions between expectations and pharmacological treatment in
potentially all drug trials. The idea that dopamine may be a key transmitter for the formation of expectancies (rather
than the inhibition of e.g., nociceptive signals) has not been tested in the rigorous, double-blind, systematic way
proposed here.

The logic, rationale, and plausibility of the proposed hypotheses (does the manuscript provide a valid rationale for
the proposed study, with clearly identified and justified research questions?)

Yes. The logic and rationale are clearly outlined. There is no reason to believe that the hypotheses are not valid, even
if previous evidence is scarce and there is not much evidence to build on. Rather than a shortcoming | believe that
the scarcity of previous data (there are some studies) points to the need for this type of study. The hypotheses are in
line with previous dota.

The soundness and feasibility of the methodology and analysis pipeline (including statistical power analysis where
appropriate). Is the protocol technically sound and planned in a manner that will lead to a meaningful outcome and
allow testing of the stated hypotheses?

The power had to be calculated on datasets that were not using the same design, and this may be a risk for the
feasibility of getting results here. In fact, the effect size used to calculate power in this study was coming from a study
with a different design (Scott et al. 2008), that was using raclopride PET ligands to measure DA binding in the brain
as opposed to giving treatments with dopaminergic effects as suggested here. This means that the effect sizes used
to calculate the power here are drawn from a very different context (that potentially has stronger effects). However,
the authors have used a lower effect size in their power calculations to account for the potential lower effect sizes in
this trial. This gives me reassurance that the analyses are likely to have enough power.

Whether the clarity and degree of methodological detail is sufficient to exactly replicate the proposed experimental
procedures and analysis pipeline.

Yes. There is always risk that individual experimenters (and their behavior during application of cream) may affect
the participant in a placebo analgesia experiment, especially since previous data suggest that non-verbal behavior
will affect placebo responses in spite of clear instructions to experimenters (Kaptchuk et al. 2008). This is difficult to



control for and the authors have at least provided the verbal script for these interactions and clear instructions for
the interactions.

Whether the authors have pre-specified sufficient outcome-neutral tests for ensuring that the results obtained are
able to test the stated hypotheses, including positive controls and quality checks.

Yes.

We would like to thank the reviewer for their thorough evaluation of our manuscript and for
highlighting the novelty, originality, methodological rigor and the broad implications of the
results for both clinical routine and the conduction of RCTs.

Reviewer #3:

The authors propose a study designed to ask whether modulating dopamine systems through a pharmacological
agonist (levodopa) or antagonist (sulpiride) modulates placebo analgesia by affecting treatment expectations. More
specifically, they plan to administer levodopa, sulpiride, or vehicle prior to a placebo conditioning visit, in which
participants will complete questionnaires, a pain calibration, and experience painful stimuli on a control site and a
placebo site. Stimulus intensity will be lowered on the placebo site (VAS = 40, rather than VAS = 80), to induce
expectations about pain reduction. The hypothesis is that the learning component that gives rise to expectations is
dopamine-mediated. Although the hypotheses are not stated in directional terms, the figures indicate that the main
hypothesis is that administration of levodopa will enhance expectations about pain relief, and thus that these
participants will expect less pain and report larger reductions in pain (i.e. larger placebo effects) relative to a placebo
group. In contrast, it is expected that a group that receives sulpiride will expect more pain than a placebo group,
and have lower levels of placebo analgesia than either of the other groups. Placebo effects will be tested on days 2
and 8 following the initial visit. This study builds on previous work from this team, which indicated that
administration of haloperidol reduced placebo-related activity in the striatum but not placebo analgesia itself. Thus
they propose that rather than dopamine affecting pain processing itself, it is more related to learning, consistent
with research outside the field of pain and placbeo. This is also consistent with findings of links between placebo-
induced dopamine signalling in the nucleus accumbens being related to striatal reward responses, dopamine-
related personality traits, and gray matter density in the striatum.

In principle, | think that continued investigation of the role of dopamine in placebo and pain modulation is
important for the field.

We would like to thank the reviewer for acknowledging the importance of the proposed study.
We appreciate their constructive comments and the opportunity to clarify the scope of our study
as well as the choice and details of the experimental protocol. We address each of the comments
below.

However, given that this is a registered report, | do not think that this study design will allow for incontrovertible
evidence as to the precise contribution of dopamine to placebo, even if the results are in the hypothesized
directions. First, although the authors previously found no impact of dopamine modulation on placebo analgesia,
that does not mean that the administration cannot affect pain. Thus during the conditioning visit, dopamine
administration might affect the calibration procedure. If the calibration procedure is completed prior to drug
administration (this is not clear from the design), then it still could affect the extent to which an individual perceives
differences in pain between the placebo site and the control site. This wouldn't be due to learning, but due to
differences in responses to noxious stimuli. The only way to control for this would be to measure pain sensitivity
before and after drug administration. If there is no difference in pain sensitivity but an effect on learning, then this
can be attributed to dopamine modulating learning.

We agree that the potential influence of dopamine on pain sensitivity more generally is indeed an
important point. However, we would like to stress that our methodological approach accounts and
controls for such an effect in several ways.



First, although results regarding the role of dopamine in affective pain processing and pain
chronification have been inconsistent, previous experimental investigations showed no effect of
the augmentation or blockade of dopaminergic signaling on heat pain perception. In our own work
(cited on page 3 in the manuscript), we found that 2 mg of the potent dopamine antagonist
haloperidol does not influence thermal pain ratings when compared to a saline control (Wrobel et
al., 2014). Others did also not find an effect of pharmacologic modulation of dopaminergic signaling
on thermal pain sensitivity with drugs enhancing dopaminergic signaling or leading to dopamine
depletion or blockade in healthy volunteers (Becker et al., 2013) and in patients with neuropathic
pain (Skyt et al., 2018). On the backdrop of these previous observations, a general effect on pain
sensitivity seems unlikely. Second, a general effect of dopaminergic modulation on pain sensitivity
would be reflected in a main effect of medication. Yet our main hypothesis focuses on the
interaction effect of medication (L-dopa, sulpiride, inactive pill) and experimental condition (placebo
vs. control). Third, given that the experimental condition (placebo vs. control) is varied in a within-
subject design, a general effect on pain sensitivity would affect both experimental conditions and
not bias placebo analgesia as our main outcome that is defined as the difference in pain ratings on
the control as compared to the placebo treated skin. Finally, we would like to clarify that the
calibration procedure will be performed shortly before the conditioning session when both drugs
are already expected to rise to their peak and effective plasma concentration. This will be after the
second pill intake and before cream application. We have now added the exact time point of the
calibration procedure into the method section of the manuscript. The calibration procedure should
therefore take into account any potential changes in pain sensitivity induced by the drug. As
outlined in the method section (e.g., Experimental Procedure), the temperature levels needed to
achieve the intended pain perceptions (corresponding to VAS 40 and VAS 80) will reflect such an
effect and could - if necessary - be included as a covariate in the analyses.

Although we believe that these measures are sufficient to account and control for an acute effect
of the pharmacological modulations of thermal pain sensitivity, we will - in response to the
reviewer’s suggestion - assess thermal pain thresholds (i.e., method of limits, Fruhstorfer et al.,
1976) prior to the pharmacological modulation and immediately before the calibration session to
allow for a direct assessment of drug effects on pain sensitivity.

Given that other studies suggest links between placebo and other processes that are more commonly linked to
dopamine, why don't the authors include a learning or reward task on day 1 alongside conditioning? This would
provide a positive control that the pharmacological manipulation is effective.

We would like to clarify that the main scope of this investigation is to investigate the general
contribution of dopaminergic signaling to the generation of positive treatment expectations and
resulting placebo analgesia. Dopaminergic transmission has been implicated in a number of
processes including learning and reward processing but also affective valuation and decision-
making which could in principle underlie any effect we find. However, we think that at this stage
our design should be optimized to answer our primary question which could be followed up by
studies that dissect the relative contribution of dopamine-related processes. We have therefore
chosen drug dosages that have proven to effectively alter dopamine-related behavior by an
increase dopaminergic tone after administration of 100 mg of L-Dopa (Delaveau et al., 2005;
Pessiglione et al., 2006; Weis et al., 2012) or to decrease dopaminergic signaling with 400 mg
Sulpiride (Dodds et al., 2009; Eisenegger et al., 2014; Ojala et al., 2018; Weber et al., 2016) in the
past.

We agree that a validation of successful pharmacological modulation is important. We chose to
validate effective modulation of dopaminergic tone by assessing common physiological measures
of modulation. To monitor an effective blockade of D2-Receptors by sulpiride, we exploit the D2-



receptor dependent release of the protein prolactin in the pituitary (Ben-Jonathan & Hnasko 2001).
Inhibition of D2 receptors in the pituitary leads to a quick surge in prolactin serum levels. This has
been shown for a single-dose intake of sulpiride as well as other antipsychotic drugs that target
the D2-receptor. Thus, we use prolactin as a surrogate marker for successful D2 manipulation in
the brain. For the L-Dopa-group, we will determine L-Dopa in the blood, as we and others did
before to check effective serum levels for pharmacologic manipulation. (Weis et al., 2012;
Zunhammer, Gerardi & Bingel, 2018).

We would also like to point out that adding another task to explore the influence of reward or
learning after the conditioning session would come at different costs. First, we would risk drug
levels to fall below the minimum effective concentration again before participants complete the
experiment, particularly for the L-Dopa manipulation, since the drug's half-life is only ~1,5 hours
(Hsu et al., 2015) and behavioral effects are expected to be highest around the serum level peak,
when we are performing conditioning. Second, combining the conditioning session which already
comprises the learning of analgesic rewards with an additional reward-learning task would lead to
complex carry-over and interaction effects between the task which would jeopardize the main aim
and interpretation of our study. Based on these considerations we decided to focus on the proof-
of-concept aspect of this study and to ensure the validity check for the successful pharmacological
modulations based on the prolactin measurements.

I also think that the decision to test the magnitude of placebo on day 2 and 8 is not well justified in the paper. If
the drug modulates learning and expectations, why can you not test placebo effects on the first visit day? It is not
clear to me why these should necessarily be long-lasting effects; there is no specific hypothesis about memory or
consolidation offered in the paper.

We would like to clarify that our main hypothesis (Hypothesis 1) is centered on the question how
the dopaminergic modulation during the conditioning session influences the generation of positive
treatment expectations and resulting placebo analgesia. If placebo analgesia would be tested on
day one, potential differences in placebo analgesia between groups could be driven by processes
in the conditioning session and/or the actual test session. Although previous research renders the
latter effect unlikely, (Becker et al., 2013; Skyt et al., 2018; Wrobel et al., 2014), we want to exclude
such effects by separating the influence of the pharmacological modulation from the placebo
analgesia test session. This seems especially relevant to avoid such effects in the sulpiride group,
as the half-life is over 8 hours. There is sufficient evidence from previous studies indicating that
conditioning on the previous day results in significant placebo analgesic effects in test sessions
performed on the next day (Amanzio & Benedetti, 1999; Benedetti et al., 1999; Kessner et al.; 2014;
Zunhammer et al., 2017).

We would like to stress that the assessment of treatment expectations and placebo analgesia on
day 8 is purely explorative and motivated by the substantial clinical implications of potential
changes in these effects over time. Given the explorative nature of this additional investigation we
would like to refrain from formulating specific hypotheses for day 8.

Finally, there are highlighted sections in the main manuscript that are redundant, and three figures are missing
captions. These are also highlighted, which suggests the authors may have turned in an incomplete draft
accidentally.

We apologize if the submission was indeed incomplete. Following the suggestions of the Academic
Editor Figures 2-4 were inserted subsequently and therefore highlighted in the manuscript. We



have now inserted the figure legends corresponding to the formatting guidelines of PLOS Biology
in the manuscript text immediately after the first paragraph in which the figure is cited.
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