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Beliefs modulate the effects of drugs on the
human brain
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Convergent neurobiological studies of valuebased learning, and the computational models that flow from them, have long pointed
to the existence of a reciprocal relationship
between dopamine and beliefs. The complex
interactions between the pharmacological
(reinforcing) effects of addictive drugs and
the conditioned responses (expectations) engendered by their continued use (1, 2) provide some of the most compelling examples
of this dialogue between molecules and cognition. They help explain, among others, why
drug abusers perceive the drug as more pleasurable when they expect it relative to when
they do not (3, 4). The report by Gu et al. in
PNAS (5) represents an important step forward in this context because it offers new
insights into how the power of belief modulates nicotine-driven learning signals related

to nondrug rewards (money), as well as
non–drug-related decisions (choice behavior).
More specifically, this work illuminates the
mechanisms whereby belief can influence
nonconscious learned association by modulating how the brain performs risk decisions
while under the effects of nicotine.
To investigate how pertinent beliefs can
influence the brain’s response to value-based
learning and behavioral choices, the authors
combined functional MRI with a task that
involves two computationally explicit variables (one passive and market dependent and
the other choice dependent) suitable for
probing the inner workings of dopaminergic-driven learning processes. When subjects
expected and received nicotine in their cigarettes, they displayed a much larger activation
in the ventral striatum (brain reward region

Fig. 1. Beliefs (in this case about nicotine content) that modify the expectation about a soon to be received reward
(i.e., a cigarette) are powerful modulators of brain activity (and the dopamine response) in the ventral striatum and of
the saliency with which that reward is perceived. When combined, the effects of positive and negative beliefs can
operate in two diametrically opposed spaces, phenomenologically related to drug intoxication and withdrawal states,
respectively, and promote significantly different response behaviors, even if the administered reward is identical.
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modulated by dopamine) in response to either market value or to prediction reward
error signals than after receiving nicotine
when it was not expected. These attenuated
patterns of ventral striatal activation led in
turn to a diminished influence of the corresponding neural representations (of either
the market value or reward prediction error)
on future bets (choice behavior). Thus, expectation about the presence of nicotine
influenced not only the responses to drugs
(as had been shown previously) but also the
brain response to the value of a nondrug reward, as well as the choice of behavior intended to maximize it (Fig. 1).
These new insights expand the importance
of learning and memory in responses to
drugs of abuse beyond that of conditioned
responses to the drug and to drug-associated
cues, to include conditioning to behaviors
that occur while under the influence of the
drug. For example, conditioning to the
dopamine-mediated drug effects on biasing
choices toward larger riskier rewards rather
than smaller certain ones (6) could underlie
the influence of belief in the behavioral
choices while under the influence of nicotine
reported by Gu et al. (5). These results have
far reaching clinical implications. Drugs (including nicotine), by acutely increasing dopamine levels, temporarily enhance the salience
value of other stimuli (7); thus, the conditioning to these effects will contribute to drug
reinforcement via the expectation of a higher
saliency value for the activities with which
they are associated. This could help explain
why it is so difficult to quit smoking, particularly if we consider that smoking behaviors
are intermingled with every day activities
(and typically throughout the day and in
multiple locations) to a greater extent than
is the case for illicit drugs or alcohol, the intake of which is more constrained to specific
places and times of day. It is also noteworthy
that, although the natural tendency to engage
in risky behaviors associated with drug intoxication is usually ascribed to drug-induced
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disinhibitory effects (presumably through the
drug’s actions on the prefrontal cortex), the
findings from this paper would suggest that
conditioned expectations could also influence
risky choices.
Although not discussed in the work of Gu
et al., nicotine’s ability to enhance the saliency of a stimulus is relevant in this context
because it could make the expectation induced by information or misinformation to
the subject more salient, either in the positive
(you are getting nicotine) or negative (you
are not getting nicotine) condition, respectively. Although the authors report seeing
differences when placebo was used and the
participants were told they would or wouldn’t
receive nicotine (belief while under the effects
of placebo), these results were not compared
with the magnitude of the effect of belief
while under the effects of nicotine, which
would have allowed them to determine
whether the differences on the effects of expectation on brain response and behavioral
choices differed between the nicotine and the
placebo conditions. Further testing of this
very point would allow us to explore how
drugs (through their acute pharmacological
dopamine enhancing effects and/or through
their associated conditioning responses) influence the experience (level of excitement,
interest, engagement) of everyday activities.
In this respect, nicotine’s fast pharmacokinetics are ideally suited, because a user would be
able to precisely titrate optimal doses as
might be needed throughout the day. Research on whether similar but opposite conditioned expectations might emerge during
nicotine withdrawal (or other drug withdrawal) when the sensitivity of dopaminemodulated reward is decreased (8, 9) would
also be clinically relevant. If this hypothesis is
corroborated, novel approaches for enhancing the saliency of routine tasks and activities
or extinguishing conditioned negative associations during drug withdrawal could emerge
as the bases for more effective strategies for
treating addiction.
A question for future research is whether
the findings from Gu et al. will generalize to
other associated behavioral effects of nicotine.
Particularly relevant are nicotine’s effects on
attention, dysphoria, and appetite because
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the need for nicotine administration, then
this could be of significant therapeutic potential. This question has been extensively
investigated for the placebo effect, particularly as it pertains to analgesia, including the
relationships between anticipation of pain
and the magnitude of the placebo/nocebo
effect (10). As for prior studies on conditioning, the placebo analgesic effect also
points to dopamine as a mediator of these
learned responses (11).
Finally, the results are also relevant to our
evolving conception of what constitutes a
gateway drug, one of the main qualifications
of which pertains to its ability to facilitate/
potentiate the rewarding effects of other

drugs of abuse. Specifically, the learned experience of being prone to engage in risky
behaviors while under the effects of nicotine
could increase the likelihood of a smoker
using other drugs, which combined with
nicotine’s pharmacological enhancement
of other drugs’ rewarding effects could facilitate transitioning into repeated abuse
and addiction.
Our brains are optimized to predict future
stimuli and mold our responses. Thus, in
this respect, it is not surprising that learned
responses play such an important role in
drug-seeking behaviors. In the drug abuse
field, such learning processes have been extensively investigated as they relate to conditioning to stimuli that predict a drug
reward, in which dopamine is known to play
a crucial role. The current findings extend the
relevance of dopamine-guided learning processes to the experience of how drug intoxication influences the way the human brain
works and orchestrates our behaviors. Gu
et al. show that such learned responses can
be manipulated, identifying a potential new
target for developing therapeutic interventions for addiction.
Beliefs are powerful modulators of how
humans experience the world and the differential value they ascribe to objectively identical objects or stimuli (12). Gu et al. open
up an exciting window into the largely hidden mechanisms by which beliefs and dopamine-driven value-based learning influence
each other.
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these effects are frequently cited as contributors to smoking among those addicted
to nicotine. Thus, if beliefs about these
learned responses could be clinically manipulated to either extinguish those associations, so as to make nicotine less reinforcing, or enhancing cognitive processes
that can recreate these responses without

Gu et al. open up an
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mechanisms by which
beliefs and dopaminedriven value-based
learning influence
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