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Because we cannot remember everything
we experience, our memory systems must
be able to flexibly determine which infor-
mation to store for future use. Character-
izing the neural systems that underlie this
selectivity is therefore critical to under-
standing human memory function. The
release of neuromodulators, such as dopa-
mine and norepinephrine, plays a funda-
mental role in prioritizing processing
of important information through each
stage of memory (Sara, 2010; Shohamy
and Adcock, 2010; Murty and Adcock,
2017). At the neural level, dopamine and
norepinephrine neurons are ideally posi-
tioned to coordinate cognitive selectivity
processes across the brain due to their
widespread anatomical projections to re-
gions that support attention and memory
processes (Likhtik and Johansen, 2019)
and their ability to modulate neural excit-
ability (Devilbiss and Waterhouse, 2004;
Kroener et al., 2009).

Yet while much work implicates these
systems in enhancing memory for infor-

mation that is encoded intentionally, it is
less clear whether they have distinct effects
on incidental memory. This is primarily
due to significant overlap between the
conditions that trigger the release of dopa-
mine and norepinephrine, such as re-
warding, threatening, or novel situations
(Sara, 2009; Shohamy and Adcock, 2010;
Clewett and Murty, 2019). At the same
time, there are numerous neural connec-
tions between the dopaminergic and nor-
adrenergic systems (Hansen, 2017), and
recent evidence suggests that dopamine
and norepinephrine can be coreleased by
the same brainstem nuclei (Kempadoo et
al., 2016; Takeuchi et al., 2016). As a re-
sult, the effects of these neuromodulators
on neural processing often occur in tan-
dem, which limits our ability to measure
their distinct influences on brain activa-
tion and behavior.

To address these important issues,
Hauser et al. (2019) used pharmacological
manipulations to disentangle the influ-
ence of dopamine and norepinephrine on
two aspects of incidental memory: (1)
stronger incidental encoding of task-
relevant versus task-irrelevant stimulus
features; and (2) memory modulation
driven by reward-induced arousal. In a
between-subjects, placebo-controlled study,
participants were administered amisul-
pride, a dopamine antagonist selective to
D2/D3 receptors; propranolol, a norepi-
nephrine antagonist selective to �-adre-

noceptors; or placebo. To examine biases
in memory selectivity, participants were
shown common words in uncommon,
difficult-to-read fonts and rated the read-
ability of each word. In addition, a ran-
dom reward was delivered at the end of
25% of the trials to examine the effects of
arousal on overall memory encoding. Af-
ter a 20 min delay, participants performed
a word recognition memory task in which
half of the previously studied words were
shown in the same font as during encod-
ing, whereas the other half were shown in
a different font.

The first question Hauser et al. (2019)
addressed was whether manipulating D2/
D3 receptors or �-adrenoreceptors af-
fected biased memory selectivity for the
studied words. One strong possibility for
how these receptor subtypes might ac-
complish this is by increasing neural gain
(Aston-Jones and Cohen, 2005; Eldar et
al., 2013), a process by which patterns of
high neural activation are further excited,
whereas patterns of low neural activation
are further inhibited. Neural gain has also
been found to be strongly affected by endoge-
nous arousal levels and catecholamine release,
lending additional support to the idea that
drugs that modulate norepinephrine and do-
pamine signaling should impact the selectivity
ofneuralandmemoryprocessing(C.M.War-
ren et al., 2016).

To query gain-like effects in memory,
the authors cued word recognition using
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either the task-relevant (font) or task-
irrelevant (semantic) features of the words.
The authors reasoned that this font ma-
nipulation would shed light on which
stimulus features were successfully en-
coded, with the predicted high gain state
selectively amplifying processing of the
most “activated” stimulus feature. Be-
cause this encoding task prioritized the
word’s readability over its semantics, it
was hypothesized that a state of high neu-
ral gain (validated by a pupil response in-
dex) would lead to better subsequent
memory for words displayed in the same
font compared with words displayed in a
different font from encoding. The results
revealed that, although both the placebo
and propranolol (blocked norepineph-
rine) groups showed better memory for
same-font than for different-font words,
the amisulpride group (blocked dopa-
mine) did not. These findings suggest
that, under conditions of high neural gain,
biased memory selectivity driven by atten-
tion to salient, task-relevant stimulus fea-
tures (e.g., font) was dependent on D2/D3
function and independent of �-adreno-
ceptor function.

The second question the authors
addressed was whether reward-related
arousal (indexed by pupil dilation when
rewards were delivered) modulated word
recognition regardless of font type. They
found that, whereas the placebo and
amisulpride groups showed significantly
better memory for words that were fol-
lowed by reward, the propranolol group
did not. This suggests that the arousal-
induced memory benefit was only de-
pendent on �-adrenoceptor function.
Together, these findings reveal divergent
effects of norepinephrine and dopamine
on incidental memory, with dopamine fa-
cilitating memory based on task-relevant
stimulus features under states of puta-
tively high neural gain and norepineph-
rine affecting memory more broadly
under reward-induced arousal.

Dopamine rather than norepinephrine
supports biased memory selectivity,
which may pervade multiple stages of
memory processing
A growing body of work suggests that do-
pamine may enhance memory selectivity
for salient information across multiple
stages of memory (Shohamy and Adcock,
2010; Murty and Adcock, 2017). How-
ever, because the experiment in Hauser et
al. (2019) was conducted within a single
session, it is unclear which stage was af-
fected by amisulpride to reduce memory
selectivity. First, amisulpride may have

reduced the preferential encoding or
postencoding consolidation of salient
stimulus features (i.e., font). Past work
shows that this drug abolishes enhanced
memory for highly emotional stimuli,
which tend to be prioritized due to their
salience and relevance to survival (Gibbs
et al., 2007). Moreover, this amisulpride
effect was observed 1 week after encoding,
suggesting that the drug affected early
stages of memory processing as opposed
to retrieval. Dopamine may also serve to
broaden the scope of attention and encod-
ing processes (Clewett and Murty, 2019),
such that individuals would encode both
task-relevant perceptual features and task-
irrelevant semantic information. This broad-
ening of encoding may have left more
information available to cue subsequent
word retrieval, leading to better memory
for different-font words.

Another, nonmutually exclusive possi-
bility is that D2/D3 receptor blockade re-
duced biased memory selectivity by
upregulating hippocampal pattern com-
pletion at retrieval (Clos et al., 2019), a
process by which partial sensory cues lead
to a spread of activation through entire
hippocampal memory representations
(Duncan and Schlichting, 2018). Here,
the semantic information in the word dis-
played in a different font could be acting
as a weaker, partial memory cue for the
original word, creating an opportunity for
dopamine to modulate pattern comple-
tion. While the authors’ neural gain hy-
pothesis predicts that the drugs should
affect memory for both same-font and
different-font words, a pattern comple-
tion hypothesis predicts that the drugs
should primarily influence memory for
different-font words. A qualitative assess-
ment of the data seems to support the
latter possibility, with amisulpride pre-
dominantly improving memory for diffe-
rent-font words and having little effect on
memory for same-font words.

This potential enhancement in pattern
completion under amisulpride could be
possible due to the interdependence of
dopamine receptor families, as antagoniz-
ing D2/D3 is not necessarily thought to
block all dopamine signaling, but rather
to allow excitatory D1 states to predomi-
nate. Thus, the current results could also
have been driven by enhanced D1-type re-
ceptor states of excitation (Kahnt and To-
bler, 2016, 2017). The predominant D1
state induced by amisulpride could,
then, potentially facilitate a pattern
completion process that allows the par-
tial cue to activate the remainder of the

representation, thereby leading to suc-
cessful word recognition.

Interestingly, the authors linked po-
tential gain-related effects on memory se-
lectivity specifically to D2/D3 receptors,
despite norepinephrine being predomi-
nantly implicated in enhancing neural
gain (Aston-Jones and Cohen, 2005;
Mather et al., 2016). Considering the task
performed, the null effect of �-adreno-
receptor blockade on memory selectivity
may have been due to endogenous arousal
levels not being high enough to engage the
effects of �-adrenoreceptors on memory.
This interpretation is rooted in the idea
that �-adrenoreceptors may enhance
neural gain (i.e., selectivity) by upregu-
lating strong glutamatergic input that
transmits high priority, task-relevant rep-
resentations (Mather et al., 2016). How-
ever, because �-adrenoreceptors have a
low binding affinity for norepinephrine,
they are only likely to be engaged under
very high levels of arousal, such as during
emotional or motivationally significant
events. Supporting this idea, Hauser et al.
(2019) specifically linked the arousal-
enhancing effects of reward on overall
word recognition to �-adrenoreceptors,
suggesting that phasic increases in arousal
are necessary for norepinephrine to boost
memory (Mather et al., 2016).

Norepinephrine rather than dopamine
may mediate the beneficial effects of
surprise-related arousal on immediate
memory
When specifically targeting the effects of
arousal on incidental memory, Hauser et
al. (2019) found that, whereas the control
and amisulpride (blocked dopamine)
groups showed enhanced memory for
words associated with surprising rewards,
the propranolol group (blocked norepi-
nephrine) showed no such enhancement.
At first blush, it may be surprising that
amisulpride did not reduce the effects of
arousal on memory, given that the mne-
monic benefits of reward delivery are of-
ten associated with dopamine signaling
(Shohamy and Adcock, 2010). However,
this lack of a D2/D3 receptor effect may be
due to the delay between study and test:
increasing evidence suggests that dop-
amine’s effects on reward-related mem-
ory may only emerge after a period of
consolidation (Murayama and Kitagami,
2014; Stanek et al., 2019). Thus, because
Hauser et al. (2019) only tested memory
after a 20 min delay, it is possible that
there was not a long enough delay for do-
pamine elicited by reward to selectively
consolidate reward-related information.
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In future studies, manipulating the delay
between encoding and retrieval would be
beneficial for two reasons. It would enable
researchers both to measure whether
reward-related effects of norepinephrine
and dopamine on incidental memory dif-
fer as a function of consolidation and to
disentangle the effects of these two neuro-
modulators on encoding and retrieval
processes (as discussed above).

Another possible reason why amisul-
pride did not affect the arousal-related
memory boost was that the rewards were
delivered randomly. This unpredictability
may have reduced the utility of generating
predictions about potential reward out-
comes, which would prevent the dopami-
nergic system from generating prediction
errors (Schultz, 1997). While previous
work suggests that prior rewards may be
able to enhance memory in an immediate
memory test, these effects are driven by
the prediction errors elicited by rewards
rather than by the reward’s absolute value
(Jang et al., 2019). Integrating a learning
component into the experiment of
Hauser et al. (2019) (i.e., manipulating
the predictability of reward via a charac-
teristic of the word itself) might therefore
uncover effects of D2/D3 receptor block-
ade on memory, as the dopaminergic sys-
tem would more likely be engaged when
an expectation of reward is violated. In
this type of design, reinforcement learn-
ing models could also be fitted to the data
to explicitly measure the degree of reward
prediction error, which may predict the
likelihood that the mnemonic benefits of
reward are blocked under amisulpride
(Rouhani and Niv, 2019).

In conclusion, Hauser et al. (2019)
used pharmacological manipulations to
disentangle both dopamine’s role in
memory selectivity and norepinephrine’s
role in arousal-mediated memory. In fu-
ture studies, an examination of the inter-
actions between attention, arousal, and
reward structure could help to further dis-
sociate the role these neuromodulatory
systems play in memory processing. Im-
portantly, combining fMRI with targeted
pharmacological manipulations would
also enable more direct measurements of
how catecholamines influence the dy-
namic reorganization of the large-scale
functional brain networks that coordinate
attentional and memory selectivity (M.

Warren, 2016; Murty and Adcock, 2017).
While the role of dopaminergic and nor-
adrenergic systems in modulating cogni-
tive states has been well established,
further characterization of their interde-
pendence would reveal fundamental prin-
ciples of how the brain captures and stores
specific information in memory.
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