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Abstract

Arousal’s selective effects on cognition go beyond the simple enhancement of emotional
stimuli, sometimes enhancing and other times impairing processing of proximal neutral
information. Past work shows that arousal impairs encoding of subsequent neutral stimuli
regardless of their top-down priority via the engagement of B-adrenoreceptors. In contrast,
retrograde amnesia induced by emotional arousal can flip to enhancement when preceding
neutral items are prioritized in top-down attention. Whether B-adrenoreceptors also contribute to
this retrograde memory enhancement of goal-relevant neutral stimuli is unclear. In this
pharmacological study, we administered 40mg of propranolol or 40mg of placebo to healthy
young adults to examine whether emotional arousal’s bidirectional effects on declarative
memory relies on B-adrenoreceptor activation. Following pill intake, participants completed an
emotional oddball task in which they were asked to prioritize a neutral object appearing just
before an emotional or neutral oddball image within a sequence of 7 neutral objects. Under
placebo, emotional oddballs impaired memory for lower priority oddball+1 objects but had no
effect on memory for high priority oddball-1 objects. Propranolol blocked this anterograde
amnesic effect of arousal. Emotional oddballs also enhanced selective memory trade-offs
significantly more in the placebo than drug condition, such that high priority oddball-1 objects
were more likely to be remembered at the cost of their corresponding lower priority oddball+1
objects under arousal. Lastly, those who recalled more high priority oddball-1 objects preceding
an emotional versus neutral oddball image showed greater increases in salivary alpha-amylase,
a biomarker of noradrenergic system activation, across the task. Together these findings
suggest that different noradrenergic mechanisms contribute to the anterograde and retrograde

mnemonic effects of arousal on proximal neutral memoranda.

Keywords: locus coeruleus, norepinephrine, arousal, memory, attention, emotion
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1. Introduction

Selectivity is at the core of efficient cognitive processing, helping us to prioritize
significant information among competing sensory inputs. Years of research demonstrate that
emotional experiences dominate this competition for limited mental resources to ensure
behaviorally relevant/emotional events are preferentially processed and stored into long-term
memory (Dolan, 2002; LaBar & Cabeza, 2006; McGaugh, 2000, 2013). However, this focus on
the superiority of emotional memories has led to a blind spot in the emotion-cognition literature.
In addition to enhancing processing of emotional stimuli, the effects of arousal also spill over to
influence cognitive processing more broadly, sometimes enhancing and other times impairing
processing of neutral information appearing just before or after something emotional (Mather &
Sutherland, 2011).

One particularly striking example of how emotional arousal influences temporally
adjacent neutral stimuli is provided by an oddball paradigm in which a perceptually deviant
emotional image is embedded within a sequence of neutral stimuli. Whereas in some studies
emotional stimuli enhance memory for preceding neutral items (Anderson et al., 2006; Knight &
Mather, 2009), in other studies emotional stimuli impair memory for preceding neutral stimuli
(Hurlemann et al., 2005; Hurlemann et al., 2007; Strange et al., 2003). To reconcile these
discrepant findings, the arousal-biased competition (ABC) model posits that a momentary
increase in arousal amplifies the effects of priority, such that memory of prioritized, important
information is enhanced, whereas memory of lower priority information is impaired (Mather &
Sutherland, 2011). Fundamentally, this framework builds upon the idea of biased competition in
the brain whereby top-down goals or bottom-up perceptual salience help resolve competition
among incoming sensory inputs (Beck & Kastner, 2009; Desimone & Duncan, 1995).

To test the ABC hypothesis explicitly, Sakaki et al. (2014) manipulated priority in a visual
oddball paradigm by altering the goal-relevance of neutral object images appearing just before

(oddball-1 objects) or after (oddball+1 objects) an emotional versus neutral oddball image
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(Sakaki et al., 2014; Sakaki et al., 2014). As predicted, emotional arousal led to retrograde
amnesia for oddball-1 objects when the oddball image was prioritized, whereas prioritizing the
neutral oddball-1 image instead led to an emotion-induced retrograde memory enhancement for
the object. In contrast, emotional arousal did not benefit memory of neutral oddball+1 objects
prioritized in a top-down manner. These contrasting time-dependent effects of arousal suggest
that emotion benefits on-going memory processing of already activated representations, but
does not facilitate memory for ensuing items even when they are prioritized.

Emerging research lends credence to the idea that emotional arousal amplifies the
effects of top-down priority in declarative memory for preceding information but not subsequent
information. For instance, hearing a tone conditioned to shock enhances memory consolidation
of preceding goal-relevant visual stimuli (Lee et al., 2015). In addition, hearing an emotional
sound immediately after seeing an object-scene pair leads to impaired memory for the less
salient background scene (Ponzio & Mather, 2014). One oddball study demonstrated that
increasing the amount of attention given to neutral items either by reducing the list length or
having participants immediately recall versus not recall items at the end of each list, emotion
enhanced long-term memory for preceding neutral images (Knight & Mather, 2009). On the
other hand, emotion had a weaker effect on long-term memory of subsequent neutral items in
the same study. Similarly, when items following oddball pictures are not prioritized by the task
instructions, arousing oddballs tend to impair memory of subsequent neutral images
(Hurlemann et al., 2005; Schmidt, 2002). Together these findings support the idea that
emotional arousal strengthens consolidation of highly activated mental representations, while
weakening memory of neutral representations that are either peripheral to the focus of attention
or appear just afterward.

Although the ABC model helped reconcile puzzling findings about how arousal shapes
cognitive selection processes, the neuromechanism by which arousal amplifies the effects of

top-down priority in memory are poorly understood. It is widely recognized that norepinephrine
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(NE) released in the amygdala under emotional arousal contributes to the superiority of
emotional events in attention and memory (Markovic et al., 2014; McGaugh, 2000, 2002;
Strange & Dolan, 2004). In particular, numerous studies demonstrate that this NE- and
amygdala-dependent enhancement of emotional memory relies on $-adrenergic receptor
activation (Cahill et al., 1994; McGaugh, 2013; Strange & Dolan, 2004).

By comparison, it has been less clear how (3-adrenoreceptor activation influences
memory for intrinsically non-arousing, neutral information. On the one hand, in addition to
enhancing processing of emotional stimuli, f-adrenoreceptor activation mediates an emotion-
induced retrograde amnesia of inconspicuous neutral stimuli (Hurlemann et al., 2005;
Hurlemann et al., 2007; Strange & Dolan, 2004; Strange et al., 2003), suggesting that these
receptors can also account for the suppression of low-priority neutral information flanking
something emotional. On the other hand, evidence in rodents demonstrates that increasing NE
levels in the amygdala can enhance rather than impair memory consolidation of previously
learned neutral objects, an effect that is blocked via the administration of the B-adrenoreceptor
antagonist propranolol (Barsegyan et al., 2014; Roozendaal et al., 2008). Thus it might not
always be the case that B-adrenergic activation leads to emotion-induced memory impairments
of neutral representations encoded beforehand.

Previous influential models of noradrenergic modulation of cognition fail to account for
the full range of arousal-induced NE effects on memory processes, because they either focus
on 1) the selective enhancement of emotionally or motivationally significant stimuli (Aston-Jones
& Cohen, 2005; Markovic et al., 2014; McGaugh & Roozendaal, 2002) or 2) the impaired
processing of neutral representations occurring before something unexpected and arousing
(Bouret & Sara, 2005). To explain how NE mediates arousal’s interaction with goal-directed
attention, the Glutamate Amplifies Noradrenergic Effects (GANE) model proposes that the
noradrenergic system amplifies the gain of prioritized information processing under arousal

irrespective of how priority is instantiated (Mather et al., in press). According to GANE, NE
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released under arousal modulates mental representations differently as a function of their
activation strength, such that NE enhances prioritized inputs even further, while simultaneously
suppressing noisy or weak inputs. This selective up-regulation of salient representations is
achieved via positive local glutamate-NE feedback loops that generate sufficiently elevated
levels of local NE to engage low-affinity B-adrenoreceptors; in turn, B-adrenoreceptor activation
potentiates pre- and postsynaptic excitatory activity (Berridge & Waterhouse, 2003) and triggers
synaptic plasticity processes that support memory consolidation (Marzo et al., 2009; Salgado et
al., 2012; Trevino et al., 2012). At the same time, high glutamatergic activity representing strong
inputs should also stimulate local GABAergic activity that inhibits weaker, competing
representations (Brown et al., 2005).

In summary, the GANE model shares the view of other theories positing that -
adrenoreceptor activation impairs processing of neutral or inconspicuous stimuli. However, the
GANE model’s novel prediction that B-adrenoreceptor activation also facilitates memory
consolidation of goal-relevant neutral information has yet to be tested. Thus, the primary aims of
this human pharmacological study were to test whether B-adrenoreceptor blockade: 1)
abolishes emotion-induced retrograde memory enhancements for preceding goal-relevant
stimuli (Sakaki et al., 2014), and 2) abolishes emotion-induced anterograde memory
impairments for subsequent inconspicuous neutral stimuli (Hurlemann et al., 2005). We also
aimed to determine whether overall noradrenergic system activation, as measured by changes
in salivary alpha-amylase across an emotional task (Ditzen et al., 2014), was associated with
emotion’s attention-dependent, bidirectional effects on nearby neutral information processing.

To test these hypotheses, we combined the emotional oddball paradigm used in Sakaki
et al. (2014) with the administration of 40 mg of propranolol, a B-adrenoreceptor blocker. Our
main hypothesis was that, under placebo, emotional oddball images would enhance memory of

high priority oddball-1 objects, while impairing memory of less-attended oddball+1 objects. We
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predicted that B-adrenoreceptor blockade would attenuate this dichotomous influence of
emotional oddballs on ongoing versus proactive mnemonic processes.

We also examined the possibility that emotional arousal intensified memory trade-offs
between pre- and post-oddball items. According to the arousal-biased competition model,
emotional arousal biases the distribution of mental resources towards goal-relevant stimuli,
leaving fewer resources available to process less salient stimuli (Mather & Sutherland, 2011).
Because mental and energetic resources are limited (Desimone & Duncan, 1995), it is possible
that successful encoding of oddball+1 items is contingent on whether or not their corresponding
oddball-1 items were subsequently remembered or forgotten. Using a trial-level memory
codependency analysis (Strange et al., 2003), we predicted that: 1) participants would be more
likely to forget the oddball+1 object when they remembered its corresponding prioritized
oddball-1 object on emotional versus neutral oddball trials, and 2) this effect would be
diminished by inhibiting B-adrenoreceptors.

2. Methods

2.1 Participants. Thirty-two healthy young adults were recruited from the University of
Southern California Psychology Subject Pool to participate in this two-day experiment. All
participants provided written informed consent approved by the University of Southern California
Health Science Campus Institutional Review Board. Participants were awarded course credits
for their participation. Of the enrolled participants, 27 individuals met all of the health screening
criteria, ensuring it was safe for them to take the drug. One participant in the placebo condition
was excluded due to a script error during the emotional oddball experiment. Thus, a total of 26
participants were included in the final analyses (19 F; Mage = 20 years, SD = 0.25).

Prior to the main experiment session, participants were randomly assigned to either the
drug or placebo group using a pre-determined randomization scheme. This resulted in the
following drug group assignments: 12 Drug (10 F; Mage = 20.08 years, SD = 0.36) and 14

Placebo (9 F; Mage = 19.9 years, SD = 0.35).
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2.2 General Procedure

2.2.1 Health Screening (Day 1): During the first 30-minute session, participants
provided written informed consent and were screened for general health and normal
cardiovascular function. Main contraindications of propranolol include: sinus brachycardia,
bronchial asthma, diabetes, low blood pressure, depression, problems with circulation, heart
disease, pheochromocytoma, and impaired hepatic or renal function. Participants who had a
history of any of these conditions were ineligible to participate in the experiment session on Day
2. Additional health-related exclusion criteria included: women who are currently nursing or
pregnant; known sensitivity to propranolol or other beta-blockers; psychoactive drug use; a
history of smoking; and participants without normal or normal-to-corrected vision and hearing.
Blood pressure was measured to ensure that participants did not exhibit hypertension or
hypotension according to definitions established by the National Heart Lung and Blood Institute.
Of the 32 participants that completed the health screening, 27 were deemed eligible to
participate in the main experiment session.

As part of session 1, participants were administered the Center for Epidemiological
Studies Depression questionnaire (Radloff, 1977) to assess depression, and the Behavioral
Inhibition System and Behavioral Activation System scale (Carver & White, 1994) to assess
sensitivity to punishment and reward, respectively.

2.2.2 Experiment Procedure (Day 2): Participants were randomly assigned to double-
blind oral intake of a 40mg single dose of the B-adrenergic receptor antagonist propranolol
hydrochloride (N = 12) or a 40mg single dose of vitamin E placebo (N = 14). All pills were
compounded by the USC Health Science Campus pharmacy and appeared identical. To reduce
variability in salivary alpha-amylase (sAA) levels and control for other factors that might
influence performance or sAA concentration (Nater & Rohleder, 2009), participants were
instructed to refrain from exercise and eating food within 1 hour, sleep within 2 hours, caffeine

within 3 hours, and alcohol within 24 hours of the experiment. All participants complied with
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these instructions. They were also instructed to remain seated for the entirety of the experiment.
All participants’ 4-hr experiment sessions were conducted between the hours of 1pm and 7pm
to limit any interaction effects between NE and cortisol on memory (Dickerson & Kemeny, 2004;
Hurlemann et al., 2007).

Upon arriving for the 4-hr experiment, participants drank a 10-oz bottle of water and
were administered his/her assigned pill. Previous emotion-cognition work shows that
propranolol takes approximately 1-2 hours to reach peak plasma concentration (Hurlemann et
al., 2010; Strange et al., 2003); thus, we introduced a delay by having participants watch a
nature documentary for approximately 70 minutes. The oddball experiment commenced
approximately 80 minutes (M = 79 minutes, SD = 6.5 minutes) after pill administration to
maximize the memory-altering effects of 3-adrenergic blockade. On average, participants
finished the emotional oddball task approximately 2 hours and 5 minutes (M = 125 minutes, SD
= 6.15 minutes) after pill administration.

In addition to the main oddball task, participants were administered the Positive and
Negative Affect Schedule (Watson et al., 1988) at three time points (baseline, pre-task, post-
task) to assess changes in positive and negative affect. Potential side effects of the drug were
assessed using a 16-item symptoms questionnaire immediately before and immediately after
the oddball task. Ratings were made on a scale ranging from 1 = not at all to 7 = a great deal,
and included questions related to common side effects of propranolol, such as dizziness,
headache, or sensation of numbness in limbs.

2.3 Emotional Oddball Task
2.3.1 Overall Procedure. The emotional oddball task was divided into an encoding

phase and a two-alternative forced choice recognition memory test.
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A Encoding Phase

broccoli

Oddball-1 di ball
ISco ba Please Was it green?
remember the
name of the YES NO
Oddball m object right
before the black DON'T KNOW

framed picture

Oddball+1
B :
Filler Phase Memory Test
éunt back from 321 by 3s a / .
1 min. Please type your broccoli
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I did
not
v @
either )

image

Figure 1. A schematic example of a trial from the encoding (A) and filler/memory phase (B) of
the emotional oddball task.

2.3.2 Encoding phase. During the encoding phase, participants viewed sequences of
seven images that were semantically unrelated. Each of these sequences was composed of six
non-oddball photo objects displayed on a white background with no black frame. The other
image, the oddball, was perceptually deviant in that it was displayed on a black screen and
randomly appears in the 3™, 4™ or 5™ position in each sequence. Each image in the sequence
also contained an accompanying noun label. The labels were shown above the non-oddballs in
black arial font and above the oddball pictures in white arial font. Images were displayed for 1.5
seconds each, with a 500-ms inter-stimulus-interval containing a black string of plus signs (+++)
displayed on a white background.

Prior to beginning the task, participants were instructed to remember as many neutral

objects as possible for a later memory test. Stimulus priority, or goal relevance, was
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manipulated by instructing participants to try especially hard to memorize the object appearing
just before the black-framed oddball image. To increase prioritization of the oddball-1 object and
ensure that participants were focusing on the oddball-1 item, they were prompted to report the
identity (label) of the oddball-1 target picture at the end of each sequence. Following this
response, participants also answered a forced-choice question concerning a perceptual feature
of the oddball-1 object. For example, if the oddball-1 image depicted grapes, participants were
asked, “Were they green?” and indicated either “Yes” or “No” by key press. This allowed us to
test the veracity of the oddball-1 memory representation in working memory and to increase its
top-down priority even further. Overall, there were 7 cycles containing 6 sequences each,
resulting in a total of 42 individual sequences (1/2 emotional). Each cycle had 3 negative
emotional oddball and 3 neutral oddball trials.

2.3.3 Recognition memory test. At the end of each cycle (i.e., after encoding neutral
objects from 6 separate sequences), participants were prompted to count backwards from a
three-digit number by increments of 3 for one minute. Participants then completed a two-
alternative forced choice recognition test containing pairs of old and new items. On each
memory trial, participants were presented with two different photographs of the same object
side-by-side. Their task was to indicate whether both images were new (not seen previously in
any sequence) or to pick the specific image they saw during the encoding phase. Each memory
test included 21 image pairs: 6 oddball-1 objects, 6 oddball+1 objects, 6 new object pairs, and 3
fillers (old objects used neither as oddball-1 nor as oddball+1 objects), which were used to
motivate participants to try to encode all objects. By testing short-term memory for both oddball-
1 and oddball+1 objects, we were able to determine how emotionally arousing oddballs
differentially influenced processing of high versus lower priority images. It also enabled us to
examine arousal-biased competition effects on a trial-by-trial basis (see Section 2.6.5).

As in Sakaki et al. (2014), this design was chosen so that we could assess the specificity

of memory for high and lower priority objects. Each response was coded as a correct response
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for specific recognition when the participants chose the exact object image from the encoding
phase. Old responses assigned to either the exact image or other version of the same object
was also obtained as a measure for general recognition memory. To correct for false alarm
rates (said “old” when both were new), we analyzed the corrected recognition rate (specific
recognition hit rate — false alarm rate).

2.3.4 Stimuli. Oddball stimuli were composed of 21 emotionally negative (Mgrousal = 6.43,
SD = 0.59, Myaience = 2.39, SD = 0.70) and 21 neutral (Marousai= 3-47, SD = 0.55, Myajence = 5.30,
SD = 0.45) pictures from the International Affective Picture System (Lang et al., 1999). Non-
oddball stimuli included 126 pairs of photographs of neutral (i.e., non-arousing) objects obtained
from a previous study (Kensinger et al., 2006) and other resources (e.g., the Internet). These
images were randomly assigned to the pre- or post-oddball position and further assigned to one
of the three conditions (negative, neutral or memory test distracter), which was counterbalanced
across participants. One of the object images from each pair was shown during the encoding
phase, while the other served as a foil in the memory test. The image that appeared during
encoding was counterbalanced across participants. We also included an additional 21 object
pairs for fillers. An additional 147 neutral object images were used in the remaining list
positions.

2.4. Cardiovascular measurements. To assess the cardiovascular effects of the drug,
three measures of blood pressure (systolic/diastolic) and heart rate (beats per minute; BPM)
were collected at the following time points relative to pill intake: 0 minutes (baseline), 69 +/- 2
minutes (pre-oddball-task), 125 +/- 6 minutes (post-oddball-task). Cardiac measures were
acquired using a Microlife 3MC1-PC Ultimate Automatic Blood Pressure Monitor with Irregular
Heartbeat Detection device (China).

Two separate 2 x 3 mixed Analysis of Variance analyses (ANOVAs) were used to
analyze drug effects on blood pressure, with Condition (drug vs. placebo) as a between-

subjects measure and Time (baseline vs. pre-task vs. post-task) as a repeated-measure.
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Additionally, two separate follow-up 2 x 2 mixed ANOVAs were used to analyze drug effects on
systolic and diastolic blood pressure across the main period of interest, the oddball paradigm,
with Condition (drug vs. placebo) as a between-subjects measure and Time (pre-task vs. post-
task) as a repeated-measure. Together, these analyses enabled us to not only assess the
overall efficacy of the drug but also specifically target its physiological effects during the time
that propranolol has been shown to reach peak plasma concentration (Hurlemann et al., 2010).
2.5. Salivary alpha-amylase (sAA) collection and analysis

2.5.1 Saliva samples. Saliva samples were immediately frozen for a minimum of
twenty-four hours to allow mucins to precipitate. Prior to the assays, the samples were thawed
and centrifuged at 3,000 x g for 15 min to extract particulates from saliva. Clear supernatant
was decanted into microtubes.

2.5.2 Salivary alpha-amylase measurement. Alpha-amylase levels were measured
using Salimetrics, LLC (State College, PA) enzyme kinetic assay kits and measured optically
using Molecular Devices, LLC SpectraMax M3 Multi-mode Microplate Reader (Sunnyvale, CA).
Both of these samples were collected using the passive drool method.

2.5.3 Salivary alpha-amylase analysis. To determine the effects of propranolol on
central noradrenergic activity, we collected and analyzed two samples of salivary alpha-amylase
(sAA), a candidate biomarker of NE release (Ditzen et al., 2014). The first baseline sample was
collected immediately prior to the oddball task, whereas the second sample was collected
immediately after the oddball task.

The effects of the drug on sAA concentration were assessed using a Time (pre-task vs.
post-task) x Condition (drug vs. placebo) mixed ANOVA, with Time as a repeated-measure and
Condition as a between-subjects factor. Percent sAA change from pre-task to post-task was
used to account for individual differences in emotional versus neutral oddball effects on specific
neutral-item memory.

2.6 Memory Analyses
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2.6.1 The effects of the drug and emotion on free recall of oddball-1 objects. To
assess how effectively participants prioritized object-1 object information in attention and
working memory, we examined the effects of the drug and emotional oddballs on the free recall
of the identity of the oddball-1 object and one of its perceptual features. Recall performance was
probed at the end of each trial (i.e., 7-item sequence of object images). The proportion of trials
with correctly recalled information were analyzed using two separate 2 x 2 mixed ANOVAs with
Emotion (negative vs. neutral) as a repeated-measure and Condition (drug vs. placebo) as a
between-subjects factor. Follow-up Bonferroni-corrected paired t-tests were used to examine
the effects of emotion on working memory performance within the drug and placebo groups,
separately.

2.6.2 Corrected specific recognition memory analysis. The critical prediction of
GANE is that B-adrenoreceptor blockade should attenuate emotional arousal’s dichotomous
influence on memory by diminishing an arousal-induced memory enhancement of the high
priority, oddball-1 item while preventing arousal-induced suppression of memory for the lower
priority, oddball+1 item. To test these hypotheses, we performed two separate 2 (Emotion:
negative vs. neutral) x 2 (Condition: drug vs. placebo) mixed ANOVAs on oddball-1 and
oddball+1 memory, with Emotion as a repeated measure and Condition as a between-subjects
factor. Specific corrected recognition memory performance was operationalized as the hit rate
for the exact oddball-1 and oddball+1 object images (participant said “old” and selected the
exact object image) minus the false alarm rate (participant said “old” for one of the objects when
both objects were “new”).

2.6.3 Corrected general recognition memory analysis. Next, we examined whether
emotional oddballs amplified the effects of top-down priority in memory more generally. The
dependent measure for general memory was the proportion of trials when participants correctly
answered “old” on the memory test, but selected the wrong object image. As before, general

recognition memory performance was corrected for false alarm rates.
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2.6.4 Trial-by-trial memory codependency analysis. While the corrected recognition
memory analysis examines how emotional arousal influences object memory as a function of
drug condition, we were most interested in examining arousal-biased competition memory
effects on a trial-by-trial basis. Thus, we performed a memory codependency analysis in which
we determined whether or not remembering a given oddball-1 object was contingent on
remembering its corresponding oddball+1 object.

In this trial-by-trial memory codependency analysis, we calculated the overall frequency
of four possible memory outcomes (R = Remembered and F = Forgot): 1) Roagpai-1, Foddbali+1; 2)
Roddball-1, Roddbali+1; 3) Foddbail-1, Roddbaii+1; @Nd 4) Foddbai-1, Foadbai+1. These memory scores were
calculated for emotional oddball and neutral oddball trials, separately. We operationalized

arousal-biased competition (ABC) memory effects as the following interaction term:

ABC Memory Score = [Emotion (Ro.-1F 0+1) — (Ro-1Ro0+1)] — [Neutral (R 0-1Fo0+1) — (Ro-1R0+1)]

Specifically, these ABC memory scores signify how much more likely participants were
to remember the oddball-1 object and forget its corresponding oddball+1 object (selective
memory) as opposed to remembering both objects (global memory) on emotional relative to
neutral oddball trials.

To examine how (-adrenergic blockade affected this type of memory selectivity under
arousal, the ABC memory codependency scores were analyzed using a 2 (Emotion: negative
vs. neutral) x 2 (Memory Outcome: Ro.1Fo+1 vS. Ro.1Ro+1) X 2 (Condition: drug vs. placebo)
mixed ANOVA, with Emotion and Memory Outcome modeled as repeated-measures and
Condition modeled as a between-subjects factor. Follow-up Bonferroni-corrected t-tests were
used to further examine which memory outcome types were driving any main effects or
interactions.

2.7 Association between salivary alpha-amylase change across the task and
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emotion-related memory difference scores. Previous studies have shown that emotionally
arousing images can elicit increases in sAA levels in some, but not all participants (Segal &
Cahill, 2009). Thus, to examine whether changes in noradrenergic activity across the task could
account for emotion’s effects on oddball-1 object memory, we calculated a sAA percent change
score from sample 1 (immediately pre-task) to sample 2 (immediately post-task). These sAA
percent change scores were then correlated with corrected specific mean recognition
performance for oddball-1 objects and oddball+1 objects.

In two separate analyses, we correlated emotion-induced effects on oddball-1 (high
priority) versus oddball+1 (lower priority) specific corrected recognition memory difference
scores to account for any individual differences in arousal-biased memory effects. Due to the
small sample size, we conducted a Spearman rank correlation coefficient analysis between
these measures.

3. Results

3.1 Drug effects on mood and self-reported side effects. Propranolol did not have a
significant effect on positive (Drug: M = 24.6, SEM = 1.8; Placebo: M = 23.83, SEM = 1.67) or
negative (Drug: M = 11.81, SEM = 1.05; Placebo: M = 12.69, SEM = 0.97) affect (ps > .1), or on
any of the symptoms, such as dizziness assessed by questionnaire (ps > .05). This finding
indicates that participants did not experience any adverse physical or psychological/affective
side effects of the drug or emotional oddball task. In addition, independent samples t-tests
revealed that depression levels (Drug: M = 19.33, SEM = 2.41; Placebo: M = 17.71, SEM =
1.45) and sensitivity to punishment (BIS; Drug: M = 20.67, SEM = 1.28; Placebo: M = 20.29,
SEM = 1.21) did not significantly differ between the drug and placebo groups (ps > .05).

3.2 Drug effects on blood pressure. Across all participants, systolic blood pressure
significantly decreased after pill intake, F(2,23) = 9.32, p = .001, np2 = .45, but did not
significantly differ between the drug and placebo conditions, F(1,24) = .68, p = .42, r]p2 =.028

(Figure 2). Post hoc t-tests indicated that this main effect of Time was driven by systolic blood
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pressure being significantly lower immediately before the oddball task (M = 108 mmHg, SEM =
1.86) compared to baseline (M = 115 mmHg, SEM = 1.78; p = .001), {(25) = -4.45, p < .001.
There was no significant Time x Condition interaction effect (p > .16). The results from a follow-
up 2 (Time: pre-task vs. post-task) x 2 (Condition: drug vs. placebo) mixed ANOVA revealed a
non-significant trend towards a significant Time x Condition effect, such that propranolol
reduced systolic blood pressure from immediately before to immediately after the oddball task
F(1,24) = 2.43, p = .13, n,” = .092.

Diastolic blood pressure also decreased over time, F(2,22) = 5.53, p = .011, r\p2 = .34,
which, like systolic blood pressure, was driven by a large decrease from the baseline (M =70
mmHg, SEM = 1.23) to the pre-task measurement (M = 66 mmHg, SEM = 1.03; p = .009), #(24)
=-3.40, p = .002. There was a significant main effect of Condition, such that the drug group
exhibited lower diastolic blood pressure levels than the placebo group, F(1,23) = 4.82, p = .039,
r]p2 = .17. The time-by-condition interaction effect on diastolic blood pressure was not significant
for the baseline to pre-task period, F(2,22) = 2.5, p = .11, r]p2 =.19.

However, in a subsequent 2 (Time: pre-task vs. post-task) x 2 (Condition: drug vs.
placebo) mixed ANOVA examining the later time window, the results revealed that propranolol
reduced diastolic blood pressure from immediately before to immediately after the oddball task,
F(1,23) = 5.06, p = .034, r]p2 = .18. Thus, propranolol effectively reduced diastolic blood
pressure across the time window it has been shown to reach peak plasma concentration

(Hurlemann et al., 2010).



Running Head: NE and Arousal-Biased Competition (Uncorrected Accepted Version) 18

A
29
L ..
E 12
® 115 i
2
3 ; : OPlacebo
= i B Propranolol
- a |
o 100
o
m
o
]
2 g5
1) 90
Baseline (0 m) Pre-Task (69 m) Post-Task (125 m)
B 75

70 1

OPlacebo
8Propranoclol

Diastolic Blood Pressure (mmHg)
[*2
[43]

55
Baseline (0 m) Pre-Task (69 m)  Post-Task (125 m)

Figure 2. Changes in systolic (A) and diastolic (B) blood pressure from baseline (intake) to
immediately before and after the oddball task. Dark gray bar refers to drug condition, whereas
the light gray bar refers to the placebo condition. *p < .05.

3.3 Drug effects on salivary alpha-amylase levels. Compared to placebo, there was a
trend such that propranolol administration decreased overall SAA concentration across the
oddball task, F(1,24) = 3.3, p = .082, r]p2 = .12, which is consistent with findings that -
adrenoreceptor activation is associated with sAA levels in humans (van Stegeren et al., 2006).

There was no significant Time x Condition interaction effect, F(1,24) = 0.11, p = .74, r]p2 =.005,

or main effect of Time on sAA concentration, F(1,24) =2.12, p =.16, r]p2 = .081 (see Figure 3).
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Figure 3. Salivary alpha-amylase (sAA) levels immediately before and immediately after the
oddball task by drug condition.

3.4 Working memory accuracy for oddball-1 identity and perceptual features. To
determine how effectively participants prioritized the oddball-1 object in working memory
(feature binding) and attention, we probed memory for oddball-1 object identity and one of its
perceptual features at the end of each trial. A Emotion x Condition mixed ANOVA revealed that
emotional oddballs did not significantly influence free recall accuracy for oddball-1 object
identity, F(1,24) = 1.86, p = .19, r]p2 = .072. Furthermore, performance was near ceiling for both
emotional oddball (M = .97, SEM = .013) and neutral oddball trials (M = .98, SEM = .006). There
was no significant interaction (p > .66) or main effect of propranolol (p > .19) on correctly
recalling the verbal label of the goal relevant oddball-1 object.

Likewise, emotion did not significantly affect memory accuracy for perceptual details of
the oddball-1 object, F(1,24) = 1.08, p = .31, r]p2 = .043, nor was there a significant interaction
with (p > .22) or main effect of propranolol (p > .74). Follow-up one-way ANOVAs revealed that
emotion did not significantly affect either of these working memory measures in either drug

group independently (ps > .1). This finding that emotion did not affect working memory suggests
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that arousal did not impair online memory maintenance processes or top-down prioritization of

the oddball-1 object.
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Figure 4. Yes/no response accuracy for the perceptual detail question about the goal relevant
oddball-1 object (A) and free recall accuracy for that object’s identity (B) during the encoding
phase of the oddball task.

3.5 Corrected specific recognition memory analysis for oddball-1 and oddball+1
memory. For oddball-1 objects, contrary to our expectation, we did not find a significant effect
for memory enhancement under arousal (Sakaki et al., 2014); instead we saw the opposite
pattern (i.e., emotion-induced retrograde amnesia for high priority objects), although it was not
significant, F(1,24) = 2.11, p = .16, r]p2 = .081. There was no main effect of Condition or Emotion
x Condition interaction effect for oddball-1 objects (ps > .33). However, as expected, emotional
oddballs significantly impaired memory of the lower priority oddball+1 objects, F(1,24) = 16.09, p
=.001, r]p2 = .40. We also found a significant Emotion x Condition interaction effect, F(1,24) =
447, p = .045, r]p2 = .16, such that propranolol blocked this emotion-induced anterograde
amnesia for oddball+1 objects.

Separate follow-up one-way ANOVAs in each drug group indicated that emotion
significantly impaired oddball+1 object memory under placebo, F(1,13) = 29.53, p < .001, r]p2 =

.69, but not under propranolol, F(1,11) = 1.22, p = .29, r]p2 =.10. Follow-up t-tests revealed no
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significant group differences in memory for oddball+1 items following neutral, {(24) = 1.53, p =
.14 (placebo > drug), or emotional oddballs #(24) = 0.52, p = .61. This suggests that propranolol
primarily blunted the relative anterograde amnestic effects of emotional versus neutral oddballs,

despite exerting an ostensibly larger effect on neutral oddball+1 memory on average.
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Figure 5. Mean corrected specific recognition and general recognition performance for the

objects appearing just before (also high priority) and just after (also lower priority) the
emotionally arousing or neutral oddball images. *p < .05; ***p <.001.

3.6 Corrected general recognition memory analysis for oddball-1 and oddball+1
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memory. Next, we examined how emotional oddballs and the drug affected general memory
based on object priority (Figure 5B). The results were consistent with the corrected specific
recognition memory analysis: Emotion did not significantly impair memory of oddball-1 objects in
either drug group (ps > .05), but did significantly impair memory for oddball+1 objects in the
placebo group, F(1,13) = 14.33, p = .002, np2 = .52. This emotion-induced anterograde amnesia
for the oddball+1 objects diminished under propranolol, F(1,11) = 3.96, p = .072, r]p2 =.27,
indicating that — as seen for the specific recognition measures — propranolol blunted the
memory-impairing effect of emotional arousal on lower priority information. Likewise, follow-up t-
tests revealed no significant group differences in general recognition memory for oddball+1
items following neutral, t{(24) = 1.34, p = .19 (placebo > drug), or emotional oddballs #(24) =
0.52, p = .61.

To determine whether the effects of the drug and emotional arousal differed based on
the specificity of memory (i.e., specific versus general recognition), we performed an exploratory
2 x 2 x 2 mixed ANOVA with Emotion and Memory Type (general vs. specific) as repeated
measures and Condition as a between-subjects factor. None of the interactions between
Condition and/or Emotion and Memory Type were significant (ps > .1), indicating that the effects
of propranolol on emotion-related memory did not differ based on the specificity of the memory
trace.

3.8 Trial-by-trial memory codependency analysis. To determine how emotional
oddballs influenced memory selectivity on a trial-by-trial basis, we performed a 2 x 2 x 2 mixed
ANOVA with Emotion (negative vs. neutral) and Memory Outcome (Ro.1Fo+1, Ro-1R 0+1) a@s
repeated measures and Condition (drug vs. placebo) as a between-subjects factor (Figure 6).
Overall, participants were more likely to remember both the oddball-1 and oddball+1 object
pairs (R o.1R 0+1: M =52.59, SEM = 3.58) than show a selective memory trade-off in favor of the
high priority oddball-1 object (Ro.1Fos: M = 34.2, SEM = 2.65), F(1,24) = 9.45, p = .005, n,% =

.28. However, participants were more likely to remember the high priority oddball-1 object while
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forgetting the corresponding oddball+1 object when the oddball was emotional, F(1,24) = 15.79,
p =.001, r]p2 = .40. Furthermore, the results revealed a significant Emotion x Memory Outcome x
Condition interaction effect on trial frequency, F(1,24) = 4.82, p = .038, r]p2= .17, such that
emotion-induced memory trade-offs were more likely to occur in the placebo than propranolol
group. There were no other significant main or other interaction effects.

Next, we performed two follow-up 2 (Emotion) x 2 (Memory Outcome) repeated-
measures ANOVAs to examine whether emotional arousal significantly enhanced memory
trade-offs within the placebo and drug groups, separately. In the placebo group, there were
significantly fewer memory trade-offs (Ro.1Fo+1), compared to more global memory effects (Ro.
1Ro+1), F(1,13) = 10.9, p = .0086, r]p2 = .46. As predicted, there was also a significant Emotion x
Memory Outcome interaction effect, F(1,13) = 22.07, p < .001 r]p2 = .63, such that oddball-1
objects were more likely to be remembered at the expense of memory for their corresponding
oddball+1 objects on emotional versus neutral oddball trials.

In the placebo condition, follow-up paired t-tests indicated that, compared to neutral
oddball trials, emotion enhanced selective memory for prioritized objects (i.e., Ro.1Fo+1
outcome), {(13) = 3.62, p = .003, while reducing the likelihood of remembering both oddball-1
and oddball+1 objects on a given trial (i.e., R 0.1R 0+1 outcome), {(13) = -5.47, p < .001.
However, emotion did not affect memory outcomes for Fo.1Fo+1 Or Fo.1R 0+1 memory outcome
types (ps > .29; see Supplementary Table 1 for all trial frequency means).

In contrast, there were no significant interaction or main effects under B-adrenoreceptor
blockade with propranolol (ps > .2). Furthermore, follow-up paired t-tests showed that emotional
oddballs did not alter the likelihood of showing any of the four memory codependency outcomes
compared to neutral oddballs (ps > .05). Thus, our results raise the possibility that arousal’s
divergent effects on high and lower priority stimuli in time may involve an interdependent
process facilitated by p-adrenoreceptor activation. Alternatively, such codependencies may

have simply resulted from a disproportionately larger influence of the drug and emotional
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oddballs on oddball+1 object encoding.
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Figure 6. Results from the trial-by-trial memory codependency analysis. The plot indicates the
percentage of trials by valence that participants showed optimal selectivity (remembered
oddball-1, but forgot oddball+1) versus more global memory enhancements (remembered both
objects) in the drug versus placebo condition. R = Remembered; F = Forgotten; O-1 = oddball-1
object; O+1 = oddball+1 object. *p < .05.

3.9 Associations between sAA change across the task and emotional arousal’s
influence on prioritized memories. Contrary to one of our main predictions, emotional arousal
did not significantly enhance memory for prioritized oddball-1 objects (see Section 3.5). To test
the possibility that individual differences could account for the lack of a main effect of emotion,
we performed a correlation coefficient analysis between emotion-induced effects on oddball-1
object memory (negative-neutral oddball-1 memory difference scores) and percent sAA
concentration change from pre- to post-oddball-task.

Across all participants, there was a trend towards a positive association between percent

sAA change across the task and relatively greater emotion-induced enhancement of the high

priority oddball-1 memory trace, 0(24) = .39, p = .051 (Figure 7, left panel). This positive sAA-
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memory association was significant when only women (the majority of the participants) were
examined, 0(17) = .54, p = .028 (Figure 7, right panel).

Percent sAA change across the task was not significantly correlated with emotion-
enhanced oddball-1 memory in either drug condition, separately, for either the whole group or
women only (ps > .09). But the association between percent sAA change and emotion-
enhanced oddball-1 memory was not significantly quantified (moderated) by drug condition: The
interaction between the drug condition and percent sAA change was not significant (p = .49),
and the main effects of percent sAA change on emotion-enhanced oddball-1 memory remained
similar even after controlling for the effects of drug condition and their interaction with sAA
change, F(1,22) = 3.08, p = .09.

Percent sAA change across the task was not significantly associated with emotion-

induced amnesia for the oddball+1 object in all participants, G(24) = .096, p = .64, or in women

only, 0(17) = .041, p = .87

'Previous work suggests that women may be more susceptible to B-adrenergic-dependent
impairing effects of arousal on inconspicuous neutral words (Strange et al., 2003). This finding
motivated us to re-run all analyses in the women only (n = 19), since including the small number
of men in our analyses may have diluted the expected B-adrenergic and emotion-related effects
on memory. In women, all of the cardiovascular and sAA analyses yielded consistent results
with the whole group. Most of the memory analyses yielded consistent results between the
whole group and women-only subgroup, with the exception that, in the mean corrected specific
recognition analysis (Section 3.4), propranolol did not affect emotion-induced anterograde
amnesia, F(1,17) = 3.11, p = .096, r]p2 = .16. In addition, in the exploratory 2 x 2 x 2 mixed
ANOVA with Emotion and Memory Type (general vs. specific) as repeated measures and
Condition as a between-subjects factor in Section 3.6, there was a significant Emotion x
Memory Type interaction, such that emotional oddballs led to greater anterograde amnesia for
specific versus general corrected recognition memory, F(1,17) = 5.32, p = .034, r]p2 =.24.
However this interaction effect did not significantly differ between drug groups (p > .27). Lastly,
we found that women showed a significant positive association between sAA change across the
oddball task and emotion-related retrograde memory effects. For more detail, refer to Section
3.9 and Figure 7B.
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Figure 7. Correlation between percent change in salivary alpha-amylase, a marker of
noradrenergic activity, across the task and emotion-related retrograde memory effects for the
oddball-1, goal-relevant object memoranda across all participants (left panel) and women only
(right panel). Triangles = placebo; Circles = propranolol.
4. Discussion

In this study, we combined a pharmacological manipulation with an emotional oddball
paradigm to test whether B-adrenoreceptor activation mediates arousal’s selective influence on
memory for proximal neutral information (Mather et al., in press). Specifically, we were
interested in testing two separate hypotheses concerning arousal’s divergent retrograde and
anterograde effects on memory selectivity: Emotion-induced activation of 3-adrenoreceptors
facilitates 1) emotional arousal’s priority-dependent effects on memory consolidation of
preceding neutral stimuli, and 2) emotional arousal-induced anterograde amnesia for less-
attended, lower priority neutral stimuli.

Contrary to a previous oddball study manipulating the priority of peri-oddball neutral
items (Sakaki et al., 2014), emotional arousal did not enhance memory of preceding goal-

relevant neutral stimuli under placebo. However, we found that B-adrenergic blockade

attenuated the expected emotion-induced memory impairment for relatively less-attended, lower
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priority neutral images (Hurlemann et al., 2005). When accounting for trial-by-trial memory
contingencies, we found that propranolol blocked an emotion-induced trade-off whereby
prioritized oddball-1 objects were better recalled at the expense of their corresponding oddall+1
objects. Additionally, a correlation analysis revealed that emotion conferred a memory
advantage to goal-relevant objects in those who showed greater increases in sAA across the
oddball task. Together these results suggest that broader activation of the noradrenergic system
amplifies mnemonic benefits of arousal on top-down prioritized mental representations
appearing just beforehand. The finding that the sAA-memory relationship was apparent across
both drug groups suggests that such enhancements do not rely exclusively on -
adrenoreceptors; rather, B-adrenoreceptors appear to play a more critical role in mediating the
anterograde amnestic effects of arousal on inconspicuous stimuli.

The current results replicate earlier findings that, via B-adrenoreceptor activation,
pictorial emotional oddballs proactively impair memory encoding of subsequent neutral pictures
(Hurlemann et al., 2005). Past work implicates the amygdala as the critical locus of NE-induced
memory deficits for neutral stimuli experienced near something emotional (Strange et al., 2003).
The most common interpretation of these emotion-related impairments is that the amygdala
selectively modulates cortical and hippocampal activity to favor processing of emotional stimuli
(Dolcos et al., 2004; Fastenrath et al., 2014; Kilpatrick & Cahill, 2003; Richardson et al., 2004;
Strange & Dolan, 2004; Vuilleumier et al., 2004), thereby leaving fewer resources available to
process less salient neutral information. Supporting this hypothesis, bilateral amygdala damage
is associated with poorer memory for gist but enhanced memory for visual details of aversive
versus neutral photographs (Adolphs et al., 2001), suggesting that this region suppresses
information that is peripheral to an emotional event.

Since the observed memory interference for neutral objects occurred in an anterograde
fashion, we interpret these arousal effects as emotion impacting more rapid attention and

encoding processes rather than consolidation. Indeed, noradrenergic modulation of the
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amygdala is not only critical for consolidating salient or emotion-laden events but also for
modulating initial perception, attention, and encoding processes (Fox et al., 2000; Hamann et
al., 1997; Hurlemann et al., 2005; Liddell et al., 2005; Markovic et al., 2014; Vuilleumier, 2005).
For example, both B-adrenergic blockade (De Martino et al., 2008) and amygdala lesions
(Anderson & Phelps, 2001) reduce the perceptual dominance of emotional stimuli that are
presented in close succession to neutral stimuli. Based on these data, our impairment finding
may signify a B-adrenergic and amygdala-dependent biasing of attention and encoding
resources away from relatively mundane information appearing just after something emotionally
significant. Alternatively, emotional arousal’s impairing effects on neutral-item encoding might
also be mediated by non-amygdala-related effects of B-adrenoreceptor activation, such as the
potentiation of inhibitory signals in sensory cortex (Waterhouse et al., 1980) or enhanced
orienting towards oddball stimuli via fronto-parietal network activation (Strange & Dolan, 2007).

We did not replicate the previous finding that emotional oddballs enhance rather than
impair memory of preceding neutral items when they are imbued with goal relevance (Sakaki et
al., 2014). This lack of an emotion-induced memory benefit for prioritized oddball-1 object
images may have resulted from emotionally salient oddballs garnering more attention than the
preceding goal-relevant object image. Much evidence indicates that emotional stimuli are rapidly
processed and attended to (Fox et al., 2000; Vuilleumier, 2005; Vuilleumier & Schwartz, 2001),
especially due to their immediate relevance to survival and wellbeing (Ohman et al., 2001).
Thus, insofar as the emotional stimulus was prioritized due to its saliency, it is possible that the
goal relevance of the neutral oddball-1 items was not sufficient to overcome strong competition
from emotionally significant oddballs. We did not test memory for emotional oddballs, however,
since we did not want to risk directing any additional attention, or priority, towards the emotional
stimuli.

Interestingly, we found that under placebo, emotional arousal amplified biased

competition outcomes such that prioritized oddball-1 objects were better remembered at the
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expense of memory for their competing oddball+1 object. As expected, B-adrenergic blockade
attenuated such enhancements in selectivity under arousal. This finding raises the possibility
that B-adrenoreceptor activation is a common mechanism by which arousal simultaneously
impacts competitive memory and attention processes between goal-relevant representations
and subsequent lower priority neutral information.

In the current design, it is unclear whether such memory contingencies are the product
of prioritizing the oddball-1 image since we chose to maximize the experimental power to test
potential arousal-related oddball-1 item memory enhancements and oddball+1 item memory
impairments and rather than manipulating their level of priority (Sakaki et al., 2014). To
dissociate top-down attention-dependent (i.e., priority) from time-dependent (i.e., position)
effects of arousal on processing of proximal neutral items, it would be useful to manipulate both
the goal relevance of both the oddball+1 and oddball-1 neutral objects in future studies. It is also
unclear how emotion interacted with the top-down prioritization of peri-oddball stimuli without
assessing memory codependency between emotional oddballs and their surrounding neutral
memoranda. However, one previous study using a pictorial oddball paradigm showed that, with
slightly longer lists and instructions for participants to recall all items, oddballs were recalled at
ceiling rates (Knight & Mather, 2009). Thus, we would expect recall of oddballs to be at ceiling
and so not particularly informative, while potentially interfering with top-down prioritization of the
oddball-1 object. Furthermore, it is notable that Sakaki et al. (2014) found that whether
participants prioritized the emotional oddball image or the oddball-1 object had virtually no effect
on memory for the oddball+1 object: Both attention conditions yielded a similar degree of
emotion-related memory impairment, suggesting that — regardless of which preceding item
garners more attention — on-going memory processes deprive subsequent information of the
resources necessary for successful encoding.

One surprising finding was that in our contingency analysis, neutral rather than

emotional oddballs predominantly drove both this B-adrenoreceptor-dependent bias in memory
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selectivity towards top-down prioritized stimuli; likewise, -adrenergic blockade led to memory
impairment for oddball+1 objects on average. These results was unexpected, as the majority of
past emotion-cognition studies tend to show more selective effects of arousal-induced NE
release on emotional stimuli and their influence on peripheral information processing
(Chamberlain et al., 2006; Hurlemann et al., 2005; Segal & Cahill, 2009). Nonetheless, there
have been reports of less discriminate effects of arousing events on cognition. For example, -
adrenergic blockade can attenuate both neutral and emotional oddball-evoked activation of a
ventral attention brain network known to be heavily modulated by noradrenergic inputs
(Corbetta et al., 2008; Strange & Dolan, 2007).

Intriguingly, in prior work that helped inspire the current study, Strange and colleagues
(2003) found that propranolol administration was associated with enhanced recall for the neutral
word preceding an emotional versus neutral oddball word. Our results were similarly
unexpected and imply that B-adrenoreceptor activation during oddball events has a more
complex influence on mnemonic and attention processes aren’t limited to the modulatory effects
of emotion: We show that when top-down attention is directed elsewhere, the engagement of §3-
adrenoreceptors can amplify the amnestic anterograde effects of neutral oddballs. How and why
this process occurred for neutral rather than emotional oddballs is a mystery and is an important
topic for future research. Yet generally these oddball effects are consistent with the idea that
unexpected events initiate a “network reset” via phasic NE release that impairs on-going
processing and helps re-allocate attentional resources towards new perceptual inputs, thereby
enhancing subsequent representations (Bouret & Sara, 2005).

Although B-adrenoreceptor blockade did not affect emotion’s influence on memory for
goal-relevant information, an individual differences analysis revealed a positive association
between more global noradrenergic activity, as indexed by increased sAA levels across the
task, and emotion-induced memory enhancements of goal-relevant objects. This finding accords

with previous studies demonstrating that emotional picture-induced increases in sAA are
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selectively associated with recall of emotional and not neutral images (Segal & Cahill, 2009).
Genotyping studies show that carriers of the ADRAZ2B deletion variant, who purportedly have
greater NE availability due to reduced inhibition of noradrenergic signaling, show similar
emotional “sparing” effects (Todd et al., 2013) as healthy participants with pharmacologically
increased levels of NE (De Martino et al., 2008). Deletion carriers also show greater amygdala
and insula activity when viewing negative emotional expressions (Cousijn et al., 2010; Rasch et
al., 2009) and greater emotional memory enhancements compared to non-carriers (de Quervain
et al., 2007).

Our correlation results are also in line with pharmacological experiments targeting NE’s
influence on the attentional blink. For example, pharmacologically increasing NE levels with
reboxetine makes emotional stimuli more resistant to blink-related perceptual suppression (De
Martino et al., 2008). In the same human pharmacological study, De Martino et al. (2008) found
that B-adrenergic blockade reduced T2 sparing for both emotional and neutral stimuli; this
emotion-invariant effect of f-adrenergic inhibition contrasts with the more selective arousal
effects observed under reboxetine, a selective norepinephrine re-uptake inhibitor (SNRI),
suggesting that more generic noradrenergic mechanisms facilitate arousal’s ability to amplify
biases in attention and mnemonic processing. More importantly, these findings fit with our
observation that elevated sAA across the task was positively associated with arousal-enhanced
goal-relevant memory consolidation irrespective of drug condition. We expand on prior NE
pharmacological and genotyping studies by showing that the concerted effects of phasic arousal
and elevated noradrenergic activity enhance rather than impair memory consolidation of neutral
items if those representations are credited as goal relevant.

It is noteworthy that this sAA-related memory effect did not differ based on drug group. If
B-adrenergic receptors were blocked by propranolol, how would emotional arousal enhance
memory of preceding goal-relevant neutral stimuli? One possibility is that elevating overall NE

levels enhanced the phasic effects of arousal on task-focused attention, thereby increasing the
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selectivity of memory (Aston-Jones & Cohen, 2005; Aston-Jones et al., 1999; Aston-Jones et
al., 1994). Similarly, we report that, within the context of elevated noradrenergic activity,
arousing oddballs still strengthened high priority memory traces despite B-adrenergic blockade.
The mnemonic benefit of elevated NE release on goal-relevant information might therefore
involve different adrenoreceptor subtypes. Past work indicates that NE modulates cognitive
flexibility and working memory processes in the prefrontal cortex by activating a2-
adrenoreceptors (Ramos & Arnsten, 2007; Wang et al., 2007). Such modulation via the
engagement of a2-adrenoreceptors may alter the strength of the PFC’s top-down inputs to
posterior cortical regions where goal-relevant stimuli are represented (Gazzaley & Nobre, 2012).
In contrast, work in animals indicates that B-adrenoreceptors have little influence on prefrontal
cortical function, at least when subjects are not under stress (Arnsten, 2000).

Beyond the frontal cortex, a2-adrenoreceptor agonists have been shown to selectively
enhance the distribution of blood flow to stimulated sensory regions, thereby supplying the
energy necessary to process prioritized, task-relevant inputs (Bekar et al., 2012). Furthermore,
in rodents, pairing NE with local visual cortex stimulation enhances the responsiveness of
nearby astrocytes, which help facilitate metabolite delivery and synaptic plasticity (Paukert et al.,
2014). Blockade of a1-adrenoreceptors reduced this pattern of local astrocytic gain (Paukert et
al., 2014). It may be the case, then, that the gain of prioritized information processing under
arousal relies on complex interactions between NE and multiple adrenoreceptor subtypes.

There are several limitations in this study that warrant consideration. The sample sizes
are modest, so it is difficult to determine whether the lack of an arousal-biased competition
effect in memory (Sakaki et al., 2014) was due to insufficient power. Furthermore, this issue
limited us from investigating sex differences in emotion’s influence on priority-biased encoding.
Previous work shows that women exhibit significantly larger amnestic effects of emotional
oddballs on preceding neutral stimuli (Strange et al., 2003). We also did not control for

menstrual cycle phase or birth control use, which have been shown to alter emotional memory
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enhancements induced by elevated noradrenergic activity (Nielsen et al., 2015). Moreover,
future pharmacological studies using propranolol should account for participants’ body mass
index (BMI) based on evidence of interactions between drug dose size and body mass (Sokol-
Hessner et al., 2015). B-adrenoreceptor blockade during memory retrieval can also abolish
emotional memory enhancements (Kroes et al., 2010; Murchison et al., 2004). Since
participants in this study performed encoding and retrieval during the same session, it is unclear
which stages of declarative memory formation were affected by B-adrenergic blockade.

In addition, the reliability of sAA as a biomarker of central noradrenergic activity remains
questionable, because its release is sensitive to multiple factors, including saliva flow rate and
chewing (Bosch et al., 2011). Nonetheless, we attempted to control for many of these
confounds through our strict saliva criteria and conducting the oddball experiment in the
afternoon to dissociate the noradrenergic system’s influence on declarative memory from
cortisol. The noradrenergic and hypothalamic-pituitary-adrenal (HPA) axis systems are highly
interactive, with corticotropin releasing factor stimulating both locus coeruleus and HPA axis
activity. However, they have different profiles and are generally assumed to reflect different
aspects of the stress response (Ehlert et al., 2005; Granger et al., 2007). At least under stress,
the administration of propranolol selectively blunts sAA responses, whereas the administration
of metyrapone - a cortisol synthesis blocker — has no significant affect on sAA concentration
(Hermans et al., 2011). Thus, we expect that changes in sAA across the task were more related
to central noradrenergic signaling rather than HPA axis activation.

An interesting open question is whether the effects of 3-adrenoreceptors on goal-
relevant memories only emerge after longer periods of consolidation. Accumulated evidence
points to a key role of -adrenoreceptors in long-term memory consolidation of emotional
information (Ferry et al., 1999; McGaugh & Roozendaal, 2002; Southwick et al., 2002).
Behavioral studies in humans indicate that mnemonic benefit of emotional oddballs on

preceding neutral items receiving high attentional weight become apparent after a 1-week delay
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(Anderson et al., 2006; Knight & Mather, 2009). Likewise, the mnemonic advantage of
emotional over neutral stimuli also appears to increase over longer retention intervals (Sharot &
Yonelinas, 2008), which may be driven by offline consolidation processes that occur during
sleep (Payne et al., 2012; Payne et al., 2008). Endogenous increases in noradrenergic system
activity during sleep might also contribute to the preferential retention of prioritized information
that is “tagged” by arousal at encoding (Gais et al., 2011; Groch et al., 2011). Future
pharmacological studies could examine whether activating B-adrenoreceptors either at encoding
or during consolidation affects arousal’s divergent influence on long-term memory of high and
lower priority information.
5. Conclusion

The current study replicates key findings that -adrenergic blockade prevents an
emotion-induced anterograde amnesia for relatively less attended stimuli (Hurlemann et al.,
2005). Propranolol administration also reduced arousal-enhanced memory selectivity biased
towards high priority oddball-1 items and away from their competing oddball+1 items,
suggesting that B-adrenoreceptors may modulate arousal-related interference in proactive
encoding and consolidation processes. Emotional oddballs did not affect memory of preceding
goal-relevant stimuli in either the placebo or beta-blocker groups, but the degree of arousal-
biased memory effects for these stimuli was positively correlated with changes in salivary alpha-
amylase, a proxy of LC-NE system activity, across the task. Together these results suggest that
more generic noradrenergic mechanisms may facilitate arousal’s retrograde memory
enhancement of prioritized representations, whereas (3-adrenoreceptors play a more selective

role in facilitating anterograde amnesia of less salient information under arousal.
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Supplementary Table 1. Frequency of each trial-by-trial memory outcome by oddball valence
(negative vs. neutral), item priority (oddball-1 vs. oddball+1), and drug condition.

PLACEBO NEUTRAL

Memory for Oddball-1

Remembered Forgot
Memory for Oddball+1 Remembered 63.95 5.78
Forgot 25.51 4.76
PLACEBO NEGATIVE Memory for Oddball-1
Remembered Forgot
Memory for Oddball+1 Remembered 47.62 5.44
Forgot 39.46 7.48
DRUG NEUTRAL Memory for Oddball-1
Remembered Forgot
Memory for Oddball+1 Remembered 52.38 7.94
Forgot 34.52 5.16
DRUG NEGATIVE Memory for Oddball-1
Remembered Forgot
Memory for Oddball+1 Remembered 46.43 8.73
Forgot 37.30 7.54
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