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Threat of Punishment Motivates Memory Encoding via
Amygdala, Not Midbrain, Interactions with the Medial
Temporal Lobe

Vishnu P. Murty,? Kevin S. LaBar,">* and R. Alison Adcock’23+

ICenter for Cognitive Neuroscience and Departments of 2Neurobiology, *Psychology and Neuroscience, and “Psychiatry and Behavioral Sciences, Duke
University, Durham, North Carolina 27708

Neural circuits associated with motivated declarative encoding and active threat avoidance have both been described, but the relative
contribution of these systems to punishment-motivated encoding remains unknown. The current study used functional magnetic reso-
nance imaging in humans to examine mechanisms of declarative memory enhancement when subjects were motivated to avoid punish-
ments that were contingent on forgetting. A motivational cue on each trial informed participants whether they would be punished or not
for forgetting an upcoming scene image. Items associated with the threat of shock were better recognized 24 h later. Punishment-
motivated enhancements in subsequent memory were associated with anticipatory activation of right amygdala and increases in its
functional connectivity with parahippocampal and orbitofrontal cortices. On a trial-by-trial basis, right amygdala activation during the
motivational cue predicted hippocampal activation during encoding of the subsequent scene; across participants, the strength of this
interaction predicted memory advantages due to motivation. Of note, punishment-motivated learning was not associated with activation
of dopaminergic midbrain, as would be predicted by valence-independent models of motivation to learn. These data are consistent with
the view that motivation by punishment activates the amygdala, which in turn prepares the medial temporal lobe for memory formation.
The findings further suggest a brain system for declarative learning motivated by punishment that is distinct from that for learning

motivated by reward.

Introduction
When faced with a threat, individuals are motivated to seek out
and encode information to help avoid it. Candidate neural cir-
cuitry for the influence of motivation on declarative memory has
been described under conditions of reward, but potential mech-
anisms under conditions of punishment remain open. In partic-
ular, punishment-motivated memory encoding could rely on the
same systems guiding reward-motivated encoding or could, al-
ternatively, rely on systems specialized to process environmental
threat. The current study characterized neural mechanisms of
motivated declarative encoding when individuals expected that
forgetting would be punished by mild electrical shocks.
Motivated behaviors, including declarative learning and memory
(Shohamy and Adcock, 2010), have been demonstrated to be depen-
dent on mesolimbic dopamine systems, especially the ventral teg-
mental area (VTA) (Berridge and Robinson, 1998; Wise, 2004).
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During reward-motivated declarative encoding, interactions be-
tween the VTA and hippocampus predict successful memorization
of incentivized information (Adcock et al., 2006). In humans, re-
ward and punishment motivation have both been associated with
activation throughout the mesolimbic dopamine system, including
the VTA (Carter et al., 2009; Delgado et al., 2011). Because punish-
ment motivation, like reward motivation, engages the VTA, it is
possible that punishment-motivated encoding could also engage the
VTA. Alternatively, punishment-motivated encoding may depend
on amygdala neuromodulation. The amygdala and its interactions
with the medial temporal lobe have been critically implicated in
enhancing memory for intrinsically threatening stimuli (LaBar and
Cabeza, 2006), while in humans the VTA is not reliably activated
during this type of emotional memory encoding (Murty et al., 2010).

The separate literatures on motivation and threat process-
ing thus make distinct predictions about the neural systems
supporting punishment-motivated declarative encoding. If
punishment incentives evoke equivalent motivational states to
reward incentives, the VTA should modulate declarative en-
coding. However, if punishment incentives lead individuals to
perceive motivational cues or memoranda as environmental
threats, the amygdala should modulate encoding. Addition-
ally, the amygdala and VTA could facilitate learning jointly
(Lalumiere et al., 2004; Darvas et al., 2011).

The goal of this study was to provide evidence to adjudicate
these theoretical perspectives regarding the neural circuitry un-
derlying punishment-motivated declarative encoding. During
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functional magnetic resonance imaging
(fMRI), motivational cues instructed par-
ticipants whether forgetting memoranda
(target scenes) would or would not be
punished with a mild electrical shock (see
Fig. 1). Twenty-four hours after encoding,
participants were tested for scene recogni-
tion but were not in fact punished to iso-
late the effects of punishment motivation
during encoding. Analyses investigated
how the threat of shock influenced recog-
nition memory, encoding success activa-
tion (ESA; an activation that is stronger
for subsequently remembered versus for-
gotten memoranda), and functional con-
nectivity. Critically, fMRI activation and functional connectivity
were analyzed both before and during target scene encoding.
Analyses aimed to delineate relative contributions of the VTA
and amygdala and their interactions with the medial temporal
lobe during punishment-motivated encoding, thus informing
models of both active avoidance and motivated memory.
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Figure 1.

Materials and Methods

Participants

Twenty-five healthy, right-handed volunteers participated in this study.
All participants gave written informed consent for a protocol approved
by the Duke University Institutional Review Board (Durham, NC). We
excluded seven participants because of excessive head motion (> 1.5
mm, two participants), insufficient trial types in conditions of interest
(four participants), or software malfunction during scanning (one par-
ticipant), which resulted in 18 participants (eight female; age range, 18—
37; median age, 24) for the final analysis.

Task

FMRI was performed during a shock incentivized encoding task. During
this task, participants studied scene images to avoid punishment in the
form of electrical stimulations for memory failures at a 24 h retrieval test.
On each trial, participants first viewed a motivational cue indicating the
value of encoding an upcoming target scene. Participants either viewed a
shock cue (a lightning bolt), which indicated that participants could
avoid receiving an electrical shock at a 24 h recognition test by success-
fully encoding the upcoming scene, or a no-shock cue (a lightning bolt
with an overlaid cancel sign), which indicated that there was no threat of
shock associated with memory for the upcoming scene (Fig. 1). Regard-
less of the cue, we instructed participants to try to encode all stimuli.
Following the cue (1 s), participants viewed a fixation cross (2.5-6.5 s),
followed by the target scene to be encoded (2 s). Target scenes were color
photographs of indoor and outdoor scenes, each of which was novel.
Pictures were pseudorandomly divided into four sets of 60 that contained
equal proportions of indoor and outdoor scenes. Assignments to study
stimuli or recognition test foils were counterbalanced across partici-
pants. Following each target scene, participants performed a visual motor
distractor task to prevent further elaboration of the target and to allow for
an active baseline for neuroimaging analyses (Stark and Squire, 2001).
This distractor task required participants to indicate the direction of an
arrowhead (left or right; three trials totaling 2.5 s, arrow duration 667 ms,
250 ms interstimulus interval) with a rapid congruent button press.
Following the distractor task, participants viewed a screen with no
fixation cross (4.5-18.5 s) and were instructed to remain alert for the
next cue. Participants received 60 shock and 60 no-shock trials pseu-
dorandomized over four runs, each lasting 8 min and 34 s. Trial
onsets, cue scene intervals, and trial order were optimized using
Optseq software (http://surfer.nmr.mgh.harvard.edu/optseq).

Procedures
Before scanning, participants calibrated electrical shocks to a level that
was “highly irritating but not painful” using an ascending staircase pro-
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Shock incentivized encoding task. Shock threat trials are depicted. During this task, participants were in-
structed that they could avoid getting shocks at a ~24-hour retrieval test by successful remembering scenes following
shock cues, and that there was no threat of shocks associated with scenes following no-shock cues. Importantly, no shocks
were administered during the task or the retrieval session.

cedure with 5 mV increments (Dunsmoor et al., 2012). Shocks were
administered using the MP-150 BIOPAC system (BIOPAC Systems).
Following shock calibration, participants were given instructions for the
task. Participants were told that they would see a series of scene images
preceded by motivational cues and that memory for scenes would be
tested at a 24 h delay memory test. Participants were informed that each
trial began with one of two cues, a shock or a no-shock cue. Critically,
participants were instructed that they would not receive any shocks dur-
ing any runs of the task. Participants were instructed that they could
avoid receiving shocks at the 24 h retrieval session by successfully remem-
bering scene images following shock cues, and that there was no threat of
shock associated with scenes following no-shock cues.

Inside the scanner, participants first performed four runs of the task.
Before each run of the task, participants were given a single demonstra-
tion of the shock to increase the efficacy of the motivational cues. Fol-
lowing the task, participants performed one run of the localizer task
(described below in the last paragraph of this section). Upon leaving the
scanner, participants completed a postscanning questionnaire in which
they were asked to report how motivating they found the shock incen-
tives on a scale of 1 (not motivating) to 5 (extremely motivating). Partic-
ipants were then informed that the threat of shock was an instructional
manipulation only and no shock would be given during the 24 h retrieval
session; however, their memory would still be tested.

The following day (22-26 h after the encoding session), participants
performed a recognition memory task for the target scenes. During this
test, participants saw 120 studied scenes (60 shock, 60 no-shock) and 120
novel foil scenes in a randomized order. For each scene image, we asked
participants to decide whether each picture was “OLD” or “NEW” by
pressing the “8” and “9” buttons, respectively, on a keyboard. Following
each memory decision, participants had to indicate their confidence in
their response (i.e., 1 = Very Sure, 2 = Pretty Sure, 3 = Just Guessing).

The scanned encoding session also included a functional localizer for
defining amygdala regions of interest (ROIs). In this task, participants
viewed blocks of trial-unique, fearful male and female faces derived from
a standard set of pictures of facial affect (Ekman and Friesen, 1976) or
gray oval control stimuli with the letter “M” or “F” (modified from Hall
et al,, 2008). Participants received three blocks each of fearful faces and
control stimuli. During each block participants viewed six stimuli (either
all faces or all control stimuli) for 3.5 s each with an interstimulus interval
of 0.8 s (block length, 25.8 s) and responded to indicate the gender or
letter.

MRI data acquisition and preprocessing

FMRI data were acquired on a 3.0T GE Signa MRI scanner using a stan-
dard echo-planar sequence (TE, 27 ms; flip, 77° TR, 1 s; 17 contiguous
slices; size, 3.75 * 3.75 * 3.80 mm). Partial brain acquisition with a short
TR was used to maximize the sampling rate in regions of interest. Brain
images were acquired in an orientation that maximized coverage of the
medial temporal lobe, striatum, and medial prefrontal cortex, and thus
excluded motor cortex, parietal cortex, and parts of the dorsal visual
stream. Task data were acquired in four runs with 514 volumes each (8
min and 34 s). The first 12 volumes of each functional run were removed
to allow magnetic stabilization. Before the functional runs, a whole-brain
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inversion recovery spoiled gradient recalled (IR-SPGR) high-resolution
anatomical image (voxel size, 1 mm, isotropic) was collected for spatial
normalization. Before each run, a whole-brain echo-planar imaging
(EPL 34 contiguous slices) was collected with the same voxel size and
orientation as partial EPI brain images to assist with normalization.
FMRI preprocessing was performed using SPM8 (www.fil.ion.
ucl.ac.uk/spm) software to first realign across runs and then smooth the
data using an isotropic 4 mm? FWHM (full width at half maximum)
kernel. Data were visually inspected on custom software to review for
head motion and artifacts. Data were analyzed only if they exhibited <1.5
mm motion (absolute maximum). Images with transient noise artifacts
(>2.5 SD from mean) were replaced with interpolated data from neigh-
boring time points (artifacts occurred in <1.5% of the data). Prepro-
cessed functional images (partial brain EPI) were first registered to
whole-brain EPI images. Then whole-brain EPI images were normalized
to the MNI template using a fifth degree B-spline interpolation. The
normalization matrix was applied to the realigned functional images.

Behavioral analysis

Self-reports of motivation to learn were submitted to a one-sample ¢
test. To measure differences in memory across conditions, corrected-
recognition scores (Hits — False Alarms) were calculated separately
for scenes following shock cues and no-shock cues, excluding guesses.
Corrected recognition scores were calculated separately for all re-
sponses and responses endorsed with confidence (“pretty sure” and
“very sure” responses). Corrected-recognition scores were then com-
pared across shock and no-shock conditions using a paired t test.
Statistical thresholds were set at p < 0.05.

fMRI data analysis

General linear model. MRI data analysis was performed using SPM8. We
modeled individual subject fMRI data using a general linear model
(GLM). Separate regressors were created modeling the cue and target
scene onsets, with event durations specified as 0.5 and 1 s, respectively. In
both cases, task regressors were convolved with a canonical hemody-
namic response function before analysis. Imaging data were normalized
to the mean global signal across the functional volumes throughout the
entire session and high-pass filtered (<124 s).

A parametric design was used to investigate the effects of motivation
condition and encoding success. Condition regressors weighted all trials
equally for each of the (cue/target) X (shock/no-shock) event types. To
investigate parametric modulation of brain activity by encoding success,
additional regressors were constructed for each subject for each event
type weighted according to the subject’s memory strength at retrieval for
the scene presented on that trial (parametric ESA). Thus, trial weights for
these regressors were greatest when scenes were most strongly remem-
bered, intermediate when they were weakly remembered, and lowest
when they were forgotten. Specifically, for each participant we calculated
the corrected recognition score (hits—false alarms) for stimuli endorsed
as old with each confidence rating (Very Sure, Pretty Sure, and Just
Guessing) at retrieval, with a value of zero assigned to trials in which
scenes were subsequently forgotten. Thus, for each individual participant
the values for the shock parametric ESA would be calculated as follows:
Shock Hit(yerysure) — False Alarm iy, sure)y Shock Hit(preyysurey — False
Alarm(PrettySure)’ Shock Hit(]ust Guessing) False Alarm(]ust Guessing)’
Miss = 0. For example, for a single individual these parameters might be:
Very Sure (0.45 — 0.10 = 0.35); Pretty Sure (0.35 — 0.20 = 0.15); Just
Guessing (0.02 — 0.01 = 0.01); Forgotten (0). Individualized corrected-
recognition scores for each confidence rating were then assigned to all the
trials that elicited that confidence rating. Similar parametric analyses
have previously been used to investigate encoding success activations in
functional imaging data (Kensinger et al., 2011; Ritchey et al., 2011).
Using the GLM, individual maps of parameter estimates were generated
for contrasts of interest: shock cue > no-shock cue, shock target scene >
no-shock target scene, parametric ESA shock cue > no-shock cue, and
parametric ESA shock target scene > no-shock target scene. Group-level
random effects analyses were performed using one-sample f tests.

ROI analyses. ROI analyses were performed to confirm and visualize
findings from the whole-volume GLM, directly compare the contribu-
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tions of VTA and amygdala, and independently investigate brain—
behavior relationships across individuals. ROIs were defined as
follows: mean 3-parameters were extracted from contrasts of interest
from 8 mm spheres centered around peak coordinates derived from
the amygdala localizer task and 8 mm spheres around peak coordi-
nates in the VTA derived from a prior study investigating reward-
motivated declarative memory encoding (Adcock et al., 2006).
Amygdala ROIs were defined separately for each participant by inter-
secting peak activations from a contrast of fearful > control blocks in
the independent localizer task (as determined by # statistic) with left
and right amygdala anatomical ROIS defined using the WFU PICK-
ATLAS (http://www.fmri.wfubmc.edu/cms/software).

To confirm whole-volume GLM analyses in the VTA and amygdala, we
submitted extracted 3-parameters to one-sample ¢ tests. To directly compare
the contributions of VTA and amygdala, we submitted B—parameters ex-
tracted from the left and right VTA and amygdala, respectively, to a two-
factor, within-subject GLM. To investigate brain—behavior relationships
across individuals, we regressed individual extracted B-parameters against
corrected recognition scores for scenes following shock versus no-shock
cues, with guessed responses omitted.

Within-subject amygdala connectivity/interactions. To assess functional in-
teractions between the right amygdala and other neural regions, within-
subjects regression analyses were performed using single-trial/[-series
analysis (for a similar approach see Rissman et al., 2004; Ritchey et al., 2008).
Connectivity analyses were limited to the right amygdala because GLM anal-
yses were only significant on the right. A GLM was constructed for each
participant that separately modeled cue and scene—target activations for
each individual trial. Then, cue-related B-values were extracted for each
trial from the right amygdala ROI independently defined by the func-
tional localizer. Next, for each participant, GLM/multiple regressions of
single-trial data were constructed to identify neural regions that were
correlated with the amygdala 3-series as a function of motivational cue
(shock > cue) or as a function of motivational cue and parametric en-
coding success interactions. Finally, separate GLMs were constructed to
investigate how amygdala cue-related activations interacted with cue-
related activations across all other voxels and target scene-related activa-
tions across all other voxels. The former analysis identified regions that
were functionally connected with the amygdala during motivational cue
presentations on a trial-by-trial basis, while the latter analysis identified
regions where preparatory activations in the amygdala predicted re-
sponses to subsequent target—scene images on a trial-by-trial basis. Then,
we generated individual maps of parameter estimates reflecting
amygdala interactions for contrasts of interest and entered these into
group level, random effects, one-sample ¢ tests.

Statistical thresholds. Statistical tests for whole-volume neuroimaging
analyses were thresholded at significance of p < 0.001 for spatial extent
for multiple comparisons correction yielding a cluster extent minimum
of 14 voxels. This procedure corresponds to an overall @ = 0.05 family-
wise error rate, as calculated within AlphaSim (http://afni.nimh.nih.gov/
afni/doc/manual) with 1000 Monte Carlo simulations.

Results

Behavioral results

Analysis of self-reports revealed that the threat incentive signifi-
cantly increased participants’ motivation to perform on shock
trials (t,,) = 18.327, p < 0.001). Twenty-four hour delayed
memory recognition for target scenes that followed shock cues
(t17) = 9.821, p < 0.001) and no-shock cues (t(,,) = 7.189, p <
0.001) was significantly greater than false alarms to new scenes
(mean * SEM: shock = 53.7 * 2.2%, no-shock: 47.7 = 3.02%,
false alarm: 27.4 = 2.60%). The threat of shock enhanced scene
encoding, such that corrected recognition rates (hits — false
alarms, excluding guessing responses) were greater for target
scenes following shock cues compared to no-shock cues (t,,) =
4.281, p = 0.001, Fig. 2). This comparison remained significant
when all responses were included (¢,,) = 2.957, p = 0.009).
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fMRI results

Main effect of shock

To identify brain regions that were modulated by the threat of
shock independent of memory, we compared activations across
shock and no-shock trials. During the presentation of motiva-
tional cues, the contrast of shock cues compared to no-shock cues
revealed greater activation in the right anterior cingulate cortex
and less activation bilaterally in the fusiform gyrus (Table 1).
During the presentation of target scenes, the threat of shock
resulted in greater activation compared to no-shock in the
right caudate/ventral striatum, left putamen, and bilateral
fusiform gyrus, and less activation in the right superior frontal
gyrus (Table 1).

Main effect of encoding success

To identify which brain regions were more activated during suc-
cessful than unsuccessful encoding (i.e. ESA), we used regressors
parametrically related to memory strength at later recognition,
regardless of trial type. There were no ESAs during the presenta-
tion of cues. However, during the presentation of target scenes,
posterior parahippocampal cortex showed significant ESAs, in-
dicating that activation in this region increased with memory
encoding strength (Table 1).

Threat of shock and encoding success interactions

To isolate regions implicated in memory encoding selectively during
motivation to avoid punishments, we compared ESA parameter es-
timates in shock versus no-shock trials. We hereafter refer to these
contrasts as “shock-motivated ESAs.” During the presentation of
cues, shock-motivated ESAs were seen only in the right amygdala
(Fig. 3A). No significant interactions were seen in the reverse con-
trast. During the presentation of target scenes, neither shock-
motivated ESAs nor the reverse contrast was significant.

The complimentary ROI analyses also demonstrated
shock-motivated ESAs in the right, but not left, amygdala (left:
tay = 1.705, p = 0.11; right: ¢, =
2.553, p = 0.02; Fig. 3B). Interestingly, A
individual differences analysis revealed
thatamygdala activation during the pre-
sentation of cues predicted learning
under threat; across subjects, shock-
motivated ESAs from the right amygdala
were positively correlated with shock-
motivated recognition memory advan-
tages (F,,) = 6.858, p = 0.03, r = 0.51;
Figure 3C). During the presentation of
target scenes, there were not any shock-
motivated ESAs in the amygdala ROIs
(left: t,,) = 0.38, p = 0.71; right: t,,, =
0.72, p = 0.48).

Regarding the dopaminergic midbrain,
whole-volume analysis revealed no signifi-
cant activations in the VTA or the substantia nigra, even at a lenient
threshold of p < 0.05 uncorrected. Furthermore, ROI analyses of the
VTA revealed that there were not any shock-motivated ESAs during
the presentation of the cues (left: #,,) = —0.004, p = 0.997, right:
tauz = —0.75, p = 0.464; Fig. 3B) or target scenes (left: #,,, = 1.14,
p = 0.27; right: £,,,, = 1.59, p = 0.13).

To explicitly test whether punishment-motivated encoding
was more associated with the amygdala compared to the VTA,
B-parameters from shock-motivated ESAs at the presentation of the
cue were submitted to a two-factor (laterality and region), within-
subjects GLM. This analysis revealed a main effect of region (F,,, =

Figure 3.
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Figure 2.  Threat of shock influences scene encoding. Mean corrected recognition scores
(Hits — False Alarms) for scenes following shock and no-shock cues (errors bars represent =+
SEM). Depicted results exclude trials in which memory recognition was endorsed with “Just
Guessing” confidence responses.

Table 1. Significant activations from threat of shock manipulation

Region X y z V4 k
Cue: shock > no-shock

Anterior cingulate 18 32 12 3.6 64
Cue: no-shock > shock

Fusiform gyrus —28 —56 12 3.98 14

Fusiform gyrus 32 —60 —14 3.45 28
Target scene: shock > no-shock

Caudate/ventral striatum —6 6 2 438 83

Fusiform gyrus —48 —42 —20 3.65 44

Fusiform gyrus —46 —58 —14 3.59 20

Putamen 18 12 —4 3.34 24
Target scene: no-shock > shock

Superior frontal gyrus —26 58 20 3.73 18
Cue: encoding success activations

No significant activations
Target: encoding success activations

Parahippocampus/fusiform gyrus 32 —48 —16 412 108

X,¥,2 = MNI coordinates; k = cluster size; Z = z-score.
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Memory Enhancement Under Threat

Threat of shock increases preparatory encoding success activations, ESAs, in the amygdala. A, The right amygdala
showed greater encoding success activations in response to shock cues compared to no-shock cues. B, Beta-parameters extracted
from a-priori ROls confirmed significant shock-motivated ESA (shock cue ESA > no-shock cue ESA) in the right amygdala, but not
the left amygdala or bilaterally in the VTA. C, Across participants, shock-motivated ESAs during cue presentations were positively
correlated with the extent to which memory was enhanced under threat of shock.

8.446, p = 0.01), such that shock-motivated ESAs were greater in the
amygdala compared to the VTA. Neither the laterality nor interac-
tion term was statistically significant (F < 1).

Amygdala functional connectivity

To investigate how functional connectivity between the amygdala
and other regions contributed to learning under threat, we ran a
within-subjects, single-trial analysis on cue-related activations
with the right amygdala functional ROI as the seed. During the
presentation of cues, we found a significant interaction between
condition (shock > no-shock cues) and encoding success con-
nectivity, such thatamygdala connectivity with the right parahip-
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Figure 4. Amygdala-parahippocampus connectivity and encoding success. The right
amygdala and parahippocampus (PHC) showed significantly greater encoding success-related
functional connectivity on a trial-by trial basis, which is greater for strongly remembered >
forgotten stimuli, following shock cues compared to no-shock cues.
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memory was enhanced under the threat of shock.

Table 2. Significant interactions between the cue-related activations in the right
amygdala and scene encoding activations

Amygdala interactions with target processing  x y z z k
Shock > No-shock region

Cerebellum 4 =58 —40 374 38
4 —38 —12 368 103
0 —4 —44 360 93
10 5 =16 327 17
-8 =5 -12 34 21
Hippocampus 26 —12 —16 3.66 37
-2 —20 —14 34 24
Middle temporal gyrus 48 —14 —12 363 23
Insula —32 22 —6 336 14

No-shock > shock
No significant interactions

X,¥,2 = MNI coordinates; k = cluster size; Z = z-score.

pocampal cortex (x, y, z = 34, —44, —6; cluster extent = 23; Z =
3.54) and the right orbitofrontal cortex (x, y, z = 40, 40, —10;
cluster extent = 15; Z = 3.78) predicted encoding success to a
greater extent following shock than no-shock cues (Fig. 4).

Amygdala cue and target—scene interactions

To investigate whether motivational cue-evoked activity in the
amygdala modulated processing of the upcoming target scene, we
ran a single-trial analysis between cue-evoked activations in the
amygdala and target scene-evoked activations on the same trial
relative to no-shock. The threat of shock increased trial-by-trial
covariation between cue-evoked activations in the right
amygdala and scene-evoked activations bilaterally in the hip-
pocampus (Fig. 5A) as well as in the bilateral cerebellum, right
middle temporal gyrus, and left insula (Table 2). Across partici-
pants, right amygdala—right hippocampus covariation predicted
shock-motivated recognition memory advantages (F(,,, = 4.449,
p = 0.051, r = 0.47; Fig. 5B).

5.4 00
36 2o ¢
3.6
£ o
-0.30
; 005 0
X =24 5.4

Memory Enhancement Under Threat

Influence of preparatory amygdala activation on hippocampal scene encoding. 4, Cue-related activation in the right
amygdala showed greater covariation with hippocampal scene encoding bilaterally during shock trials compared to no-shock
trials. B, The extent of this covariation in the right hippocampus was positively correlated with the extent to which an individual’s
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Discussion
Although previous research has examined the effects of moti-
vation on declarative memory encoding, this literature is lim-
ited and has focused on motivation to gain rewards. Here we
examined how an alternative motivator, the threat of punish-
ment, influenced declarative memory encoding. We found
that motivating individuals to memorize images with the
threat of mild electrical shocks for forgetting resulted in better
memory for those images. Successful declarative encoding under
the threat of shock was associated with amygdala but not VTA en-
gagement. Specifically, threat-related encoding was associated with
right amygdala activation and functional
connectivity of right amygdala with para-
hippocampal and orbitofrontal cortex.
. Interestingly, engagement of these func-
tional networks preceded successful en-
coding, suggesting a preparatory role for
o, amygdala neuromodulation. Finally, we
found that preparatory activations in the
right amygdala predicted scene-evoked
activations in the hippocampus and fur-
ther predicted punishment-motivated en-
coding performance across participants.
Together, our findings demonstrate that
the threat of shock engages amygdala
rather than dopaminergic midbrain prior
to motivated encoding. Furthermore,
they suggest that neuromodulatory signals from the amygdala in-
fluence different regions first during a threat cue and then during
encoding of the memorandum to support punishment-motivated
memory.

R =0.47

0.05 0.10 0.15 0.20

Punishment motivation enhances scene learning

The current findings demonstrate that punishment motiva-
tion enhances intentional encoding, in that individuals better
recognized scenes under the threat of punishment. Although
previous studies have described better declarative memory for
intrinsically threatening stimuli (Hamann, 2001; LaBar and
Cabeza, 2006; Davis et al., 2011) and neutral stimuli paired
with threats (Dunsmoor et al., 2012; Schwarze et al., 2012), the
efficacy of punishment motivation on neutral stimuli has not
been investigated. Our findings show that avoidance motiva-
tion, like other forms of motivation (Adcock et al, 2006; Callan
and Schweighofer, 2008; Kang et al., 2009; Murayama and
Kuhbandner, 2011), can enhance declarative memory. However, de-
clarative memory facilitation by punishment motivation observed in the
current study may be limited to certain types of learning, such as list
learning. During spatial navigation, punishment motivation has been
shown to result in memory deficits (Murty et al., 2011). Thus, learning
under threat may enhance some, but not all, forms of declarative
memory.

We also demonstrated that threat of shock, even in the
absence of actual punishment, enhances declarative learning.
Here, motivation was induced purely by experimenter in-
struction, as shocks were never administered. Although previ-
ous animal studies have investigated the role of negative
reinforcement on memory encoding (McGaugh, 2004), these
studies were not able to dissociate motivation from the actual
receipt of aversive stimuli. Thus, we have provided a novel
characterization of how avoidance motivation influences de-
clarative learning, even in the absence of punishment delivery.
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Amygdala activation predicts punishment-motivated
memory encoding

Our fMRI analyses revealed that, under the threat of shock,
right amygdala activation following shock compared to no-
shock cues predicted punishment-motivated encoding, both
during whole-volume and ROI analyses. Individual differ-
ences analyses revealed that these preparatory activations in
the amygdala predicted punishment-motivated memory en-
hancements across participants. These findings suggest that
neuromodulatory signals from the amygdala prepare individ-
uals to encode information to avoid future punishments.

Previous research has implicated the amygdala in human
avoidance behavior (Lang and Bradley, 2009), which we here
extend to include intentional declarative learning. Neuroimaging
studies have revealed amygdala activation when individuals pre-
pare motor responses to avoid penalties and punishments
(Mobbs et al., 2007, 2009; Schlund and Cataldo, 2010; Delgado et
al., 2011) and learn simple stimulus-response contingencies to
avoid penalties (Prévost etal., 2011). Thus, like most rodent stud-
ies, human active avoidance procedures typically investigated the
implementation of simple motor behaviors to avoid punishment.
Our study extends the human active avoidance literature by dem-
onstrating that the amygdala’s role in avoidance behaviors can
also encompass more cognitive processes, such as instrumental
declarative memory encoding.

Our findings also expand the amygdala’s role in declarative
memory to include motivational effects on neutral material. A
recent meta-analysis identified the right amygdala as the most
consistently activated region during the successful encoding of
intrinsically emotional stimuli (Murty et al., 2010). Furthermore,
during the anticipation of aversive events, preparatory signals
from the amygdala contribute to emotional memory encoding
(Mackiewicz et al., 2006). The current study shows that the
amygdala’s involvement in declarative memory is not limited to
intrinsically threatening stimuli, but also includes neutral stimuli
associated with potential future punishment.

Functional interactions with the amygdala predict
punishment-motivated memory encoding

Results revealed that functional connectivity of the right amygdala
with the parahippocampal and orbitofrontal cortices predicted
punishment-motivated scene encoding. Specifically, under threat of
shock, positive coupling of the right amygdala with the right para-
hippocampal and orbitofrontal cortices before scene encoding pre-
dicted encoding success. The amygdala and orbitofrontal cortex are
strongly interconnected in nonhuman primates (Porrino et al.,
1981; Amaral and Price, 1984; Ghashghaei and Barbas, 2002), and
interactions between these regions have been demonstrated to sup-
port the valuation of aversive events in rodents (Schoenbaum et al.,
2007) and nonhuman primates (Salzman et al., 2007). The current
study only found significant differences in amygdala—orbitofrontal
cortex connectivity and did not reveal any significant differences in
orbitofrontal activations (even at a lenient statistical threshold of p <
0.01 uncorrected). This pattern suggests that the role of the orbito-
frontal cortex in punishment-motivated encoding may only emerge
via neuromodulatory interactions with the amygdala. The amygdala
is also strongly interconnected with the parahippocampal cortex in
nonhuman primates (Suzuki and Amaral, 1994), and models of de-
clarative memory have identified the parahippocampal cortex to be
critical for transferring contextual information to the hippocampus
(Davachi, 2006; Ranganath, 2010). Furthermore, amygdala—para-
hippocampal interactions have previously been associated with
declarative memory encoding for emotionally arousing stim-
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uli and contexts (Dolcos et al., 2004; Alvarez et al., 2008;
Ritchey et al., 2008; Rudy, 2009). Thus, previous research pro-
vides the anatomical and functional foundation whereby
amygdala interactions with the orbitofrontal and parahip-
pocampal cortices could support punishment-motivated
scene encoding.

The current results also revealed significant functional interac-
tions between the amygdala and hippocampus during punishment-
motivated encoding. However, the temporal dynamics of these
interactions differed from amygdala interactions with parahip-
pocampal and orbitofrontal cortices. Specifically, under threat of
shock, preparatory, cue-evoked amygdala activations predicted sub-
sequent scene-evoked hippocampus activations. This pattern of re-
lationships suggests that motivational signals arising from the
amygdala first modulate parahippocampal cortex before encoding
and then subsequently modulate hippocampus during encoding.

Beyond temporal dynamics, the relationships with performance
were different for amygdala connectivity with hippocampus versus
parahippocampal cortex. Whereas amygdala interactions with para-
hippocampal cortex predicted punishment-motivated memory
enhancements on a trial-by-trial basis, interactions with the hip-
pocampus predicted enhancements only across participants. This
difference in temporal dynamics and brain—behavior relationships
suggests that the hippocampus and parahippocampal cortex have
different mechanisms for facilitating punishment-motivated encod-
ing. Modulation of parahippocampal cortex could reflect enhance-
ments of perceptual processing of scenes, given its position in the
ventral visual stream, and could thus account for trial-by-trial
variations in memory encoding strength. However, the relation-
ship between punishment-motivated encoding and amygdala—
hippocampus interactions was across subjects. This relationship
suggests that mechanisms acting on a slower timescale were facil-
itating memory encoding by the hippocampus. One potential
mechanism could be the triggering of noradrenaline- and
glucocorticoid-mediated memory consolidation, which has been
associated with phasic activation of limbic circuitry but a delayed
memory enhancement that may not initiate until 20 min posten-
coding (Joéls et al., 2011).

In light of our findings, we propose a model of punishment-
motivated declarative learning in which the amygdala transfers
valuation signals from the orbitofrontal cortex to prepare both
the parahippocampal cortex and hippocampus for future encod-
ing. Consistent with this interpretation, a recent neuroimaging
study showed that the amygdala mediates the relationship be-
tween orbitofrontal cortex and medial temporal lobe when indi-
viduals update aversive memories (Sakaki et al., 2011). We
suggest that the orbitofrontal cortex—amygdala interaction ob-
served in the current study facilitates two distinct mechanisms in
the medial temporal lobes to promote declarative learning: a
more perceptually driven facilitation of parahippocampal cortex
that precedes learning perhaps as a priming mechanism, and a
state-dependent facilitation of hippocampus that may reflect
consolidation mechanisms.

Implications for motivated memory

Our findings provide a novel characterization of the neural
mechanisms mediating punishment-motivated declarative en-
coding and have important implications for models of motivated
memory. Critically, our results demonstrate that punishment-
motivated encoding is associated with amygdala neuromodula-
tion rather than the dopaminergic midbrain. Analyses did not
reveal any role for the VTA during punishment-motivated en-
coding, even at liberal thresholds. Using a similar design, our
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laboratory has found that reward cues engage preparatory activa-
tions in and coupling between the VTA and hippocampus to
facilitate reward-motivated memory encoding (Adcock et al.,
2006). Together, these findings demonstrate that reward and
punishment motivation can engage unique neuromodulatory
systems to support medial temporal lobe-dependent encoding.
When these systems are selectively engaged, reward and punish-
ment may differentially influence memory representations. In
line with this interpretation, reward and punishment motivation
can have opposing effects during spatial learning in a modified
virtual Morris water maze task (Murty et al., 2011). Future stud-
ies are warranted to determine the relative effectiveness of these
motivators across a variety of learning experiences, including
those in educational contexts.

The current study provides initial evidence for distinct sys-
tems guiding punishment-motivated compared to reward-
motivated encoding. Here, the signal averaging requirements
and overall session length needed to conduct subsequent
memory analyses precluded incorporating a reward motiva-
tion manipulation into the single session; thus, future studies
will be needed to directly compare activations across these two
motivational states. However, these future studies would need
to address context effects of the incentives on each other, as
well as on overall encoding. The shock cues used here may have
evoked context-dependent modulations in encoding, as has been
demonstrated during the encoding of intrinsically emotional
stimuli (Anderson et al., 2006; Henckens et al., 2009; Knight and
Mather, 2009); indeed, overall memory performance was lower
for both conditions than in our prior report using a reward-
motivation manipulation (Adcock et al., 2006). Future studies
will be needed to investigate whether punishment motivation
results in a general modulation of memory for all scenes. If so,
these studies will need to characterize the neural mechanisms of
such context-dependent modulation.

Conclusions

The present study investigated neural systems underlying declar-
ative memory encoding when individuals were threatened with
punishment for forgetting. Successful encoding under threat was
associated with activation of the amygdala, not the VTA, support-
ing valence-specific models of motivation to learn. Amygdala
activation was evoked by mere threat and predicted memory ad-
vantages even in the absence of punishment, implying that threat
expectations themselves can shape the contents of memory. We
found that memory was enhanced when the amygdala interacted
with the parahippocampal and orbitofrontal cortices before and
with the hippocampus during experiences that were later remem-
bered. The disparate time courses of cortical and hippocampal
interactions with the amygdala suggest synergistic mechanisms to
enhance memory in service of avoiding future punishments.
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