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Abstract

Healthy aging has been shown to modulate the neural circuitry underlying simple declarative
memory; however, the functional impact of negative stimulus valence on these changes has not been
fully investigated. Using BOLD fMRI, we explored the effects of aging on behavioral performance,
neural activity, and functional coupling during the encoding and retrieval of novel aversive and
neutral scenes. Behaviorally, there was a main effect of valence with better recognition performance
for aversive greater than neutral stimuli in both age groups. There was also a main effect of age with
better recognition performance in younger participants compared to older participants. At the imaging
level, there was a main effect of valence with increased activity in the medial-temporal lobe
(amygdala and hippocampus) during both encoding and retrieval of aversive relative to neutral
stimuli. There was also a main effect of age with older participants showing decreased engagement
of medial-temporal lobe structures and increased engagement of prefrontal structures during both
encoding and retrieval sessions. Interestingly, older participants presented with relatively decreased
amygdalar—hippocampal coupling and increased amygdalar— prefrontal coupling when compared to
younger participants. Furthermore, older participants showed increased activation in prefrontal
cortices and decreased activation in the amygdala when contrasting the retrieval of aversive and
neutral scenes. These results suggest that although normal aging is associated with a decline in
declarative memory with alterations in the neural activity and connectivity of brain regions
underlying simple declarative memory, memory for aversive stimuli is relatively better preserved
than for neutral stimuli, possibly through greater compensatory prefrontal cortical activity.

INTRODUCTION

Senescence is associated with alterations in the structureand function of neural circuits
underlying sensorimotor, cognitive, and emotional processes. Converging evidence indicates
that prominent changes occur across the human life span in declarative memory as well as in
emotional information processing. However, the impact of an interaction between these two
systems on age-related changes in memory function has been relatively unexplored.

Senescence-related deficits in declarative memory have been well characterized. Older
participants show decreased recollection accuracy and increased reaction time (RT) during the
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retrieval of previously encoded word lists, faces, and complex scenes (Park et al., 1996; Parkin
& Walter, 1992; Bartlett, Leslie, Tubbs, & Fulton, 1989). This has been observed in the context
of stimuli with neutral content. More recently, researchers have begun to explore the impact
of aging on emotional memory. Although in younger participants, memory for previously
encoded items with aversive content has consistently been shown to be higher than for those
with neutral content (for review, see LaBar & Cabeza, 2006; Hamann, 2001), reports related
to the impact of advancing age on emotional memory have been less consistent. Some studies
show that similar to young participants, older participants maintain an enhancement in
performance for stimuli with aversive content (Denburg, Buchanan, Tranel, & Adolphs,
2003), particularly to highly arousing aversive stimuli (Kensinger, 2008), and some studies
indicate negligible or no effect of aversive stimulus content on recognition performance with
advancing age (Comblain, D’Argembeau, Van der Linden, & Aldenhoff, 2004; Charles,
Mather, & Carstenson, 2003).

Converging evidence from lesion studies (Adolphs, Cahill, Schul, & Babinsky, 1997) and
neuroimaging studies in young healthy participants (Smith, Henson, Dolan, & Rugg, 2004;
Hamann, 2001) implicates the amygdala and the hippocampus to be critical structures for
emotional memory. Although numerous studies have explored the neurobiology underlying
age-related changes in declarative memory and emotional information processing independent
of each other, to date, the effects of aversive stimulus content on age-related changes in
emotional memory remain relatively unexplored. Converging evidence indicates that the
hippocampal formation, a key structure underlying declarative memory processing, undergoes
both structural and physiological changes with advancing age, both in healthy as well as in
pathological states such as mild cognitive impairment and Alzheimer’s disease (Celone et al.,
2006; Buckner et al., 2005; Dickerson et al., 2004). The majority of neuroimaging studies
investigating the effect of aging on hippocampal function during episodic memory show
relatively decreased activity in healthy older participants when compared to younger
participants during both the encoding and retrieval of neutral items (Daselaar, Fleck, Dobbins,
Madden, & Cabeza, 2006; Dennis, Daselaar, & Cabeza, 2006; Grady, MclIntosh, & Craik,
2005; Cabeza et al., 2004; Daselaar, Veltman, Rombouts, Raaijmakers, & Jonkers, 2003;
Grady, Mclntosh, Rajah, Beig, & Craik, 1999).

Studies related to the effect of aging on emotional information processing show results ranging
from decreased activity in the amygdala and the hippocampus during the perceptual processing
of aversive stimuli (Tessitore et al., 2005; Mather et al., 2004; Gunning-Dixon et al., 2003;
lidaka et al., 2002), to comparable levels of amygdala activity across the life span (St.Jacques,
Dolcos, & Cabeza 2008; Wright, Wedig, Williams, Rauch, & Alberts, 2006), and increased
amygdala activity for positive stimuli (Mather et al., 2004). At the structural level, whereas
morphometric studies using high-resolution structural MRI techniques show significant age-
related decreases in hippocampal volume, studies related to the effect of aging on structural
changes in the amygdala have either shown nonsignificant or mild volumetric shrinking with
normal aging (Wright et al., 2006; Allen, Bruss, Brown, & Damasio, 2005; Raz et al., 2004;
Good et al., 2001; Jernigan et al., 2001). In general, evidence thus far indicates age-related
functional and/or structural changes in brain regions underlying emotional memory.

Studies have also found that older participants tend to activate the prefrontal (both ventrolateral
and dorsolateral) cortex to a greater extent than young participants during episodic memory.
This has been posited as a compensatory shift in processing to overcome a deficit in
hippocampal function (Grady et al., 2005; Cabeza et al., 2004). The support for a compensatory
role of prefrontal cortices also comes from studies that explored correlations between neural
activity and performance as well as functional connectivity between the hippocampus and the
prefrontal cortices. Grady, Bernstein, Beig, and Siegenthaler (2002) and Grady et al. (1995)
showed that dorsolateral prefrontal cortex (DLPFC) activity in older adults significantly
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predicted retrieval performance, whereas in younger participants this behavior was predicted
primarily by hippocampal activity. Functional connectivity approaches further support a
compensatory role of the DLPFC by illustrating greater connectivity between the hippocampus
and the DLPFC in older participants compared to younger participants during both the encoding
and retrieval phases (Daselaar et al., 2006; Gutchess et al., 2005; Grady, Mclintosh, & Craik,
2003; Cabezaetal., 1997). It should be noted that these age-related neurophysiological changes
were observed for memory of items with neutral content, and whether a similar mechanism
extends to emotional memory as well is yet to be explored.

Although there is growing evidence related to the effect of advancing age on emotional memory
at the behavioral level as well as morphometric and functional changes in the neural structures
underlying this cognitive process (vide supra), to date, the effect of advancing age on functional
activation and connectivity of the brain regions within this network during both memory
encoding as well as retrieval has been relatively unexplored. To this end, in the current study
we investigated age-related differences in both the behavior and neural circuitry of declarative
memory using neutral and aversive stimuli. Based on evidence from prior behavioral and
neuroimaging studies of healthy aging (vide supra), we make the following hypotheses: (1)
older participants will show decreased memory performance compared to younger participants;
(2) similar to younger participants and consistent with prior behavioral reports related to the
effect of aging on emotional memory (Kensinger, 2008; Denburg et al., 2003; Kensinger,
Brierley, Medford, Growdon, & Corkin, 2002), older participants will maintain better memory
for highly arousing, aversive stimuli; (3) older participants will show decreased activation and
altered functional connectivity between regions critical to emotional memory processing
including the hippocampus and the amygdala in response to aversive stimuli; and (4) older
participants will engage in alternative strategies such as greater DLPFC recruitment and greater
functional coupling between the amygdala and the DLPFC to maintain better memory for
aversive stimuli. To test these hypotheses, we will (1) compare recognition performance for
aversive and neutral pictures between older and younger participants; (2) compare
hippocampal, amygdalar, and prefrontal activity during encoding and retrieval of both neutral
and aversive stimuli between young and older participants; (3) evaluate the effects of aging on
the difference in neural response between aversive and neutral stimuli; (4) assess functional
coupling of the hippocampus with the other regions posited to play a role in emotional
processing, namely, the amygdala and the DLPFC; and (5) assess the relationship between age-
related differences in performance and changes in functional activation and connectivity of the
key regions within this network.

METHODS

Participants

Thirty young healthy volunteers [mean age + standard deviation (SD) = 25.6 + 3.5 years] and
30 older healthy volunteers (mean age + SD = 61.2 £ 4.6 years) who had undergone extensive
clinical evaluations participated in this study. Recruitment evaluation included a complete
history and physical examination, a detailed neurological exam, the Structured Clinical
Interview for DSM-1V (SCID; First, Spitzer, Gibbon, & Williams, 1994), WAIS-R, a
neuropsychological assessment, and a clinical brain MRI scan. Exclusion criteria included a
current or past history of neurological or psychiatric disorders, medical treatment pertaining
to cerebral metabolism or blood flow, or history of drug abuse. The two groups were matched
for handedness (25 right-handers in each group as measured by the Edinburgh Handedness
Inventory; Oldfield, 1971), sex (16 men in each group), race (29 Caucasians, 1 Asian in each
group), and intelligence quotient (1Q) [obtained using the Weschler Adult Intelligence Scale;
older group, mean + SD = 116 + 8.1; younggroup, mean + SD = 116.0 + 7.4;F(1,59) =
0.08,p = .78]. Older participants also underwent a thorough neuropsychological assessment to
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evaluate cognitive status and exclude pathologic cognitive decline (see Table 1). A secondary
analysis was performed in participants that were also matched for performance in addition to
the above demographics across both groups. This analysis consisted of 32 participants (16
young and 16 older) from the original 60 that were matched for sex (8 men in each group),
handedness (13 right-handers in each group), race (1 Asian in each group), and 1Q [older group,
mean + SD = 117.9 £ 7.2; young group, mean = SD = 116.0 = 7.5;F(1, 31) = 0.55; p = .46].

All participants underwent fMRI while performing an incidental encoding and memory
retrieval task. All participants gave written informed consent, which was approved by the
National Institute of Mental Health Institutional Review Board.

Experimental Paradigm

Each participant underwent BOLD fMRI during the encoding and retrieval of aversive and
neutral scenes selected from the International Affective Picture System (Lang, Bradley, &
Cuthbert, 2005). For both the encoding and retrieval sessions, the scenes were presented in a
blocked fashion with two blocks of aversive/neutral scenes alternating with blocks of resting
state. During experimental blocks, six scenes of similar valence (neutral or aversive) were
presented serially to participants for 3 sec each. A Student’s t test revealed that the selected
aversive scenes were rated significantly less pleasant and more arousing than the selected
neutral scenes as determined by standardized ratings described in Lang et al. (2005) [pleasure
(mean + SD; aversive = 3.1 £ 0.9; neutral =5.8 + 1.1); arousal (mean £ SD; aversive =5.9.1
+ 0.7; neutral = 3.03 £ 0.8); p < .0001 for each measure]. In a recent study, Backs, da Silva,
and Han (2005) reported that there was no significant difference in the ratings of older
participants (mean age + SD: 66.3 + 5.6 years) compared to younger participants (mean age +
SD: 20.0 £ 2.3 years) when rating for negatively valenced stimuli from the International
Affective Picture System picture set obtained by Lang et al. (2005). During resting blocks,
participants were asked to attend to a fixation cross presented in the center of the screen for 18
sec. These fixation blocks were treated as a baseline in the fMRI analyses. During the encoding
session, participants were instructed to determine whether each picture depicted an “indoor”
or “outdoor” scene. During the retrieval session, participants were instructed to determine
whether the scene presented was seen during the encoding session; the participants were
instructed to press the right button for scenes seen before during the encoding session (i.e.,
“old”) or press the left button for scenes not seen during the encoding session (i.e., “new”). In
each retrieval session, half the scenes were old (i.e., presented during the encoding session),
whereas the other half were new (i.e., not presented during the encoding session). Each session
(encoding or retrieval) consisted of 17 blocks (four aversive, four neutral, and nine rest
conditions). Participants completed the entire encoding session before beginning the retrieval
session after a brief delay (about 2 min). Before each session, participants were given verbal
instructions, and each run was preceded by a brief 2-sec instruction screen with a total scan
time of 5 min 40 sec. For the encoding session, the presentation of “indoor” and “outdoor”
scenes, and for the retrieval session, the presentation of “old” and “new” scenes, was
counterbalanced within each block. In addition, the presentation order of aversive and neutral
blocks was counterbalanced across participants. All participants responded with button presses
using their dominant hand. Behavioral accuracy and RTs were recorded. This task has been
shown to reliably engage the hippocampus as well as inferotemporal, parietal, and frontal
cortices in healthy volunteers (Bertolino et al., 2006; Meyer-Lindenberg et al., 2006; Hariri et
al., 2003).

fMRI Acquisition

BOLD fMRI was performed on a General Electric 3-Tesla Signa scanner (Milwaukee, WI)
using a gradient-echo, echo-planar imaging sequence. Twenty-four axial slices covering the
whole cerebrum and the majority of the cerebellum were acquired in an interleaved sequence

J Cogn Neurosci. Author manuscript; available in PMC 2010 April 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 5

with 4 mm thickness and a 1-mm gap (TR/TE = 2000/ 28 msec, FOV = 24 cm, matrix = 64 *
64). Scanning parameters were selected to optimize the quality of the BOLD signal while
maintaining a sufficient number of slices to acquire whole-brain data.

Data Analysis

Behavioral Analysis—One-way factorial analyses of variance (ANOVAs) were performed
on the behavioral data to explore the effects of age and stimulus valence on accuracy (ACC)
and RT for both encoding and retrieval sessions. Two-way ANOVAs were also performed to
assess an Age by Valence interaction on these measures. Statistical thresholds for significance
were set at p <.05.

Functional Imaging Analysis—Image analysis was completed using SPM2
(www.fil.ion.ucl.ac.uk/spm). For each session (encoding and retrieval), subsequent images
were realigned to the first image in the series to correct for head motion. These images were
then spatially normalized to the MNI template using a fourth degree B-spline interpolation.
Then the images were smoothed using an isotropic 8-mm3 full-width half-maximum kernel.
Each individual dataset was then carefully screened for data quality using a variety of
parameters including visual inspection for image artifacts, estimating indices for ghosting
artifacts, signal-to-noise ratio across the time series, signal variance across individual sessions,
and head motion (data from participants with head motion greater than 3 mm and/or head
rotation greater than 2° were excluded).

For both the encoding and retrieval sessions, fMRI responses were modeled using the General
Linear Model (GLM) with a canonical hemodynamic response function convolved to a boxcar
function for the length of the block, normalized to the global signal across the whole brain, and
temporally filtered to remove low-frequency signals (<84 Hz). Regressors were modeled for
conditions of interest (for encoding session: aversive encoding and neutral encoding; for
retrieval session: aversive retrieval and neutral retrieval) as well as six head motion regressors
of no interest. Using this GLM model, individual t contrast maps were generated for contrasts
of interest: aversive encoding > baseline, neutral encoding > baseline, aversive encoding >
neutral encoding, aversive retrieval > baseline, neutral retrieval > baseline, and aversive
retrieval > neutral retrieval.

Second-level random effects analyses were performed using one-sample t tests to explore the
main effect of task for the encoding aversive, encoding neutral, retrieval aversive, and retrieval
neutral conditions. For the encoding session, the t contrast option under an ANOVA in SPM2
was performed to assess the main effect of stimulus valence [(older aversive + young aversive)
> (older neutral + young neutral)], the effect of age [(young aversive +young neutral) > (older
aversive + older neutral) and (older aversive + older neutral) > (young aversive + young
neutral)], and the effect of Age by Valence [young (aversive > neutral) > older (aversive >
neutral); older (aversive > neutral) > young (aversive > neutral)]. For the retrieval session, to
control for a significant difference in performance, the t contrast option under an analysis of
covariance (ANCOVAS) in SPM2 using ACC and RT as covariates of no interest was
performed to assess the effect of stimulus valence, the effect of age, and an effect of Age by
Valence. All above ANOVAs were inclusively masked with conjunction maps of the effect of
interest at p < .05, uncorrected.

Given the strong evidence for an important role of the amygdala during emotional memory
processing (Dolcos, LaBar, & Cabeza, 2004b, 2005), a measure of functional connectivity was
estimated to assess for residual brain connectivity between the amygdala and other brain
regions after adjusting for task-related activity (Bertolino et al., 2006; Pezawas et al., 2005;
Meyer-Lindenberg et al., 2001). This measure quantifies the covariation of neural activity
between median activity (after mean signal and drift correction) of a seed in the amygdala and
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the rest of the voxels in the brain across the time series. Seed regions in the amygdala were
constructed using a two-step process. First, a mask of significantly active voxels (p < .05, FDR-
corrected) for the main effect of task was created separately for encoding and retrieval sessions
across all participants. Then, seeds were constructed by determining each individual’s
functionally active voxels (p < .05) within the above mask. Following this, individual
connectivity maps (covariance maps) were created by correlating the time series of the
amygdala with the time series of the voxels in the rest of the brain. Error, namely, the residual
term in the GLM model, was used after adjusting for task effects and confounds (e.g., global
signal and realignment parameters) to estimate functional coupling across brain regions (see
Caclin & Fonlupt, 2006; Pezawas et al., 2005 for more details on this approach). Functional
coupling estimated in this manner is thought to reflect the inherent connectivity between brain
regions rather than correlations mediated by the task. This analysis was performed separately
for both the encoding and retrieval sessions.

To assess correlations between functional data and behavior, simple regressions were
performed using individual participant’s first-level contrast maps from the GLM and accuracy.
For behavior—functional connectivity correlations, each individual’s connectivity values were
normalized to the sample of the mean using a Fisher r to z transform before entering into the
regression. Estimates of the weighted beta parameters and functional connectivity values were
extracted from significant voxels (p < .05, uncorrected) within ROIs using MARSBAR toolbox
(http://marsbar.sourceforge.net) and exported into STATISTICA 6 (www.statsoft.com) to
calculate Pearson’s r for one-tailed analysis.

Statistical thresholds for all imaging analyses were set at p < .005 (uncorrected) within
anatomical ROIs (see below) and p < .001 for all other regions. Results that survived p < .05,
corrected for multiple comparisons (FDR-corrected, as described by Genovese, Lazar, &
Nichols, 2002) are indicated within tables. All reported data were held to a cluster extent
threshold of k > 5.

Given prior evidence of age-related changes in the circuits underlying episodic memory, ROIs
of the hippo-campal formation (hippocampus/parahippocampus) and the amygdala were
created using the Wake Forest University PICKATLAS.

Behavioral Results

During the encoding session, both older and young participants performed well with accuracy
(young: ACC £SD =90.9 £7.9; older: ACC + SD = 86.8 + 9.7) (Figure 1). Although there
was a significant difference [F(1, 59) = 6.6, p < .02] with young adults discriminating better
than older adults, it should be noted that this was an incidental encoding task and the
discrimination of indoor versus outdoor scenes was built into the task primarily to ensure that
the participants were attending to the presented stimuli. There was no significant interaction
between age and valence on encoding ACC [F(1, 58) = 3.5, p > .05]. There was a significant
effect of valence with RTs for aversive stimuli being longer than for neutral stimuli [neutral:
RT +£SD = 1266 + 128; aversive: RT £ SD = 1576 + 182; F(1, 59) = 116.0, p < .001]. Although
not significant, older adults tended to have longer RTs [young: RT £ SD = 1387+ 214 msec;
older: RT £ SD = 1455 + 224 msec; F(1, 59) = 2.875, p = .09]. There was no significant
interaction between age and valence [F(1, 58) = 1.2, p > .28].

During the retrieval session, younger participants performed significantly better with greater
accuracy [F(1, 59) = 14.2, p <.001] and faster RT [F(1, 59) = 21.7, p <.001] when compared
to the older participants for both aversive and neutral stimuli (young: ACC £ SD =91.1+ 7.9,
RT £ SD = 1421 + 129 msec; older: ACC + SD =85.4 £ 9.2, RT + SD = 1544 + 159 msec). In
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both groups, recollection accuracy for aversive scenes was greater than for neutral scenes [F
(1,59) = 10.6, p <.002]; there was no difference in RT [F(1, 59) = 0.4, p = .33; neutral: ACC
+SD =87.2+9.1, RT £ SD = 1565 * 168 msec; aversive: ACC £ SD =94.1 £ 6.6, RT + SD
= 1416 * 139 msec]. There was no significant Age x Stimulus valence interaction between age
groups and stimulus valence for either ACC or RT [ACC: F(1, 58) = 0.7, p = .40; RT: F(1, 58)
=0.9,p=.33].

Imaging Results

Effect of Task [Older Aversive + Older Neutral + Young Aversive + Young Neutral
> Rest]—Consistent with previous studies (Hariri et al., 2003; Schacter & Wagner, 1999),
significant task-related activity was seen bilaterally in the hippocampal formation, the
amygdala, the DLPFC (BA 46, 11, 30), the ventrolateral prefrontal cortex (VLPFC; BA 47,
45), the medial frontal cortex (BA 8), the visual cortices (BA 17, 18, 19), the parietal cortex
(BA 7, 9), the basal ganglia and thalamus, and the right premotor/motor cortices (BA 4, 6)
during the encoding session as well as the retrieval session for both aversive and neutral scenes.

Effect of Valence [(Older Aversive + Young Aversive) > (Older Neutral + Young
Neutral)]—To investigate the effects of stimulus valence on the neural circuitry of simple
declarative memory, aversive conditions were contrasted to the neutral conditions for both
encoding and retrieval sessions (Table 2). This analysis revealed significantly greater activity
in the amygdala bilaterally and the right hippocampus for aversive scenes when compared to
neutral scenes during both the encoding and retrieval.

Effect of Age [(Young Aversive + Young Neutral) > (Older Aversive + Older
Neutral); (Older Aversive + Older Neutral) > (Young Aversive + Young Neutral)]
—To investigate age-related changes in activity related to memory encoding and retrieval,
functional activation maps for the encoding and retrieval sessions (including both aversive and
neutral stimuli) were contrasted between the older and the young participants (Table 3A and
B; Figure 2). During the encoding session, younger participants showed significantly greater
activity bilaterally in the amygdala, the hippocampus, and the fusiform gyrus, whereas older
participants showed significantly greater activity bilaterally in the parietal (BA 40, 7) and
frontal cortices (BA 10, 11, 45, 46).

Similarly, during the retrieval session, there was significantly greater activity in the
hippocampus, the amygdala, and the caudate bilaterally in the younger participants when
compared to the older participants (Figure 2). In contrast, older participants showed greater
activity bilaterally in the frontal (BA 6, 9, 44, 45) and parietal cortices (BA 7, 40) when
compared to the younger participants.

To ensure that the above findings were not driven by recognition accuracy differences between
the two groups, we selected participants from each group that were matched for recognition
accuracy as well as demographics [recognition accuracy (mean = SD): older =91.3 £ 4.8, young
=91.8+1.9; F(1,31)=.15,p=.70]. This analysis revealed similar results. During the encoding
session, younger participants showed greater activity in the hippocampus and the amygdala
during the encoding of scenes, whereas older participants showed greater activity compared
to younger participants in prefrontal cortices (BA 6, 10, 11, 46), parietal cortices (BA 40), and
regions in the ventral visual stream. During the retrieval session, similar to the encoding
session, younger participants showed relatively greater activity in the hippocampus and the
amygdala when compared to older participants (Table 4A and B). Again, older participants
showed greater activity than younger participants in the parietal cortex (40), frontal cortices
(BA 6), and brain regions in the ventral stream.
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Effect of Valence on Age [Young (Aversive > Neutral) > Older (Aversive >
Neutral); Older (Aversive > Neutral) > Young (Aversive > Neutral)]—To characterize
the effect of valence on age-related changes in memory, contrasts for the encoding and retrieval
of aversive and neutral stimuli were compared between the full sample of young and older
participants. During the encoding sessions, no significant clusters were seen in the young >
older contrast, however, the reverse contrast [older (aversive > neutral) > young (aversive >
neutral)] revealed a significant cluster in the left DLPFC (BA 10; Table 5). During the retrieval
sessions, significant clusters were found in the left amygdala as well as a trend for significance
in the left hippocampus ( p = .018, uncorrected; x = —27, y = —27, z = —15, k =5) that showed
greater valence (aversive > neutral) related activity in the younger participants when compared
to the older participants (Figure 3A; Table 5). Of note, both of these regions overlap with
regions that were significant in the retrieval contrasts between young and older participants.
The reverse contrast in the retrieval session [older (aversive > neutral) > young (aversive >
neutral)] revealed significant activation in the right DLPFC (BA 45, 46; Figure 3B), the left
parietal cortex (BA 7), and the cingulate cortex (BA 32, 34; Table 5).

Functional Connectivity: Functional connectivity between activity in the amygdala and other
brain areas, particularly the hippocampus and the DLPFC, was assessed in both groups during
the encoding and retrieval sessions. During the encoding session, greater functional coupling
was seen between the DLPFC and the amygdala in older participants when compared to young
participants (BA 47; right: x =38,y =15,z =-11, k=43; left: x=-38,y=19,z=-11, k =
53). Onthe reverse contrast (younger participants > older participants), although the differences
did not reach the statistical threshold, there was a trend for significance toward greater
functional coupling between the amygdala and the hippocampus (left: p =.02; x =23,y =
—19,z =-15, k =5; right: p =.02; x =27,y =23, z = —15, k = 13) in the younger participants.
During retrieval, significantly greater functional coupling was seen between the amygdala and
the hippocampus in younger participants (right: x = 30, y = —15,z = —11, k = 20), and greater
coupling between the amygdala and DLPFC regions in the older participants (BA 47/11; right:
x=59,y=19,2=0, k = 35).

Brain-Behavior Correlations—To assess which brain regions during encoding were
important in predicting recognition accuracy, simple regressions were performed between each
individual’sencoding activation maps and their recognition accuracy. This analysis revealed a
significant positive correlation between amygdala activation and performance during
recognition (r = .34; x = —19,y = -1, z = -16, k = 6). Most importantly, increased coupling
between the amygdala and the hippocampus during the encoding session predicted better
recognition performance (right: r =.41; x = 23,y =30, z = —4, k = 33; Figure 4). Correlations
between performance and the strength of the functional coupling between the right
hippocampus and the amygdala were statistically significant within each group, however, no
significant differences were seen between groups.

A significant correlation was also found between activity in the right DLPFC during encoding
(r=.34;x=57,y=23,z=230, k =11) and recognition performance. Interestingly, further
analyses revealed that the effect size of this correlation, as determined by Cohen’s d, was larger
in older participants (r = .37, medium effect size) than in younger participants (r = .15, small
effect size). No significant brain—behavior correlations were seen between activity during
retrieval and recognition performance. Furthermore, no significant differences were seen in
the correlations above when divided by stimulus valence.

DISCUSSION

The results from this study provide further evidence for differences both at the level of behavior
and brain activation between older and young participants during a declarative memory task
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with aversive and neutral stimuli. Although older participants performed relatively worse with
decreased accuracy on scene recognition when compared to younger participants, similar to
the younger participants, they maintained relatively higher accuracy scores for aversive stimuli
when compared to neutral stimuli. Consistent with prior reports (Grady et al., 2005; Cabeza et
al., 2004), our functional imaging data revealed relatively decreased hippocampal activity and
increased DLPFC activity in the older participants during both the encoding and retrieval of
both neutral and aversive scenes when compared to the younger participants. In addition,
connectivity analyses revealed significantly decreased coupling between the amygdala and the
hippocampus during the retrieval phase, and greater coupling between the amygdala and the
DLPFC during both encoding as well as retrieval phases in older participants when compared
to younger participants. Across all participants, correlation analysis revealed that the degree
of activity in the amygdala and the DLPFC, and functional coupling between the amygdala
and the hippocampus during encoding, correlated positively with recognition performance.
Furthermore, during retrieval of aversive stimuli compared to neutral stimuli, younger
participants presented with greater amygdala activity to aversive stimuli when compared to the
older participants, whereas the older participants presented with greater DLPFC activity when
compared to the younger participants. In summary, this study, although reconfirming age-
related changes in the performance and activity of the brain regions’ underlying simple
declarative memory, also addresses age-related alterations in the connectivity of brain regions
underlying simple declarative memory for neutral and aversive stimuli.

Age-related Changes in Declarative Memory Performance and Circuitry

In line with recent neuroimaging studies (Dennis et al., 2006; Cabeza et al., 1997), our data
revealed relatively decreased engagement of the hippocampus during both encoding and
retrieval sessions in the older participants. In contrast, older participants showed increased
activity in the parietal and frontal cortices, supporting a notion for increased cortical
recruitment in older participants during declarative memory tasks as proposed by Grady etal.
(2005). There was also greater coupling between the DLPFC, the VLPFC, and the amygdala
in older participants during the encoding and retrieval of scenes, providing further support for
an alternative strategy or a compensatory mechanism in the older participants to maintain
performance.

Age-related Changes in the Encoding of Aversive Stimuli

The analyses of age-related changes in the encoding of aversive stimuli compared to neutral
stimuli showed significantly greater DLPFC activity in the older participants in contrast to the
younger participants. These findings are in line with prior reports related to aversive emotion
perception in older participants, which suggest recruitment of an extended network of brain
regions including the parietal and frontal cortices in older participants (Tessitore et al., 2005;
Gunning-Dixon et al., 2003; lidaka et al., 2002). Regression analyses revealed that activation
in the amygdala and amygdala—hippocampus coupling during encoding correlated positively
with subsequent scene recognition performance across the whole sample. These findings are
consistent with those reported previously for successful encoding of aversive stimuli (Dolcos
et al., 2004b). Interestingly, DLPFC activation during encoding also predicted retrieval
performance, and this dependence on prefrontal systems for successful encoding was greater
in older participants. In addition, in contrast to the tendency for relatively greater coupling
between the amygdala and the hippocampus in young participants, there was greater functional
coupling between the DLPFC and the amygdala in older participants. Taken together, these
findings suggest a reorganization of the functional networks underlying picture encoding to
compensate for the relatively decreased function of the amygdala and the hippocampus with
advancing age.
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Age-related Changes in the Recognition of Aversive Stimuli

Although the analysis of behavioral data revealed impairment in overall memory recognition
with advancing age, both older and young participants showed higher recognition rates for
aversive stimuli when compared to neutral stimuli. Consistent with recent behavioral studies
(Denburg et al., 2003; Kensinger et al., 2002), these findings suggest that similar to what has
been shown in younger participants, the aversive content of the stimulus tends to enhance
subsequent recollection performance in older participants as well, even in the presence of age-
related decreases in simple declarative memory.

Although both groups showed relatively better performance in the retrieval of aversive stimuli
when compared to neutral stimuli, the functional imaging data suggest that the young and older
participants use different neural circuitry to mediate this effect. Younger participants showed
greater valence-mediated (aversive > neutral) activity in the amygdala and the hippocampus,
and greater coupling between these two brain regions during scene retrieval when compared
to older participants, whereas the older participants presented with greater DLPFC and parietal
cortical activity and greater coupling between the DLPFC and the amygdala when compared
to younger participants. The strength of the functional connectivity between the hippocampus
and the amygdala has been proposed to reflect enhancement of recollection and reconsolidation
processes in the hippocampus (Smith et al., 2006). However, given the decline of function
within the amygdala with advancing age (Tessitore et al., 2005; Mather et al., 2004; Gunning-
Dixon et al., 2003; lidaka et al., 2002), it is likely that the preservation of emotional memory
with advancing age is mediated by compensatory DLPFC activity. Findings of greater
prefrontal recruitment in older participants during recognition processes have been seen during
simple declarative memory of information with neutral content (e.g., Grady et al., 2005; Cabeza
et al., 2004). Our data suggest that older participants use similar mechanisms to increase
retrieval success in recollection of aversive memory as well.

Age-related Changes in Prefrontal Activity during Emotional Memory

Limitations

Given the findings of this study, we suggest a compensatory role for the DLPFC in older adults
during declarative memory for aversive scenes, which may explain the relatively better
memory for aversive stimuli than for neutral stimuli despite a decreased function in the
amygdala and the hippocampus with advancing age. This notion is further supported by our
regression and functional connectivity analyses, which revealed greater recruitment of the
DLPFC in older participants during both encoding and retrieval sessions in comparison to the
younger participants who show greater activity and connectivity in the amygdala and
hippocampal formation. An alternative interpretation of these findings would be that the
relatively greater DLPFC engagement during memory of aversive stimuli in older adults could
reflect increased top—down modulation of limbic activity to aversive stimuli. This could
support a theory of greater emotional stability and regulation in older adults which is supported
by both behavioral and neuroimaging studies (Williams et al., 2006; Mather & Carstensen,
2005), reflecting older participants’ dampened emotional response to aversive stimuli.
However, whether these changes reflect a compensatory mechanism or enhanced top—down
modulation of the limbic system in the older participants could not be discerned in the current
study. Future studies using event-related designs and effective connectivity analysis
approaches could better delineate these mechanisms.

Some aspects of our current experimental design limited the scope and interpretation of our
data. Although blocked-design paradigms provide reliable and robust activations of functional
networks, they are not amenable to exploring the neurobiology underlying successful versus
unsuccessful encoding and recognition. This limitation of the block-design approach, wherein
both old and novel stimuli were interspersed within the same block, may explain one of the
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negative findings in our study, that is, a lack of correlation between recognition accuracy and
strength of coupling between the hippocampus and the amygdala, which is in contrast to the
observations of Dolcos et al. (2005), who used an event-related approach.

Also, in the current study, individual ratings of the stimuli by participants were not assessed,
and therefore, a direct comparison of subjective ratings across older and young participants
could not be performed. However, prior evidence suggests that there is no significant difference
in the ratings of negative scenes between young and older adults (Backs et al., 2005).
Furthermore, in the current study, age-related differences between arousal and valence could
not be assessed as the two factors were collinear. Because recent studies have shown differential
neural recruitment in the processing of these two factors (activity and connectivity between
the medial-temporal lobe and the DLPFC) (Dolcos, LaBar, & Cabeza, 2004a; Kensinger &
Corkin, 2004), investigating the effect of these factors independent of each other on age-related
changes in emotional memory may be more informative.

Another shortcoming of our study is that we did not have structural imaging data in the older
participants to explore the effect of age-related structural changes on the above-mentioned
functional and behavioral processes. Structural imaging studies have generally shown age-
related decreases in the volume and integrity of brain regions, particularly the hippocampal
formation and the DLPFC, with increasing age (Schiltz et al., 2006; Raz, Gunning-Dixon,
Head, Dupuis, & Acker, 1998). Although we and other groups have noted decreased
hippocampal activity, we also observed increased DLPFC, , VLPFC, and parietal cortical
activity. In addition, we also observed valence-related changes in activity of these brain regions
as well as age-related alterations in the functional coupling of these brain regions with the
amygdala. Therefore, it is unlikely that the above-mentioned age-related changes in activity
of brain regions underlying simple declarative memory could be an artifact driven by age-
related structural changes.

In summary, our findings support results from prior studies for a decline in simple declarative
memory function with advancing age. Imaging data revealed decreased function in regions key
to memory formation including the amygdala and the hippocampus with advancing age. Older
participants, however, showed greater engagement of the DLPFC and parietal cortices during
both memory encoding and retrieval, possibly providing a compensatory mechanism to
maintain performance. In addition to characterizing age-related alterations in the activity and
connectivity of brain regions underlying simple declarative memory, our findings also offer
insight into how stimuli with aversive valence and high arousal can differentially modulate
memory encoding and retrieval processes. The results from this study, while adding to evidence
that normal aging is associated with a decline in simple declarative memory, also suggests that
memory for aversive stimuli is relatively better preserved than for neutral stimuli.
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Figure 1.

Significantly lower performance as measured by RT and accuracy was seen in older
participants when compared to the young participants. Aversive scene content increased
subsequent recognition accuracy in both the young and older groups. Charts above depict RT
(mean * standard error) and ACC (% correct + standard error) during scene recognition (*p

<.001).
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Figure 2.

Statistical parametric maps showing greater activity during retrieval in younger participants
when compared to older participants in the hippocampal formation bilaterally ( p < .05, FDR-
corrected). Age-related differences in activity are illustrated on coronal slices (left) and the
sagittal slice (right) with respective statistical threshold (see color bar with t scores for
reference). The numbers above the coronal slices and below the sagittal slice indicate the
Talairach coordinate of the coronal planes and the sagittal plane of section, respectively.
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Figure 3.

Effect of aversive stimuli on fMRI activity during emotional memory retrieval. t Maps of the
contrast aversive > neutral were compared between older and young participants. (A) The left
amygdala showed greater emotional activity in young participants as revealed by the greater
effect size in this group (right). (B) A region in the DLPFC (middle frontal gyrus; depicted on
the left with color bar of t scores) showed greater activity in older participants as seen in the
effect size plots for each group (right). Beta-parameter estimates of the size of effect were
calculated in voxels activated within an ROl showing an Age by Valence interaction during
emotion processing ( p < .05).
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Functional coupling during scene encoding between the amygdala and a cluster in the right
posterior hippocampal formation (illustrated in the bottom right) significantly correlated with
accuracy during the retrieval session (p < .001, r = .42, x =23,y =-30, z = -4; all
participants:p <.001, r = .41; older: p <.02; r = .41; younger: p < .05, r =.36). This regression
reveals a positive relationship between the degree of coupling between these two limbic regions
and behavioral performance. Older participants are represented in blue, whereas young
participants are represented in pink. Correlation values are reported as normalized Pearson’s
I scores.
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Neuropsychology/Neurological Test M (SD) n
Cognitive Status

Mini-Mental State Examination (MMSE) 30.0 (0.2)2 22
Executive Composite

Trail Making Test B (sec) 72.1 (30.6)° 30
Word Fluency Test 485 (11.9)° 29
Category Fluency Test 54.3 (11.1)¢ 29
Letter and Number Sequencing 11.9 (2.4)b 30
WAIS-IQ 116.6 (8.1)° 30
Memory Composite

WMS-R Logical Memory Immediate Recall 12.4 (2.6) 26
WMS-R Logical Memory Delayed Recall 13.8 (2.5)¢ 26
Processing Seed Composite

Trail Making Test A (sec) 32.2 (13.6)° 30

a22 participants.
b -

30 participants.
C -

29 participants.

d27 participants.
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