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Understanding how and why affective responses change with age is central to characterizing typical and
atypical emotional development. Prior work has emphasized the role of the amygdala and prefrontal
cortex (PFC), which show age-related changes in function and connectivity. However, developmental
neuroimaging research has only recently begun to unpack whether age effects in the amygdala and PFC
are specific to affective stimuli or may be found for neutral stimuli as well, a possibility that would
support a general, rather than affect-specific, account of amygdala-PFC development. To examine this,
112 individuals ranging from 6 to 23 years of age viewed aversive and neutral images while undergoing
fMRI scanning. Across age, participants reported more negative affect and showed greater amygdala
Prefrontal cortex responses for aversive than neutral stimuli. However, children were generally more sensitive to both
Amygdala neutral and aversive stimuli, as indexed by affective reports and amygdala responses. At the same time,
fMRI the transition from childhood to adolescence was marked by a ventral-to-dorsal shift in medial prefrontal
responses to aversive, but not neutral, stimuli. Given the role that dmPFC plays in executive control and
higher-level representations of emotion, these results suggest that adolescence is characterized by a shift

towards representing emotional events in increasingly cognitive terms.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Current neurodevelopmental models posit that changes in
amygdala and prefrontal function - or in their connectivity (Casey,
2015) - underlie changes in affective responding in childhood and
adolescence (Casey et al., 2008; Ernst et al., 2006). Such models are
bolstered by a rich body of animal work demonstrating develop-
mental changes in prefrontal-amygdala dynamics (Bouwmeester
et al., 2002a,b; McCallum et al., 2010; Pattwell et al., 2012), as well
as extensive adult neuroimaging research linking the amygdala and
prefrontal cortex to a host of emotional processes (Buhle et al.,

* Corresponding author at: Department of Psychology, University of California,
Los Angeles, 1285 Franz Hall, Box 951563, Los Angeles, CA 90095, United States.
** Corresponding author.
E-mail addresses: silvers@ucla.edu (J.A. Silvers), Ochsner@psych.columbia.edu
(K.N. Ochsner).

http://dx.doi.org/10.1016/j.dcn.2016.06.005

2014; Costafreda et al., 2008; Kober et al., 2008). However, there
is also emerging evidence that the amygdala does not exclusively
respond to aversive, or even affective stimuli (Cunningham and
Brosch, 2012). As such, it is possible that developmental changes
in amygdala and prefrontal function are related not only to emo-
tional development, but also to a broader set of developmental
processes (e.g., salience processing, social appraisals) (Pfeifer and
Blakemore, 2012; van den Bulk et al., 2013). The present study
sought to examine two non-competing possibilities for how amyg-
dala and prefrontal function relate to general and affect-specific
changes in development.

The first possibility was that age would predict general changes
in the way individuals respond to both negative affective and neu-
tral stimuli. Specifically, it was hypothesized that age would be
associated with diminished engagement of subcortical systems like
the amygdala which has been broadly implicated in responding
to motivationally salient (Cunningham and Brosch, 2012), intense
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(Anderson et al., 2003), and emotion-eliciting — both positive and
negative (Breiter et al., 1996) - stimuli (Costafreda et al., 2008).
A sizeable body of neuroimaging work suggests that amygdala
responses to aversive stimuli including fearful faces and emo-
tionally evocative scenes are elevated in childhood (Gee et al.,
2013; Silvers et al., 2015) and adolescence (Guyer et al., 2008;
Hare et al., 2008; Monk et al., 2003; Passarotti et al., 2009) and

Table 1
Age-independent effects of stimulus valence on brain recruitment.

MNI Coordinates

Region Hemisphere # Voxels F X y z

Aversive > Neutral and Neutral > Aversive*
Aversive > Neutral:

. ; Temporoparietal R 10401 280.64 51 -63 6
decrease in adulthood. However, the evidence that age-related junction, middle
changes in amygdala responses are emotion-specific is more mixed occipital gyri
(Helfinstein and Casey, 2014). Indeed, neuroimaging studies have Inferior frontal R 199 4556 42 24 15
. . gyrus
revealed age-related decreases in amygdala resp'o.ndmg for neu- Inferior frontal R 217 6633 45 3 30
tral (Forbes et al., 2011; Thomas et al., 2001), positive (Vasa et al., gyrus
2011), or a combination of different types of stimuli (Hare et al., Inferior frontal R 205 5335 51 27 -3
2008; Swartz et al., 2014; Vink et al., 2014). This suggest that per- gyrus )
haps children interpret a broader variety of affective and neutral If‘r‘cf)’;rt‘a"l‘gi,rl‘? middle R 70 3776 54 15 39
stimuli as being salient or personally relevant than dg adults and Inferior frontal R 199 5358 54 33 6
thus show elevated amygdala responses for both aversive and non- gyrus
aversive stimuli. Among studies that have specifically examined Inferior frontal R 253 7979 57 18 27
age-related effects in the amygdala for aversive stimuli, most have gyrus
. L . Middle frontal R 234 8696 39 0 42
focused on contrasts between aversive stimuli and fixation (Gee ayrus
etal.,,2013), or, in th_e.case of our own work, on the effgcts pf Qiffer— Superior temporal R 309 6622 57  —45 15
ent regulatory conditions on responses to aversive stimuli (Silvers gyrus
etal,inpress; Silversetal.,2015). While such approaches are useful Superior temporal R 103 5630 45 45 15
for characterizing changes in amygdala function in affective con- gyrus )
hey do not address whether or not such age-related changes Temporoparietal - 1381 24806 —48 72 6
texts, t ey - . g g junction, middle
are unique to affective contexts. As such, this prior research leaves occipital gyri
open the possibility that the amygdala shows general, rather than Superior parietal R 142 4020 27 -72 33
negative affect-specific, age-related decreases in responding. L"b‘}fle R 285 26815 45 54 _is
The second possibility we sought to explore was whether age is Fasifor giﬁz R o s 45 o6 o
associated with dynamic changes in how medial prefrontal cortex Fusiform gyrus L 265 10682 -39 _51 _18
(mPFC) responds to negative affective stimuli. mPFC presents itself Cerebellum L 342 7221 -15 -78 -30
as a strong candidgte region for ;uch age—related char.lges for tYVO Neutral > Aversive:
reasons. The first is that converging evidence from animal studies Anterior insula R 133 7729 36 6 9
and neuroimaging work in adult humans has strongly implicated Mid insula R 75 2997 42 3 -9
mPFC in the top-down generation and regulation of emotion, both Posterior insula R 317 10053 51 -3 3
of which require relatively mature cognitive skills. Within mPFC, Posterior insula R 273 5696 39 ~15 12
. . . . Posterior insula R 168 51.38 42 -33 21
dorsal regions (dmPFC) appear to be preferentially involved in gen- Posterior insula R 99 3268 36 -24 3
erating fear responses (Etkin et al., 2011; Mechias et al., 2010; Hippocampus, L 192 7317  -30 -48 -3
Sotres-Bayon and Quirk, 2010), though they are also implicated parahippocampal
in top-down cognitive regulation of emotion (Buhle et al., 2014) gyrus
.. Hippocampus, R 62 49.88 33 —-42 -6
as well as mentalizing processes more generally (Denny et al., parahippocampal
2012; Van Overwalle and Baetens, 2009). Together, this suggests gyrus
that dmPFC supports abstract and conceptual representations of Parahippocampal L 71 3317 21 -33 -21
affective states (Ochsner and Gross, 2014; Satpute etal.,2013).Ven- gyrus.
tral mPFC (vmPFC) recruitment, by contrast, scales with perceived g;ii?ppocampal R 89 330727 36 18
valug Q—Iare etal.,2009; Kable and Glimcher, 2007), decreases under Parahippocampal R 195 5087 27 51 0
conditions of stress and threat (Mobbs et al., 2007; Wager et al., gyrus, fusiform
2009), and is strongly implicated in fear extinction (Diekhof et al., gyrus
2011; Milad et al., 2006; Quirk et al., 2006), suggesting it may play a Precentral gyrus R 496 7081 57 -9 12
. . . - Cuneus L 311 12417 -12 -69 21
key role in regulating the expression of affective responses based on Cuneus R 323 11279 12 57 6
contextual constraints (Ochsner and Gross, 2014; Roy et al., 2012). Cuneus R 421 10626 12 69 21
As such, while dmPFC and vmPFC play complementary roles in Cuneus L 316 10578 -6  -78 27
shaping affective experiences in adults, each contributes to con- Cuneus L 347 8714 -9 57 3
. . i alili Cuneus R 192 8141 9 -69 0
ceptgal and coptextual reprfesentatlons of. gmotlon, Thls ability to Cuneus L 229 7257 9 81 3
consider emotional events in more cognitive terms is central to Cuneus L 230 6863 -6 _87 18
mature emotion regulatory processes and is therefore likely to be Cuneus, cerebellum L 149 10393 -6 -72 -6
specifically related to changes in affective development. Cerebellum R 85 6256 9 -69 -9
A second reason to suspect that mPFC underlies negative affect- Cerebellum B 121 2670 -21 -57 -18
specific changes in development comes from prior work showing Aversive > Neutral
that mPFC responses to aversive stimuli change in striking ways Inferior frontal L 201 2903 54 15 24
T velopment (Cohen et al., 2016). With regar vmPFC, gyrus
ac.oss de e. op .e £ . ’ ) th regards to c Inferior frontal L 34 23.70 -54 15 33
prior neuroimaging studies have revealed that vmPFC responses to gyrus
aversive stimuli decrease during adolescence (McRae et al., 2012), Inferior frontal L 37 2353 48 3 33
and that functional connectivity between vmPFC and the amyg- gyrus

dalain response to aversive stimuli is initially positive but becomes
negative during the transition from childhood to adolescence (Gee
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