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Research on the neural systems underlying emotion
in animal models over the past two decades has impli-
cated the amygdala in fear and other emotional pro-
cesses. This work stimulated interest in pursuing the
brain mechanisms of emotion in humans. Here, we re-
view research on the role of the amygdala in emotional
processes in both animal models and humans. The
review is not exhaustive, but it highlights five major
research topics that illustrate parallel roles for the
amygdala in humans and other animals, including im-
plicit emotional learning and memory, emotional mod-
ulation of memory, emotional influences on attention
and perception, emotion and social behavior, and emo-
tion inhibition and regulation.

Introduction

Over the past two decades, the amygdala has gone from
a being an obscure region of the brain to practically
a household word (the phonetic ring of the word “amyg-
dala™ was the subject of a piece in the New York Times
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and Kandel, 1999; Eichenbaum, 2002; Schacter, 1996).
Some of these function explicitly and give rise to our
conscious memories, while others function implicitly
and store memories that are accessed and used auto-
matically, or unconsciously. Emotion systems in the
brain are generally viewed as belonging to the category
of systems that form implicit memories (LeDoux, 1996).
This does not imply that memories for emotional situa-
tions are only formed implicitly, as other systems,
such as the explicit memory system of the medial tem-
poral lobe, can form their own memories of emotional
situations. It instead implies that the memories formed
and stored by emotion systems are implicitly stored
and accessed. This is in fact true of most systems that
store information. These systems are perhaps not best
thought of as memory systems. Instead, memory and
its underlying neuronal plasticity are features that allow
such systems to perform their function (emotional con-
trol, sensory processing, motor regulation, etc.) more
effectively (LeDoux, 2002; Eichenbaum, 2002).

Much of the renewed enthusiasm for studies of emo-
tion in neuroscience has come from studies of emo-
tional leaming and memory, especially studies of
conditioned fear in rats and other mammals (LeDoux,
2000; Walker and Davis, 2002; Davis and Whalen,
2001; Fanselow and LeDoux, 1999; Kapp et al., 1992;
Maren, 2001). In this procedure, the subject is exposed
to an emotionally neutral conditioned stimulus (CS),
such as a tone, that is paired with an aversive uncondi-
tioned stimulus (US), such as an electric shock. An as-
sociation is formed between the CS and US, and later
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Remarkably little is known about the postnatal cellular develop-
ment of the human amygdala. It plays a central role in mediating
emotional behavior and has an unusually protracted development
well into adulthood, increasing in size by 40% from youth to
adulthood. Variation from this typical neurodevelopmental trajec-
tory could have profound implications on normal emotional devel-
opment. We report the results of a stereological analysis of the
number of neurons in amygdala nudei of 52 human brains ranging
from 2 to 48 years of age [24 neurotypical and 28 autism spectrum
disorder (ASD)]. In neurotypical development, the number of
mature neurons in the basal and accessory basal nudei increases
from childhood to adulthood, coincding with a decrease of
immature neurons within the paralaminar nucleus. Individuals with
ASD, in contrast, show an initial excess of amygdala neurons during
childhood, followed by a reduction in adulthood across nuclei. We
propose that there is a long-term contribution of mature neurons
from the paralaminar nucleus to other nuclei of the neurotypical
human amygdala and that this growth trajectory may be altered in
ASD, potentially underlying the volumetric changes detected in
ASD and other neurodevelopmental or neuropsychiatric disorders.

autism | amygdala | stereology | neuroanatomy | neuronal maturation

he human amygdala comprises a cluster of 13 nuclei in the
rostral temporal lobe which play a critical role in fear,

SELE30 ] ZoCe X Sy cplalel b o) B 1Rl PSR 1o L Hevetie o Lanr il -

process, however, may also make the amygdala more susceptible
to developmental or environmental insults.

ASD is characterized by impairments in social communication
combined with restricted interests and behaviors. Alterations in
amygdala growth can be detected as early as 2 y of age (23-26)
and persist into late childhood (5, 27). The severity of the indi-
vidual's social and communicative symptoms positively correlates
with amygdala enlargement. suggesting a potential structure-
function relationship (23). Individuals with ASD also show
atypical amygdala activation during socioemotional tasks (28,
29). Microanatomical alterations to the cellular structure of the
amygdala were first noted by Bauman and Kemper (30) and
subsequently by Schumann and Amaral (31) and Wegiel et al.
(32). These studies found a general reduction of neurons in the
amygdala of adults with ASD. However, an examination of
younger subjects with either neurotypical development or ASD
has not yet been performed. The present study aimed to carry
out a large systematic evaluation of the developmental trajectory
of neuron number from youth to adulthood in the human
amygdala in both neurotypical individuals and in those di-
agnosed with ASD. In addition, we examined the presence of
immature neurons in the amygdala and evaluated whether dif-
ferences in this population across the life span may contribute to
the gradual decreases in neuron number we have observed in our
previous studies of adults with ASD.

Results
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Stanley Greenspan

Crennu I'puncnen (anmi. Stanley Greenspan; 1 utons 1941
— 27 anpens 2010) — pokrop meguuuubl (M.D.), ncuxuarp,
npodeccop NMCUXUATPUH, HAYKU O MOBEICHUU U NeANaTPUU B
MenMuuHCKOM HWHCTUTYTE YHUBEpcuTeTa uUM. JKopixka
BammHrrona, mnpakTukoBan Kak JAeTCkuM ncuxuarp. OH
HanOoJiee W3BECTEH Osaromapsi CO3JaHUI0 M Pa3BUTHIO
koHuenuuu DIR n monxoma ®nopraumM — KOMIUIEKCHOTO U
3()(PEKTUBHOTO METOJa ICUXOKOPPEKIUH  PACCTPOMCTB
aytuctudeckoro crnekrpa (PAC) u orcTaBaHus NCUXUYECKOTO
pPa3BUTHUS Y JIETEN U TTOAPOCTKOB.
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