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ARTICLE INFO ABSTRACT

Keywords: The human amygdala is critical for emotional learning, valence coding, and complex social interactions, all of
Paralaminar nucleus which mature throughout childhood, puberty, and adolescence. Across these ages, the amygdala paralaminar
Amygdala nucleus (PL) undergoes significant structural changes including increased numbers of mature neurons. The PL
Development . . . . A . .

Neurogenesis contains a large population of immature excitatory neurons at birth, some of which may continue to be born from
Migration local progenitors. These progenitors disappear rapidly in infancy, but the immature neurons persist throughout
Primates childhood and adolescent ages, indicating that they develop on a protracted timeline. Many of these late-

maturing neurons settle locally within the PL, though a small subset appear to migrate into neighboring
amygdala subnuclei. Despite its prominent growth during postnatal life and possible contributions to multiple
amygdala circuits, the function of the PL remains unknown. PL maturation occurs predominately during late
childhood and into puberty when sex hormone levels change. Sex hormones can promote developmental pro-
cesses such as neuron migration, dendritic outgrowth, and synaptic plasticity, which appear to be ongoing in
late-maturing PL neurons. Collectively, we describe how the growth of late-maturing neurons occurs in the right
time and place to be relevant for amygdala functions and neuropsychiatric conditions.

1. Introduction

During embryonic brain development, neurons are born in germinal
zones along the walls of the cerebral ventricles, a birthplace that is far
removed from their ultimate final destinations throughout the human
brain. Over weeks to months during gestation, neurons migrate long
distances to reach these locations, finally settling in around birth and in
the months after (Kostovic et al., 2019; Sanai et al., 2011; Paredes et al.,
2016a). After neurons arrive at their final destinations, they begin to
downregulate genes associated with migration, extend axons and den-
drites, and form and prune synapses, a process that continues
throughout childhood (2-11 years) and into adolescence (11-19 years)
(Goddings et al., 2014; Huttenlocher and Dabholkar, 1997; Kostovic¢
et al.,, 2019; @stby et al., 2009). Even though synaptogenesis and
pruning are ongoing, connectivity between regions is established before
birth (though refinement of connectivity continues) and most neurons
are mature in the sense that they fire action potentials and are

functionally wired with each other (Budday et al., 2015; Raybaud et al.,
2013).

In contrast to this typical trajectory of neuron development, there
exists a unique subset of neurons that follow a different timeline.
Although born at embryonic ages, these neurons retain immature mo-
lecular and morphological features throughout childhood, adolescence,
and even into adulthood, so we refer to them as late-maturing neurons.
Electrophysiological studies of late-maturing neurons in mice show that
in their immature stages, they receive sparse synaptic inputs and have
infrequent action potentials suggesting they are not yet functionally
integrated within neural circuits (Benedetti et al., 2020; Klempin et al.,
2011). These neurons are distributed in parts of the neocortex and
allocortex in many mammalian species (Ghibaudi and Bonfanti, 2022)
including mice (Rotheneichner, 2018; Rubio, 2016), rats (Seki and Arai,
1991), bats (Chawana et al., 2016), cats (Marti-Mengual et al., 2013),
tree shrews (Ai et al., 2021), rabbits (Luzzati et al., 2009; Ponti et al.,
2006), guinea pigs (Xiong et al., 2008), sheep (Piumatti et al., 2018),
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non-human primates (Fasemore, 2018; Zhang et al., 2009), and humans
(Coviello, 2022; Sorrells, 2021).

Some species also have a population of late-maturing neurons within
a subregion of the amygdala called the paralaminar nucleus (PL). Late-
maturing neurons in the PL have been observed in tree shrews (Ai et al.,
2021), bats (Crosby and Humphrey, 1939), cats (Sah et al., 2003),
rabbits (Luzzati et al., 2009), sheep (Piumatti et al., 2018), non-human
primates (Chareyron et al., 2012; Fudge, 2004; Zhang et al., 2009), and
humans (Avino, 2018; Liu, 2018; Marti-Mengual et al., 2013; Sorrells,
2019; Yachnis et al., 2000). The PL is an especially prominent feature of
the non-human primate and human amygdala that exhibits significant
neuron maturation between childhood and adolescence (Avino, 2018;
Sorrells, 2019), placing it in the right time and place to be important for
the development of amygdala structure and function.

In this review, we consider the evidence for ongoing PL neuron
developmental processes during childhood (~2-11 years) and adoles-
cence (~11-19 years) in humans. Puberty (~8-15 years) (Blakemore
et al., 2010) occurs in the midst of this range of ages, when there are
sex-specific hormonal changes that can influence neuron development.
We will consider evidence that PL neurons are born during gestation and
undergo protracted postnatal development and discuss ways that the PL
could impact developmental increases in the number of mature neurons
in nearby amygdala subnuclei. We will consider the evidence available
from studies of the primate PL, alongside evidence from other species
and brain regions that contain immature neurons, to develop hypotheses
of the possible functional significance of the recruitment of immature PL
neurons into established amygdala circuits.

Amygdala

@ Late-maturing
PL neurons
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2. The paralaminar nucleus of the amygdala
2.1. Nomenclature and anatomy

The PL is a distinctive region of the primate amygdala that was
recognized as early as the 1950s using simple histological preparations
(Sanides, 1957). Nissl and Golgi staining of the human amygdala
revealed a region with small, compact cells clustered tightly together
(Sanides, 1957; Braak and Braak, 1983) that contains about 3 million
neurons in total, or ~20% of the neurons in the adult human amygdala
(Garcia-Amado and Prensa, 2012). The nomenclature describing this
region has been highly variable, as reviewed by deCampo and Fudge
(deCampo and Fudge, 2012). Some of this variability may be due to the
heterogeneous architecture of the PL: it consists of both a lamina, or a
planar collection of cells, on its medial side which we refer to as the
medial PL (MPL). It also consists of multiple lateral nuclei, or tight
groupings of neuronal somas, which we refer to as the lateral PL (LPL)
(Fig. 1). The MPL has been called the granular nucleus (Braak and Braak,
1983), the basomedial nucleus (Sims and Williams, 1990), or considered
part of the ventral and/or “parvocellular” division of the basolateral
nucleus due to its anatomical location and the small size of the cells
(Garcia-Amado and Prensa, 2012; Price and Amaral, 1981; Campbell
et al.,, 2021). The LPL has been considered part of the intercalated
islands (Sims and Williams, 1990), which are also small, densely asso-
ciated clusters of neuronal somas but in fact contain different types of
neurons than the PL (Zikopoulos et al., 2016).

The MPL is identifiable as a large field of immature neurons along the
ventral edge of the basal amygdala (BA). The MPL begins anterior to the
basal and lateral amygdala (LA), collectively referred to as the baso-
lateral amygdala (BLA) (Fig. 1). The posterior boundary of the MPL
extends beyond the BLA above the uncus of the hippocampus to the stria

Fig. 1. Adult human PL anatomy. Serial coronal sections of the adult, 27 year old human amygdala. Sections indicate the location of late-maturing neurons in the
amygdala paralaminar nucleus and surrounding regions and are spaced anterior to posterior across 2 mm intervals. Light gray shading indicates damaged tissue
areas. AB: accessory basal nucleus, BA: basolateral amygdala, BLVM: basolateral ventromedial division, EC: entorhinal cortex, LA: lateral amygdala, LPL: lateral
paralaminar nucleus, MPL: medial paralaminar nucleus, PL: paralaminar nucleus, tLV: temporal lateral ventricle, unf: uncinate fasciculus, wm: white matter.
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terminalis. The ventromedial boundary of the MPL is a large white
matter fiber tract (Fig. 1). This white matter represents the rostral end of
the angular bundle and the Allen Institute reference atlas for the human
brain identifies this tract as an arm extending from the uncinate
fasciculus (Ding et al., 2017). Fibers from this white matter tract appear
to innervate the MPL, though it is unknown whether they are termi-
nating on late-maturing MPL neurons. In the MPL, the immature neu-
rons close to the white matter are densely packed whereas the immature
neurons along the dorso-lateral edge are more dispersed, blending into
the adjacent accessory basal (AB) and BA nuclei (Avino, 2018; Fudge,
2004; Sorrells, 2019). At more caudal and lateral levels, the ventral edge
of the MPL comes in close proximity to the ventricular-subventricular
zone (V-SVZ) of the temporal lobe lateral ventricle.

The LPL, by contrast, is a collection of multiple discrete, dense cell
clusters along the ventral boundary of the lateral amygdala and, in the
more posterior levels, dorsal to the temporal lateral ventricle (Fig. 1).
The locations of the LPL nuclei are heterogeneous within an individual
amygdala: some are located within the gray matter of the BLA, with one
island consistently observed at the boundary of the BA and LA. Many of
the LPL clusters that are in the gray matter of the BA or LA occur at small
crests along the dorsal side of the white matter tract ventral to the BLA
(Fig. 1). These crests correspond to fibers emanating from the white
matter that extend and surround the LPL nuclei (Sorrells et al., 2019,
Supplementary Fig. 3). Some LPL nuclei are embedded deeply within the
white matter ventral to the BLA. Still other LPL clusters are within the
V-SVZ on the dorsolateral side of the temporal lateral ventricle. The LPL
nuclei are also heterogeneous between individuals, not always found in
the same anatomical location or in the same size or number across
people (Sorrells et al., 2019). Despite the heterogeneous anatomical
features of the MPL and LPL, both of these subregions contain
late-maturing neurons.

2.2. Late-maturing neurons and other cell types in the PL

The most distinctive cell type in the PL is neurons with immature
morphological and molecular features. At birth these cells make up
~90% of the cells within the region and decline with age as we will
discuss in Section 3.1. In both the MPL and LPL, these cells have small
somas (around 10 um in diameter) and are found individually as well as
densely clustered together. Some clusters are so densely packed that
there is essentially no space between individual neuronal nuclei. Other
clusters contain larger cells intermixed with small cells tightly associ-
ated in groups or organized into larger parallel columns or chains. These
small cells have the ultrastructural features of immature neurons,
including few/simple processes, small nuclei with compacted chro-
matin, limited cytosol, and few organelles. Clusters of immature neurons
form adherens junctions with each other (Sorrells et al., 2019). Immu-
nostaining in the macaque PL found these cells to express B-cell lym-
phoma 2 (BCL-2) (Fudge, 2004; Bernier et al., 2002), which could
facilitate their survival by preventing apoptosis (Ceizar et al., 2016;
Farlie et al., 1995). In the primate PL, the BCL-2" cells frequently
co-express class III -tubulin (TUJ1) (Fudge, 2004); these two proteins
also co-express in the human PL (Yachnis et al., 2000). In addition to
these markers, late-maturing neurons co-express the immature neuron
markers doublecortin (DCX) and polysialylated neural cell adhesion
molecule (PSA-NCAM) (Marti-Mengual et al., 2013; Sorrells, 2019).
These molecules are important for cells to remodel their cytoskeleton for
migration, growth, or synaptogenesis (Bai et al., 2008; Bonfanti, 2006;
Francis, 1999; Gleeson et al., 1999; Ulfig and Chan, 2004). In contrast to
these small immature neurons, the larger mature neurons in the PL ex-
press NEUN and are DCX"PSA-NCAM™. Some cells of intermediate size
co-express DCX, PSA-NCAM, and NEUN, which could represent an in-
termediate stage of maturation (Sorrells et al., 2019). Single cell
RNA-sequencing of human amygdala samples from 4 to 15 years of age
identified a cluster of immature neurons that differentially express many
of the genes (e.g. DCX, BCL-2, MAP2) that were also identified by
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immunostaining, as well as novel genes (e.g. ROBO1, BCL11B, SOX11)
that are related to ongoing neural developmental processes (Sorrells
et al., 2019). Together these observations reveal a nucleus with a large
population of immature neurons that undergo structural growth and
maturation across postnatal life.

The majority of late-maturing neurons in the PL appear to be excit-
atory (Sorrells et al., 2019). At 13 years of age, 54.4% of immature DCX "
cells express T-box brain 1 (TBR1), an excitatory neuron transcription
factor important for cortical excitatory neuron development (Hevner
et al., 2001). At this same age, 97.6% of the mature NEUNTTBR1™"
neurons express VGLUT2. Only about 3% of all cells in the PL express the
GABAergic marker GAD67, and the number of cells in the PL expressing
GADG67 or other interneuron markers such as SST, nNOS, or CR does not
change with age (Sorrells et al., 2019). Together these observations
indicate that the majority of late-maturing neurons in the PL are excit-
atory. Some VGLUT2" neurons express the calcium binding protein
calbindin (CB) and some do not (Sorrells et al., 2019). The functional
significance of these varied expression patterns is unknown, and could
represent different types of excitatory neurons, or cells in different
stages of maturation. For instance, adult-born excitatory neurons in the
rodent hippocampus only express CB once mature (Kempermann et al.,
2004), so CB™ neurons in the human PL may be more mature than those
that do not.

The PL is not composed only of late-maturing neurons. A small
percentage of neurons in the PL are not late-maturing, as there are
mature neurons (DCX NEUN ) present at birth in both the MPL and LPL
(Sorrells et al., 2019). Along the temporal lateral ventricle, parts of the
PL are in close proximity to the ependymal cells that line the ventricle
walls, and glia are also found throughout the PL (Fig. 2). Astrocytes
labeled with GFAP, Vimentin, or BLBP are present within the MPL and
LPL, however very few of these cells are dividing after birth. Of the
dividing (Ki-67%) cells present in the region at birth, a large fraction
(~36%) are OLIG2", suggesting they are likely oligodendrocyte pre-
cursor cells (OPCs) (Sorrells et al., 2019). The abundance of oligoden-
drocytes increases throughout the amygdala, including within the PL,
between birth and adulthood in monkeys (Chareyron et al., 2012). Glia
play critical roles in neuron maturation, from neuron birth, migration,
growth, and synaptogenesis (Allen and Lyons, 2018) and likely influence
the rate and timing of PL neuron maturation, but it is currently unknown
if or how glia contribute to the uniquely delayed developmental tra-
jectory of this region.

2.3. Developmental trajectory of the PL and neighboring amygdala
subnuclei

Investigations following the developmental trajectory of the PL
across lifespan have used both postmortem histology and in vivo neu-
roimaging. In postmortem brain samples, changes in PL composition can
be observed by quantifying small, immature (DCX*"PSA-NCAM™) and
large, mature (NEUN ', DCX PSA-NCAM) cells in the region across ages
(Sorrells et al., 2019) (Fig. 3A,D,G,J). Quantifications of these cells in
the MPL and LPL between birth and 77 years were fitted with nonlinear
exponential one-phase decay curves (data from Sorrells et al., 2019). We
plotted the differential of these curves to determine the rate of change
for the cellular composition over age (pooled between sexes)(Fig. 3C,F,
). The overall cellular density decreases sharply between birth and 2
years of age and remains relatively steady through adulthood, as
assessed by nuclear staining for 4',6-diamidino-2-phenylindole (DAPI)
(Fig. 3B,C). In contrast, the fraction of immature (DCX PSA-NCAM™)
neurons as a percentage of total cells (DAPI™ nuclei) changes more
gradually across the span of childhood and adolescence. The decrease in
the percentage of immature neurons is most rapid after birth and begins
to slow around puberty (~8-15 years of age). The percentage of
immature neurons in the MPL declines more rapidly than the LPL,
indicating earlier maturation (Fig. 3E,F). The percentage of mature
(NEUN™) neurons follow a similar trajectory, with more rapid increases
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Fig. 2. Cell types in the PL and local environment. A cluster of immature PL
neurons is depicted adjacent to the dorsolateral wall of the temporal lobe lateral
ventricle, at an anterior-posterior level corresponding to approximately (iv) in
Fig. 1. The arrangement of immature PL neurons and the prevalence of other
cell types varies depending on anatomical location. The type of dense cluster
depicted here is consistent with those present in the LPL and is representative of
what might be observed during puberty. Neurons of intermediate maturity (co-
expressing DCX, PSA-NCAM, and NEUN) are localized facing the basal or lateral
amygdala (top right of field of view). tLV: temporal lobe lateral ventricle.

earlier in life compared to later in development, particularly for the
MPL, which begins to stabilize during puberty (Fig. 3H,I). Stereological
estimates of neuron types across postnatal ages support these observa-
tions. In humans between 2 and 48 years of age, the number of
Nissl-stained neurons with mature morphology increases from about
2.5-3.5 million in the BA (including the PL). Across these same ages, the
number of BCL-2" neurons in the PL decreased from about 3.5 million to
less than 1 million (Avino et al., 2018). In macaques, the total number of
neurons (both mature and immature) does not change in the amygdala
with age (birth to 9 years) (Chareyron et al., 2012). Instead, the ratio of
immature neurons to mature neurons decreased with age in the PL,
supporting the idea of delayed neuronal development.

The expression of immature markers like DCX could be influenced by
several factors. The age-related decline of DCX' neurons in the PL
suggests that its expression is downregulated with maturity. However, it
is unknown how long it takes an individual PL neuron to mature and if it
is longer than a typical timeframe for a neuron. In primates, a devel-
oping neuron expresses DCX for as long as 6 months (compared to ~2-3
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weeks in rats), though final stages of maturation continue after DCX is
turned off (Snyder, 2019; Kohler et al., 2011; Brown et al., 2003). An
immature neuron in the PL may remain in stasis until it matures over the
course of 6 or more months beginning in childhood, adolescence, or
adulthood. Alternatively, its development and the duration of DCX
expression may be protracted well beyond 6 months, possibly over the
span of years. The decrease in DCX" cells in the PL over age could also
result from these cells dying. It is not known to what extent programmed
cell death occurs in the PL across the lifespan. Programmed cell death in
the PL has been hypothesized to occur based on stereological estimates
of immature and mature neuron numbers between infancy and adult-
hood in non-human primates (Chareyron et al., 2021); however, direct
measurements of apoptosis in late-maturing PL neurons have not been
conducted. Late-maturing neurons in the human and non-human pri-
mate PL express the anti-apoptotic protein BCL-2 (Avino, 2018; Sorrells,
2019), which might be predicted to prevent or limit the extent of cell
death (Ceizar et al., 2016; Farlie et al., 1995). The number of immature
neurons in the PL may also decrease with age if there is a subpopulation
of immature neurons migrating from the PL, a possibility we will discuss
in Section 3.2.

As the resolution of magnetic resonance imaging (MRI) has
increased, segmentation algorithms have been better able to distinguish
the PL from the BA and LA (Saygin et al., 2017). This has not yet been
used to follow volumetric changes in the PL across age; however, the
above described changes in the density and cellular composition of the
PL during development may make it difficult to consistently define this
region across different ages. A recent cross-sectional MRI study of 10-17
year old girls and boys used an MRI segmentation approach that iden-
tifies the ventral division of the basolateral nucleus (BLVPL), which
encompasses the PL and closely corresponds with the basolateral
ventromedial (BLVM) amygdala in Fig. 1 (Campbell et al., 2021; Tyszka
and Pauli, 2016). This study identified sex-specific changes in the vol-
ume of the BLVPL. The volume of the BLVPL decreased in boys, but
remained unchanged in girls, a change that was more strongly associ-
ated with chronological age than pubertal stage (Campbell et al., 2021).
The same segmentation of BLVPL also shows that the density of neurites
(axons and dendrites) increases in this region between 8 and 22 years of
age in both boys and girls (Azad et al., 2021). It is presently unknown
how decreased volume alongside increased density of neuropil relate to
the changes in cellular density and neuronal maturation in the PL, and
the implications of these findings for sex-specific development of the PL.

Histological studies of the human PL so far have not had sufficient
sample sizes of males and females to investigate sex differences in the
PL, but the observed variability in neuron numbers between individuals
suggests that multiple factors including sex could be relevant to its
maturation. There is some evidence that sex hormone receptors are
expressed in the PL. In adult humans, estrogen receptor alpha (ERa) is
lowly expressed in the PL, BA, and LA, but highly expressed in dorso-
medial areas closer to the cortex, including the AB (Osterlund et al.,
2002; Perlman et al., 2004). ERp shows the opposite pattern with high
expression in the PL, BA, and LA, and low expression in the dorsomedial
parts of the amygdala (Osterlund et al., 2000). In contrast, androgen
receptor (AR) expression in and around the PL in adult male cynomolgus
monkeys is low, as is expression of cytochrome P450 aromatase, the
enzyme responsible for estrogen biosynthesis from testosterone (Roselli
etal., 2001). It is currently unknown whether the late-maturing neurons
in the PL express sex hormone receptors, and if so, at what stage of
maturation and/or chronological age. We will discuss in Section 3 some
ways in which sex hormones such as estrogens and androgens may in-
fluence developmental processes in the PL.

3. Developmental processes in the PL
It is evident that PL neuron maturation is ongoing throughout

childhood and adolescence (Avino, 2018; Sorrells, 2019), however, the
dynamics of neuron birth, migration, and circuit integration remain to
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Fig. 3. Age related changes in PL cell types. A, 13 year old human amygdala medial paralaminar region immunostained for DCX, PSA-NCAM, and NEUN. (B-D),
DAPI" nuclei in the MPL and LPL quantified from birth to 77 years, plotted as a density with 95% confidence intervals (B), as a rate of change (C), and example
histology at 13 years (D) from insets 1 and 2 in panel (A). (E-G) DCXTPSA-NCAM cells quantified from birth to 77 years, plotted as a percentage of DAPI™ cells with
95% confidence intervals (E), as a rate of change (F), and example histology at 13 years (G) from insets 1 and 2 in panel (A). (H-J) NEUN™ cells quantified from birth
to 77 years, plotted as a percentage of DAPI™ cells with 95% confidence intervals (H), as a rate of change (I), and example histology at 13 years (J) from insets 1 and 2
in panel (A). The shaded region of the graphs represent the age range of puberty across girls and boys (8-15 years, mean age of 11.5). Example of a mature NEUN™"
cell that does not express DCX or PSA-NCAM (arrow) and a putative intermediate maturity cell that is DCX" and NEUN" (dashed arrow), and a small immature
neuron that is DCX"PSA-NCAM™ (arrowhead). Scale bars: 100 um (A); 20 um (D,G,J). Data re-analyzed from Sorrells et al., 2019.

be characterized. In this section, we will consider the evidence about
when neurogenesis occurs for PL neurons and whether immature neu-
rons migrate from the PL into neighboring nuclei throughout life. We
will also discuss evidence for possible activity-dependent influences on
the PL that come from the surrounding postnatal environment in which
it matures, which changes with age.

3.1. Is PL neurogenesis ongoing postnatally?
In the human PL at birth, large groups of immature neurons are

already present. This suggests that many of the immature neurons
observed at older ages were likely born during gestation, though it has

been hypothesized that at least some may come from ongoing postnatal
neurogenesis (Bernier et al., 2002). Evidence for the gestational for-
mation of the PL comes from observations at 22 gestational weeks (GW)
identifying cells expressing molecular markers of PL neurons in the re-
gion where the PL will form. The PL forms immediately adjacent to the
anterior tip of the large germinal zone for cortical inhibitory in-
terneurons, the caudal ganglionic eminence (CGE). CGE progenitor cells
and immature neurons express the transcription factors COUPTFII, SP8,
and PROX1. Neurons in the PL also express COUPTFII but are SP8™ and
PROX1, indicating that the PL is distinct from the CGE. At 22 GW, the
COUPTFII" cells in this region express TBR1 (Sorrells et al., 2019), a
marker of cortical excitatory neurons (Hevner et al., 2001). Cells
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expressing COUPTFII but not SP8 or PROX1 are found in the region
where the PL forms at 22 GW, birth, and also at postnatal ages (Sorrells
et al.,, 2019). Together these observations indicate that cells with the
postnatal molecular identity of PL excitatory neurons are present by
mid-gestational ages. However, the continued presence after birth of a
large population of immature neurons in the PL, and the concurrent
postnatal increases in mature neuron number in amygdala subnuclei,
present the possibility that new neurons could continue to be generated
in this region late in embryogenesis or postnatally.

There is some evidence that embryonic neurogenesis may continue
in the PL up until birth, although it is not definitive. At birth, the MPL
and LPL both contain a high density of SOX2" cells (Sorrells et al.,
2019), a transcription factor that is expressed in neural progenitor cells
(Graham et al., 2003). Quantifications of cells in the cell cycle (Ki-67")
and Ki-67"SOX2" cells in the MPL, LPL, and BLA between birth and 24
years were fitted with nonlinear exponential one-phase decay curves
(Fig. 4, data from Sorrells et al., 2019). We plotted the differential of
these curves to determine the rate of change for the cellular composition
across these ages (pooled between sexes). At birth the PL contains a
higher density of Ki-67" (Fig. 4A) and Ki-67"SOX2" (Fig. 4C) cells
compared to the rest of the BLA, as well as Ki-67" cells co-expressing
BLBP or vimentin, additional markers of neural progenitor cells (Sor-
rells et al., 2019). Many of these cells were observed closely opposed to
immature neurons (Sorrells et al., 2019), suggesting that it is possible
that they are undergoing neurogenic divisions still at birth in humans.
However, the number of these Ki-67 " cells (Fig. 4A-B) and Ki-67TSOX2™
(Fig. 4C-F) cells declined rapidly in the first year of infancy (Sorrells
et al., 2019).

Evidence of postnatal or adult neurogenesis in the primate PL is more
limited. In the human PL at 6 years (Fig. 4 G) and 24 years (Fig. 4H), Ki-
677S0X2" cells are present adjacent to immature DCX " neurons (Sor-
rells et al., 2019). However, these cells are not directly in contact with
each other, as might be expected if the immature DCX"' cells were
recently derived from cell division. At these ages it is more likely that the
Ki-67"SOX2" cells in the PL are dividing to produce glial cells (Mercurio
et al., 2019), as their prevalence is similar to the rest of the BLA where
DCX" cells are not observed. The presence of Ki-67" cells co-labeled
with other neural progenitor markers like vimentin or BLBP is rare at
ages older than birth (Sorrells et al., 2019), further supporting the
conclusion that these division events may not be neurogenic in the
postnatal and adult human PL. In the macaque amygdala, the total
number of neurons stays consistent between birth and adulthood
whereas the ratio of mature to immature neurons increases in the PL,
arguing that even if new neurons are being born postnatally in this re-
gion, these events are rare (Chareyron et al., 2012).

Several studies in non-human primates using 5-bromo-2-deoxyuri-
dine (BrdU) to label newly-synthesized DNA found evidence of labeled
neurons in the amygdala. In adult squirrel monkeys (3-6 years old) and
cynomolgus monkeys (6-12 years old), BrdU was observed co-localizing
with the neuronal markers NEUN, TUJ1, or MAP-2, as well as BCL-2
(Bernier et al., 2002). In 4 year old marmosets, there are dense DCX ™
cells in the PL that disperse into the basal nuclei, and these regions
contain a few BrdUTDCX™" cells (Marlatt et al., 2011). While these results
could indicate the birth of new neurons in the adult primate amygdala,
further characterization is needed to validate if these BrdU" cells are
newly-born neurons or are other cell types in the PL. BrdU administra-
tion is a powerful technique to experimentally label DNA at a fixed
time-point; however, several follow-up questions remain to be
addressed: (1) Is the BrdU labeling in these samples due to neural pro-
genitor cell division or DNA repair? BrdU can also be incorporated into a
cell during DNA repair, not only during cell division (Breunig et al.,
2007; Sorrells, 2018, 2021). To distinguish these possibilities, if the
labeled neurons are the result of adult neurogenesis, BrdU would also be
expected to label the neural progenitor cells (NPCs) producing these new
neurons (i.e. with a short-chase). If these progenitors are present, they
remain to be discovered and their identification would be an important
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piece of evidence of postnatal neurogenesis in this region. (2) Is the
labeled DNA present in neurons, or could it be DNA from a neighboring
cell? Satellite glial cells that incorporate BrdU during cell divisions are
found closely attached to neurons and give the appearance of
co-localized cells (Rakic, 2002). Orthogonal views of z-stacks are needed
to reveal when the BrdU labeling is not within but on top of the neuron,
however, the true localization of staining can be difficult to interpret
without using a nuclear stain like DAPI to confirm that the BrdU signal is
within the cell of interest (Takemura, 2005). (3) Are the BrdUTDCX™"
cells indeed neurons? One possible explanation for BrdU labeling in
DCX" cells is that DCX is not a reliable marker for immature neurons.
DCX is also expressed in oligodendrocytes (Boulanger and Messier,
2017; Ehninger, 2011; Franjic, 2022; Paredes, 2018; Takemura, 2005)
and microglia (Boulanger and Messier, 2017; Franjic, 2022; Sorrells,
2018), which are known to divide postnatally. DCX has also been
observed to be expressed in interneurons (Franjic, 2022; Xiong, 2008) or
re-expressed in mature neurons (Ohira et al., 2019). Therefore, DCX
co-labeling with BrdU does not necessarily indicate neurogenesis,
particularly in the absence of a neuron-specific marker.

An exciting alternative approach to assessing neurogenesis takes
advantage of the changing biospheric levels of radioactive '*C across
lifespan. As biospheric carbon is incorporated into DNA during cell di-
vision, the detection of altered 1“C levels is an indirect way to estimate
cell genesis. Using this approach, a recent study evaluated NEUN-sorted
nuclei from the amygdala of 6 adult humans and concluded that new
neurons are generated in the amygdala at a rate of > 2.7% each year
(Roeder et al., 2022), similar to what was previously estimated in the
hippocampus using **C (Spalding et al., 2013). The high rates of neu-
rogenesis estimated with this technique are not supported by histolog-
ical evidence, which consistently shows far fewer cells in the cell cycle in
the adult human amygdala (Sorrells et al., 2019), hippocampus (Sor-
rells, 2018, 2021), or caudate (Ernst et al., 2014; Wang et al., 2014).
Similar to BrdU, C could also be incorporated into NEUN-sorted nuclei
from processes independent of cell division like DNA repair or
methylation/de-methylation. The use of '*C to estimate rates of neuro-
genesis, while potentially powerful, is indirect and remains to be vali-
dated in animal models. Thus far, the data in humans and non-human
primates point to the immature neurons in the PL being generated
during normal embryonic stages and undergoing delayed maturation
rather than new neuron generation. Together these results indicate that,
although it is possible that a few neurons in the PL are postnatally or
adult-born, this process is rare in primates.

Much of what we know about the function of sex hormones on adult
birth, survival, growth, and integration of neurons comes from studies of
adult neurogenesis in rodents; therefore in the PL we would predict that
sex hormones have similar effects on the post-mitotic phases of neuron
maturation. Sex hormones facilitate the survival of newly-born neurons
in the rodent dentate gyrus (Mahmoud et al., 2016). Androgens such as
testosterone and dihydrotestosterone enhance the survival of immature
hippocampal neurons in adult male rodents (Duarte-Guterman et al.,
2019; Hamson, 2013; Spritzer and Galea, 2007), and estrogens have
similar effects in adult female rodents (Barha et al., 2009; Mazzucco
et al., 2006). Estrogens and androgens also promote morphological
maturation of adult-born granule cell neurons, evidenced by increased
dendritic complexity and spine density (Hatanaka, 2015; Kight and
McCarthy, 2020; Sheppard et al., 2019). In the rodent medial amygdala,
androgens increase the number of excitatory synapses during puberty
(Cooke and Woolley, 2009; Cooke, 2011). Androgens during puberty
also impact process complexity of astrocytes in the medial amygdala
(Johnson et al., 2013, 2012), which could have effects on how astrocytes
influence axon guidance and synapse formation (Allen and Lyons, 2018;
Farhy-Tselnicker and Allen, 2018). Sex hormones in primates may
similarly promote PL neuron maturation through direct effects on
immature neurons and/or indirect effects via glial cells.

Low or non-existent levels of neurogenesis in the primate PL after
birth is in agreement with the hypothesis that postnatal neurogenesis is
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Fig. 4. Age related changes in PL cells in the cell cycle. A,B, Ki-67" cells
quantified from birth to 24 years in the MPL, LPL, and BLA, plotted as a
density (A), as a rate of change (B). C,D, Ki-677SOX2™ cells quantified
from birth to 24 years in the MPL, LPL, and BLA, plotted as a density (C),
as a rate of change (D). E,F, The percentage of Ki-67" cells also
expressing SOX2 between birth and 24 years in the MPL, LPL, and BLA,
plotted as a percent (E), as a rate of change (F). The shaded region of the
graphs represent the age range of puberty across girls and boys (8-15
years, mean age of 11.5). G, 6 year old and H, 24 year old human
amygdala medial paralaminar region immunostained for Ki-67, SOX2,
and DCX. Insets show single channels of Ki-67 "SOX2™ cells (arrow) near
DCX" immature neurons (arrowhead). Scale bars: 20 um. Data re-
analyzed from Sorrells et al., 2019.
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rare in long-lived species with large brains. Ongoing neurogenesis may
be limited in these species due to the biological cost of maintaining pools
of progenitor cells and the difficulty that new neurons would face when
trying to traverse vast distances to their final destinations while navi-
gating through a complex postnatal environment full of vasculature and
neuropil (Palazzo et al., 2018; Paredes et al., 2016b). Instead of post-
natal neurogenesis, delayed neuron maturation may be more common in
these brains, with immature neurons that mature in place and/or
migrate short distances to integrate with established circuits.

3.2. Do immature PL neurons migrate into adjacent amygdala subnuclei?

The large pool of immature neurons in the PL is a reservoir of cells
that could be recruited locally within the PL as well as into nearby
amygdala regions via migration. If a subset of these excitatory neurons
do indeed migrate within the human and non-human primate amygdala,
it would be quite remarkable given that neuronal migration primarily
happens during gestation and shortly after birth (Sanai et al., 2011;
Paredes et al., 2016a). After infancy, immature neurons face a multitude
of challenges to migration including large distances to traverse as the
brain grows in size, and structural obstacles such as white matter tracts.
During postnatal life, substrates and guidance factors for migration are
also depleted (Paredes et al., 2016b). Cortical excitatory neurons
migrate along radial glial fibers during embryonic development, but
these processes are progressively dismantled during postnatal ages.
These limitations would be expected to also impact the ability of
immature excitatory neurons in the PL to migrate into neighboring re-
gions; however, there is some evidence in humans that this may happen.

Evidence of the possibility of continued postnatal migration in the
human PL includes the observation of DCXTPSA-NCAM™ cells with pu-
tative morphological features of migratory neurons, such as a single
elongated (sometimes bifurcated) leading process, limited amounts of
cytosol, and an elongated nucleus (Sorrells et al., 2019). These cells are
in contrast to presumed non-migratory cells which also express DCX and
PSA-NCAM, but have multiple processes and small, rounded nuclei. In
addition to individual cells with migratory morphologies, some
DCX"PSA-NCAM™ cells in the human and non-human primate amygdala
appear organized in chains (Avino, 2018; Marti-Mengual et al., 2013;
Zhang et al., 2009), possibly suggesting chain migration that occurs in
areas like the subventricular zone and rostral migratory stream (Gar-
cia-Verdugo et al., 1998). However, the somas of the DCX™ cells in these
chains frequently have rounded morphologies, making it unclear
whether the chains actually represent migratory structures or have some
other significance. The overall number of migratory neurons in the PL
decreases rapidly between birth and 2 years of age, though some are still
noticeably present in adults 24-77 years of age (Sorrells et al., 2019).
Some of the neurons with migratory morphology in the PL may be
roaming around locally. Others have leading processes that are oriented
dorsally towards other regions of the amygdala, suggesting that migra-
tion from the PL could contribute to the developmental growth of
adjacent amygdala subnuclei (Avino, 2018; deCampo and Fudge, 2012;
Zhang et al., 2009).

Further evidence of postnatal migration in the PL comes from
comparing the anatomical location of neurons with migratory
morphology and stereological estimates of mature neuron number
changes in amygdala subnuclei. The majority of neurons with migratory
morphology are observed in the MPL (Sorrells et al., 2019), which is
ventrally adjacent to the BA and AB. Between 2 and 48 years of age, the
number of mature neurons increases from about 2.5-3.5 million in the
BA (including the PL), and from about 1.1-1.3 million in the AB (Avino
et al., 2018). There are also migratory neurons around LPL clusters,
though fewer than in the MPL (Sorrells et al., 2019). White matter fibers
surrounding some LPL clusters may be a physical barrier limiting neuron
migration into the lateral nucleus. Additionally, the LPL clusters are
smaller than the MPL in terms of cell number and volume, so its relative
contribution to adjacent nuclei such as the LA may also be smaller.
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Consistent with these predictions, the number of mature neurons in the
LA only increases by ~100,000 between 2 and 48 years and the central
nucleus, which is far-removed from the MPL or LPL, does not increase
with age (Avino et al., 2018). Many of these nuclei, including the BA,
AB, and LA, are greatly expanded in volume (proportional to brain size)
in non-human primates and humans compared to rodents (Chareyron
et al., 2011), suggesting that extended developmental processes may be
ongoing in these regions of the primate amygdala.

Neurons in the human PL display a maturation gradient with more
NEUN™T mature neurons (large morphological complexity, fewer DCX™
cells) on the dorsolateral side facing the BLA. This difference is most
notable in the MPL, but can also be observed in some LPL clusters. Cells
that are farther from the ventral boundary of the MPL are also much less
densely packed, and give the appearance of diffusing into the basal and
lateral nuclei (Fig. 3A) (Sorrells et al., 2019). Neurons with migratory
morphology are found within this anatomical gradient of maturity,
which could indicate that late-developing MPL neurons disperse into the
basal amygdala where they then finish their maturation. In adult ma-
caque PL, the immature neurons (BCL-2" cells) also display an
anatomical distribution where those with immature morphologies are
most densely located closest to the white matter alongside the MPL
lamina but become morphologically more mature along the
ventral-to-dorsal gradient into the basal nucleus (Fudge, 2004). This
distribution could suggest that immature neurons are migrating
ventral-to-dorsal from the MPL into the basal amygdala, where they then
continue to mature, but it is also possible that the neurons remain in
place and the dorsal ones mature earlier than the ventral ones, gener-
ating the appearance of a gradient.

Molecular markers expressed in late-maturing neurons provide
further evidence for the possibility of migration. DCX and PSA-NCAM
play a role in neuronal migration mechanisms (Bai et al., 2008; Ulfig
and Chan, 2004). DCX destabilizes microtubules, permitting polymeri-
zation and rearrangement necessary for migration and plasticity (Glee-
son et al., 1999; Francis et al., 1999), while PSA-NCAM facilitates
migration by limiting cell-cell adhesions (Bonfanti, 2006). Single cell
RNA-sequencing analysis of the human PL also shows that the tran-
scription factor SOX11 is expressed in the cluster of cells corresponding
to late-maturing neurons (Sorrells et al, 2019). Like DCX and
PSA-NCAM, SOX11 is important for neuronal migration. In the mouse
cortex during prenatal and early postnatal development, high expression
levels of Sox11 promote neuron migration, but when Sox11 is down-
regulated, migration stops and dendrite morphogenesis begins (Hoshiba
et al.,, 2016). Similarly, in the forebrain of juvenile zebra finches,
migratory neurons only begin to develop dendritic processes after they
stop migrating (Scott et al., 2012). These neurons use somal trans-
location to migrate along an existing process, rather than following a
path pre-defined by blood vessels or radial glia, and travel in a
short-range “wandering” pattern. This type of relatively short-range
local migration may be more widely utilized by large-brained species
like humans and non-human primates where increased brain size and
physical complexity present challenges for cells to travel long distances
(Paredes et al., 2016b). If there are immature neurons traveling from the
PL to nearby amygdala nuclei, they are relatively close to their final
destinations and finish developing once they settle down, increasing the
number of mature neurons in these nuclei.

Despite this evidence, it is possible that postnatal neuron migration is
not actually occurring in the PL. Cells with inferred migratory
morphology could instead be in the process of growing through a tran-
sitional stage that resembles some structural features of migratory
neurons. Increases in the total numbers of neurons in neighboring nuclei
might still occur, but as the result of displacement of PL neurons through
non-migratory means like the growth of other nearby cells. This is
consistent with increases in neurite density (including axons and den-
drites) measured between 8 and 22 years old in the human BLVPL dis-
cussed in Section 3.2 (Azad et al., 2021). Additionally, the number of
oligodendrocytes also increases throughout the amygdala in macaques,
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which may also account for volumetric increases in individual subnuclei
(Chareyron et al., 2012). Importantly, these possibilities are not mutu-
ally exclusive, and all of these mechanisms may be ongoing in differing
degrees across ages alongside neuron migration.

The possibility of migration in the PL raises multiple intriguing
questions. For instance, is there a structural substrate such as vascula-
ture or radial glia that these neurons use to migrate? Are the non-
migratory immature neurons at various ages a unique subset that
remain in place, or are they triggered to migrate later? Additionally, is
there a role for sex hormones in PL neuron migration? In humans, there
are sex differences in the volumetric changes of individual amygdala
subnuclei, including the PL (Campbell et al., 2021). In rodents and birds,
estrogen has been shown to be important for neuronal migration during
embryogenesis. Mice lacking ERf have fewer neurons in the embryonic
cortex, without changes in rates of neurogenesis. Fewer cortical neurons
were likely the result of increased cell death as well as impaired
migration, as radial glia processes in the cortex were fragmented in the
absence of ERp (Wang et al., 2003). In addition to these effects on the
substrates for migration, there is evidence that estrogens can directly
affect cell migration. In vitro administration of estradiol-17p (E2) to slice
cultures from the embryonic mouse hypothalamus rapidly increased the
speed of neuronal movement (Knoll et al., 2007). Similarly, in slice
cultures from the adult avian ventricular zone, where neurogenesis is
ongoing, estrogen administration promoted migration within the culture
(Williams et al., 1999). Regardless of the final destination of migrating
PL neurons, the factors contributing to their choice to settle and begin to
develop are unknown. In the next section we consider the possible role
of activity in the maturation of these cells.

3.3. Does activity influence PL maturation?

Activity-dependent maturation is a feature of many developing cir-
cuits, established by pioneering work in the visual system (Wiesel,
1982). Activity into and within the PL may influence the developmental
trajectory of late-maturing neurons. Interestingly, white matter tracts
associated with the amygdala including the uncinate fasciculus and the
cingulum show increased neurite density and mature connectivity pat-
terns during puberty (Azad, 2021; Jalbrzikowski, 2017). If these axonal
projections with protracted development make contacts within the PL,
their delayed inputs could result in late maturation of
activity-dependent aspects of PL neuron growth. Even if these inputs are
not direct, their targeting of other regions that project to the PL could
still influence activity in the PL. As discussed in Section 2.1, there is a
white matter tract along the ventral border of the PL with fibers that
appear to innervate the MPL and LPL islands (Sorrells et al., 2019). This
white matter tract may include axons from the uncinate fasciculus,
which increases in neurite density between 8 and 22 years of age (Azad
et al., 2021). Other white matter tracts that connect with the amygdala
also increased in neurite density during these ages, including the
cingulum, the ventral amygdalofugal pathway, and the anterior
commissure; these changes did not differ by sex (Azad et al., 2021). The
cingulum in particular may be part of the white matter ventral to the PL
at caudal levels (Jones et al., 2013). However, it is currently unknown
whether these white matter tracts are specifically connected to the PL.
Puberty likely influences white matter development in these
amygdala-associated tracts. Diurnal rises in luteinizing hormone (LH)
are one of the first endocrine changes associated with puberty, and
higher levels of LH correlate with increased white matter density in 9
year old boys and girls, including in the anterior cingulum (Peper et al.,
2008).

The PL receives inputs from parts of the hippocampus (Fudge et al.,
2012), as we will discuss in more detail in Section 4.1. Amygdala con-
nectivity with the hippocampus increases from childhood to adulthood
in humans (Saygin et al., 2015), and there is some evidence that hip-
pocampal inputs to PL neurons impact their maturation. Macaques with
neonatal (12-16 days after birth) hippocampal lesions had more (nearly
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1.5-fold) mature neurons in the PL when examined in adulthood (~9
years old) (Chareyron et al., 2016). A similar ~1.5x increase in mature
neurons in the PL occurred with adult (~6-9 years old) lesions. Inter-
estingly, the total number of immature PL neurons increased following
the neonatal but not adult lesions, suggesting that the loss of hippo-
campal innervation could impact PL neuron maturation differentially in
early development and in adulthood. The mechanisms of how hippo-
campal lesions affect the numbers of immature and mature neurons in
the PL are unknown, but if they involve activity-dependent maturation,
then these inputs must directly (or indirectly) inhibit maturation.
Alternatively, the increased numbers of immature and mature neurons
in the PL could result from lesion effects that limit neuron migration out
of the PL, as opposed to changes in the rate of maturation (Chareyron
etal., 2021, 2016). Hippocampal lesions are a large-scale and long-term
manipulation where compensatory mechanisms have an opportunity to
emerge that may facilitate neuronal maturation.

Further clues that activity could promote maturation of PL neurons
comes from work in non-human primates that investigated the impact of
maternal separation during infancy on gene expression specifically
within the PL (deCampo, et al., 2017). In this study, infant macaques
were maternally separated for 1 week or for 1 month, and expression
changes were examined for an array of genes involved in neuron
maturation processes, including fate commitment, migration, and neu-
rite outgrowth. Interestingly, the only gene that showed significant
expression changes was TBR1, which was reduced in both maternal
separation conditions. TBR1, as previously described in Section 2.2, is
expressed in late-maturing neurons in the human PL (Sorrells et al.,
2019). This transcription factor may be a mechanistic link between ac-
tivity and PL neuron maturation. In rodent studies, Tbr1 is upregulated
by neuronal activation (Chuang et al., 2014) and is dose-dependently
required for axon growth in the amygdala (Huang et al., 2014). There-
fore, reduced TBR1 expression in the PL may suggest reduced
activity-dependent neuronal maturation, though this has not been
tested. Insight into activity-dependent factors influencing PL neuron
development remains limited, but there may be additional clues from
the piriform cortex and hippocampal dentate gyrus in rodents, two other
regions with immature neurons that develop within established brain
circuits.

As mentioned in the Introduction (Section 1), there are also late-
maturing excitatory neurons in the rodent piriform cortex (Rubio,
2016; Seki and Arai, 1991). These neurons are born embryonically and
retain immature markers like Dcx and Psa-Ncam in adults 3 months of
age (Gomez-Climent, 2008; Rotheneichner, 2018; Rubio, 2016; Varea,
2009). After 3 months, most late-maturing piriform cortex neurons no
longer express these markers and have mature electrophysiological
properties such as less hyperexcitability, suggesting functional integra-
tion (Benedetti et al., 2020; Rotheneichner, 2018). Signaling through
multiple neurotransmitter systems, including glutamate (Nacher et al.,
2002), norepinephrine (Vadodaria et al., 2017), and dopamine (Coviello
et al., 2020), is capable of modifying the expression of immature mo-
lecular signatures like Dcx and Psa-Ncam in these cells. Excitatory inputs
from the olfactory bulb to the piriform cortex also impact the expression
of these markers (Gomez-Climent, 2011; He, 2014). Additionally,
enzymatic removal of polysialic acid (Psa) from Ncam in the piriform
cortex of adult mice leads to a higher density of NeuN™ cells, increased
numbers of dendritic spines and density of dendrites on Dcx™ cells, and
more Dex' cells displaying an axon initial segment (Coviello et al.,
2021). These findings suggest that the removal of Psa may create a more
permissive environment for immature neurons to develop synaptic
contacts, which may encourage their maturation. In experimental
models where it is possible to confirm functional integration through
lineage tracing and live cell slice physiology, there is potential to
determine how circuit activity influences maturation in the rodent
piriform cortex, mechanisms that may be similar in the primate PL.

Activity also plays a role in guiding the trajectory of immature
neuron development in the rodent dentate gyrus, where excitatory
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granule cells are generated through adult neurogenesis. Here, neurons
take about 3-4 weeks to mature after being born from a progenitor in the
subgranular zone (Overstreet-Wadiche and Westbrook, 2006). Like in
the PL and piriform cortex, maturation is evident as Dcx and Psa-Ncam
expression decreases and NeuN expression increases, alongside pro-
gressively more complex dendritic morphology and mature electro-
physiological properties (Overstreet-Wadiche and Westbrook, 2006). At
stages when the adult-born neurons express Dcx and Psa-Ncam and have
simple morphologies, they depolarize in response to GABA due to
chloride gradients established by the ion transporter Nkccl. This
GABA-evoked depolarization is critical to their morphological and
functional maturation: when Nkcc1 expression is attenuated in imma-
ture granule cells, they instead hyperpolarize in response to GABA and
subsequently fail to develop complex dendritic arborizations (Ge et al.,
2006). In contrast, GABA-A receptor agonism promotes dendritic
arborization in the immature neurons (Ge et al., 2006). GABA-evoked
depolarization in newly-born hippocampal neurons may facilitate
maturation by “unsilencing” excitatory synapses on these cells. Imma-
ture granule cells express NMDA receptors (NMDA-R) on their dendritic
processes but not AMPAs receptors (AMPA-R); these are referred to as
“silent synapses” as they alone are not capable of transducing gluta-
matergic signals into membrane depolarization (Toni and Schinder,
2015). Concurrent GABA-mediated depolarization and NMDA-R acti-
vation by presynaptic glutamate release causes rapid incorporation of
AMPA-Rs into the postsynaptic membrane (Chancey et al., 2013; Ge
et al.,, 2007; Tozuka et al., 2005). The subsequent appearance of
AMPA-R mediated excitatory postsynaptic currents (EPSCs) occurs in
the absence of other maturational changes like increased morphological
complexity, so it is likely that synapse unsilencing is a precipitating
factor for maturation and functional integration. The process of granule
cell maturation is also sensitive to external conditions. Mice exposed to
an enriched environment have enhanced survival of newborn granule
cells without changes in progenitor cell proliferation, as well as an in-
crease in the percentage of immature neurons with AMPA-R EPSCs
(Chancey et al., 2013). By contrast, chronic stress decreases survival and
dendritic complexity (Chen et al., 2015). It is currently unknown
whether late-maturing neurons in the primate PL utilize similar matu-
ration mechanisms.

4. Evidence for the function of late-maturing PL neurons

The prominence of a large and complex array of immature cells in the
human amygdala throughout life presents the compelling mystery of
their functional significance. It is possible that these cells are merely a
vestige of development with no functional purpose. In this situation, the
immature neurons might have once been a part of a migratory route into
the amygdala and surrounding cortical regions, but were left behind at
the conclusion of gestation as migratory substrates and guidance cues
diminish. If so, their functional significance would be expected to be
minimal, and perhaps their loss through programmed cell death is an
inevitable conclusion. Instead, the data seem to support that rather than
being developmentally removed, they are specifically retained in an
immature state, expressing factors like BCL-2 which may prevent pro-
grammed cell death. PL neuron maturation occurs at the right time and
place to be critically important for developing amygdala circuits, yet the
function of these cells and this region of the amygdala remains a
mystery.

In general, functional maturation of amygdala circuitry between
childhood and adulthood impacts social interactions and emotional
processing. Puberty in particular is a time when the salience of social
information is increased, facilitating new interests in romantic and
sexual partnerships in adolescence (Scherf et al., 2013). For instance,
blood-oxygen-level-dependent (BOLD) signals of amygdala reactivity to
facial cues of both positive and negative valence are heightened during
puberty and adolescence relative to childhood and adulthood (Hare,
2008; Pfeifer, 2011; Vijayakumar et al., 2019). Individuals in earlier
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stages of puberty also showed heightened reactivity to neutral faces
compared with age-matched peers in later stages of puberty (Forbes
et al., 2011), highlighting the transiently enhanced salience of social
cues. Amygdala functional maturation also involves greater emotional
regulation abilities (Frere et al., 2020). Adults perform better on a
cognitive task requiring inhibitory control under high emotional arousal
states than adolescents and show increased functional connectivity be-
tween the amygdala and regions of the frontal cortex including the
anterior cingulate cortex, medial prefrontal cortex, and dorsolateral
prefrontal cortex (Ravindranath et al., 2020). The amygdala and frontal
cortex are connected by some of the white matter tracts that undergo
protracted maturation, such as the uncinate fasciculus and the cingulum
(Azad, 2021; Jalbrzikowski, 2017). Increased emotional control may
involve age-related decreases in amygdala connectivity with other
frontal regions, such as the ventromedial prefrontal cortex (Jalbrzi-
kowski et al., 2017). Decreased amygdala reactivity to fearful faces in
adults (21-40 years) compared to adolescents (9-17 years) also involves
stronger hippocampal-amygdala connectivity, suggesting that this
pathway is also important for mature emotional regulation and con-
textualization (Guyer et al., 2008).

Currently, no functional data specifically about late-maturing PL
neurons exists, so it is unknown if or how these neurons impact these
social and emotional processes that mature during puberty in the
amygdala. Clues into the function of late-maturing PL neurons can be
gained from their connectivity with other brain regions that have known
functions. Late-maturing neurons may also be a mechanism for life-long
structural plasticity in the brain (Benedetti and Couillard-Despres, 2022;
Konig et al., 2016; La Rosa et al., 2019, 2020; La Rosa and Bonfanti,
2018). In this section we will discuss this hypothesis, including its im-
plications for amygdala circuits and how it has been investigated in
other systems where immature neurons are known to integrate into
already established circuits, such as adult neurogenesis in the rodent
hippocampus. Lastly, we will explore insights into the function of
late-maturing PL neurons based on how they may be disrupted in
neuropsychiatric disorders.

4.1. Input and output connectivity of the PL

Our current understanding of PL connectivity comes from stereo-
tactic microinjections of retrograde or anterograde tracers in macaques,
which reveal reciprocal connections between the PL and parts of the
hippocampus, as well as between the PL and other amygdala subnuclei.
The rostral hippocampus, specifically, the portion of CA1l that is in the
uncus (referred to as CA1’) and the rostral prosubiculum, is a major
source of inputs/afferents to the PL (Fudge et al., 2012). These regions,
along with others comprising the anterior hippocampus, are active
during recall of autobiographical memories and during imagination of
fictitious events (reviewed by Zeidman and Maguire) (Zeidman and
Maguire, 2016). Intriguingly, some of the anterograde-labeled pro-
jections from the anterior hippocampus were closely associated with
PSA-NCAM™ neurons within the PL (Fudge et al., 2012), so it will be
interesting to determine if or when these fibers form synapses with
late-maturing PL neurons, and whether this occurs in different stages of
PL neuron maturity.

The PL sends outputs/efferents to the entorhinal cortex (Insausti
etal., 1987; Pitkanen et al., 2002). There are also reciprocal connections
between the PL and the perirhinal and parahippocampal cortices (Ste-
fanacci et al., 1996). Within the amygdala, the PL receives inputs from
the LA (Pitkanen and Amaral, 1998) and sends outputs to the BA
(Amaral and Insausti, 1992). The PL projections to the BA are gluta-
matergic and are also one of the main sources of inputs to this nucleus
(Amaral and Insausti, 1992). The input and output connectivity patterns
of the PL place it in a position to potentially integrate autobiographical
memory (by the hippocampus) and emotional valence encoding (by the
amygdala). The amygdala is important for valence encoding of
emotional stimuli (Jin et al., 2015), and its connectivity with the
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hippocampus is highly relevant to mood state (Kirkby et al., 2018) and
emotional memory (Hamann et al., 1999; McDonald and Mott, 2017).
Altered connectivity between these two regions is also evident in
neuropsychiatric conditions such as major depressive disorder (MDD)
(Tang et al., 2018) and post-traumatic stress disorder (PTSD) (Sripada
et al., 2012), or following adverse experiences like childhood neglect
(Cheng et al., 2021). We will discuss a possible role for the PL in
neuropsychiatric disorders in more depth in Section 4.3.

The PL may also receive inputs and/or send outputs via white matter
tracts that connect the amygdala to other regions of the brain, such as
the uncinate fasciculus or the cingulum. These white matter tracts
connect the amygdala with the hippocampus and with areas of the
frontal lobe (Jones et al., 2013; Colnat-Coulbois et al., 2010; Mori et al.,
2017). Connectivity between the basal amygdala and the prosubiculum
can also involve the parahippocampal cingulum (Bubb et al., 2018),
which provides additional evidence that the cingulum may be involved
in PL connectivity given that the rostral prosubiculum projects onto
late-maturing neurons in the PL (Fudge et al., 2012). The para-
hippocampal cingulum in particular is involved in emotional processing
and episodic memory, and structural abnormalities are observed in
MDD, autism spectrum disorders (ASD), obsessive compulsive disorder
(OCD), and schizophrenia (Bubb et al., 2018). The uncinate fasciculus
also plays a role in anxiety (Modi et al., 2013), depression (Zhang et al.,
2012), and emotional pattern separation (Granger et al., 2021), a
function we will discuss in more detail in the following section (Section
4.2). PL connectivity with the hippocampus, other amygdala nuclei, and
potentially other brain regions - possibly via the uncinate fasciculus
and/or the cingulum - places this region as an important node in
emotional circuits.

Our current understanding of PL connectivity comes from tracing
studies in adult nonhuman primates and neuroimaging in adult humans.
It remains to be identified at which ages and cellular maturation stages
these connections are established. PL neurons in an immature state are
present across the lifespan, and while many continue to mature during
puberty, a sizable number (~20-25% of all cells in the region) are still
present in this region in adults. Those that mature prior to adulthood
would be predicted to contribute to developmental plasticity in PL cir-
cuits, like those identified between the hippocampus and amygdala.
However, it is not known what function, if any, the immature neurons
that are still observed in adults might confer, or whether they even
remain capable of maturing. These could be neurons that never received
maturation signals at earlier ages (e.g., input activity as discussed in
Section 3.3). It is also possible that these immature cells participate in
cell-cell signaling with neurons and glia in their environment, influ-
encing PL circuits indirectly while remaining phenotypically immature.
In the following section, we will discuss ways that the recruitment of
immature neurons into established circuits can affect the plasticity of
established circuits.

4.2. Circuit plasticity arising from the introduction of new neurons

Plasticity in the brain comes from changes in the number and/or
strength of synaptic connections through the addition or deletion of
dendritic spines or axonal boutons, rearrangement of dendritic
branches, or inserting or removing AMPA receptors from a postsynaptic
membrane (Holtmaat and Svoboda, 2009). These mechanisms are
modifications to existing neurons throughout postnatal life, but plas-
ticity can also come about by introducing entirely new neurons that
have not previously been functionally wired into an established circuit.
Postnatal neurogenesis (such as in the rodent hippocampal dentate
gyrus) and delayed neuron maturation (such as in the primate PL) are
both ways in which neurons can be added to and rearrange existing
networks (La Rosa et al., 2019). The functions of adult neurogenesis and
delayed neuron maturation in other species and brain regions may
provide insight into similar plasticity functions performed by
late-maturing neurons in the primate amygdala.
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Adult hippocampal neurogenesis supports cognitive and emotional
learning in rodents. New dentate gyrus neurons facilitate pattern sepa-
ration, the ability to distinguish between two similar contexts. Adult
mice with enhanced levels of hippocampal neurogenesis performed
better in a contextual fear conditioning paradigm, in that they showed
appropriate freezing behavior in the chamber where fear learning took
place, but showed reduced freezing in a similar, but not identical,
chamber (Sahay et al., 2011). These findings indicate that increased
hippocampal neurogenesis was sufficient to enhance the mice’s ability
to not over-generalize the cues in the fear learning paradigm to other
contexts. This pattern separation ability has implications for
anxiety-related disorders such as PTSD, where cognitive and emotional
responses to a trigger (such as a loud explosive sound) are generalized
from fearful contexts (like a war zone) to safe contexts (like a celebratory
fireworks show) (Kheirbek et al., 2012). These implications are sup-
ported by research showing that increasing neurogenesis prevents mice
from developing anxiety- and depression-like behaviors after repeated
corticosterone administration to model chronic stress (Hill et al., 2015).

Pattern separation relies on sparse activation of neurons in the
dentate gyrus so that a relatively few number of neurons encode the
specific features of a context, avoiding representational overlap and
generalization of contextual cues. Newly-born neurons are thought to
support this sparse encoding in two ways, the evidence for which is
reviewed by Anacker and Hen (2017). The first is that new, naive neu-
rons can take on additional contextual information without interfering
with existing representations already encoded by neurons in the dentate
gyrus. This also allows for new memory traces to update past learning, a
process known as cognitive flexibility. For instance, adult mice with
increased neurogenesis are better able to remember the new location of
an escape platform from a water maze when it was moved from its
previously-learned location (Berdugo-Vega et al., 2021). The second
way that neurogenesis supports sparse encoding is that at a microcircuit
level, when newly-born neurons functionally mature and integrate, they
preferentially excite inhibitory interneurons, which in turn inhibit
pre-existing excitatory neurons. This enhanced inhibitory control facil-
itates pattern separation by limiting the number of neurons that activate
in response to contextual cues (Anacker and Hen, 2017). This sparse
activation is also important because neurons in the dentate gyrus pri-
marily receive excitatory inputs, are excitatory themselves, and are
densely packed together, so tightly-regulated inhibition is necessary to
prevent nonspecific and runaway excitatory activity (Anacker and Hen,
2017).

Similar to the dentate gyrus, the PL contains excitatory neurons that
are densely packed, especially along the ventral border of the MPL and
within LPL islands. In addition to receiving excitatory inputs from the
anterior hippocampus (Fudge et al., 2012), the PL is composed pre-
dominantly of excitatory neurons, as discussed in Section 2.2 (Sorrells
et al., 2019). Late-maturing PL neurons could facilitate emotional flex-
ibility similar to how neurogenesis in the rodent dentate gyrus neurons
facilitates cognitive flexibility. Work in mice shows that discrete pop-
ulations of neurons within the BLA encode cues of innate or learned
negative vs. positive valence (Beyeler et al., 2018), and negative stimuli
can be relearned as positive and vice versa (Zhang and Li, 2018).
Interestingly, hippocampal-amygdala connectivity and the uncinate
fasciculus are important for emotional pattern separation (Granger,
2021; Zheng et al., 2019). The possible involvement of the PL in con-
nectivity between the hippocampus and the amygdala and emotional
flexibility also raises the question of how late-maturing neurons in the
PL may be relevant to neuropsychiatric disorders, especially those
involving emotional dysregulation.

4.3. Late-maturing neurons in neurodevelopmental and neuropsychiatric
conditions

There has been increasing interest in recent years about how PL
neurons may be impacted in neuropsychiatric disorders. Changes to the
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PL in pathological contexts can provide clues as to the link between late-
maturing neurons and the functions that are disrupted in those condi-
tions. Roughly half of all lifetime mental health conditions start by mid-
teenage years (Kessler et al., 2007), so developmental changes in
childhood and puberty that precede these years may relate to disorder
onset in adolescence. Altered amygdala structure and/or function is also
a common feature across many neurodevelopmental and neuropsychi-
atric disorders (Schumann et al., 2011). We will discuss evidence for
amygdala changes in a number of these pathological contexts, including
early life adversity, autism spectrum disorders (ASD), and major
depressive disorder (MDD), and how late-maturing PL neurons may also
be affected in these contexts. Since PL neuron maturation begins in early
life and is protracted through puberty and adolescence, events prior to
puberty (such as early life adversity) could impact the developmental
trajectory of the PL during puberty and impact its function into
adolescence and adulthood.

Evidence that early life adversity may impact the maturation rate of
neurons in the PL comes from non-human primate research. A key study
(introduced in Section 3.3) examined expression changes of neuron
maturation genes in the PL after infant maternal separation in macaques
for 1 week or 1 month. Following both durations of maternal separation,
TBR1 mRNA expression was reduced in the PL (deCampo et al., 2017).
As observed in humans, TBR1 protein is frequently expressed in
DCX*"PSA-NCAM" late-maturing PL neurons, as well as in some NEUN "
mature neurons in the PL (Sorrells et al., 2019). DCX and NCAM1 were
also reduced, though not significantly (deCampo et al., 2017). It is still
unknown whether these changes result in altered PL neuron maturation,
but the correlation between early life stress and gene expression changes
suggests that neuron maturation in this region may be impacted. Inter-
estingly, reduced TBR1 expression in the PL was correlated with reduced
time spent in social interaction behaviors at 3 months old, suggesting the
possibility of a link between the PL and the development of social
behavior (deCampo et al., 2017). In a different study, adult 4 year old
marmosets did not show any changes in the number of DCX* cells in the
amygdala as a whole following 2 weeks of psychosocial stress (isolation
and social defeat stress) (Marlatt et al., 2011). These results are
consistent with the idea of developmental critical periods for stress ef-
fects (Bale and Neill Epperson, 2015), but species and methodology
differences between these few studies point to the need for further
investigation of the hypothesis that early life stress may have
long-lasting influences on postnatal amygdala maturation. Altered
structural development of the amygdala has been shown in a longitu-
dinal human MRI study of youth who experience caregiving adversity
during the first 3 years of life (VanTieghem et al., 2021). In this study,
caregiving adversity was associated with a slower rate of volumetric
increases between approximately 4 and 10 years of age, followed by
lower overall amygdala volumes through early adulthood (~20 years
old). These studies show that early life adversity impacts the develop-
mental trajectory of the amygdala, possibly including altered PL neuron
maturation.

The maturation of neurons in the PL may also be affected in autism
spectrum disorders (ASD). As mentioned in Section 3.2, the total number
of mature neurons in the amygdala (specifically the BA, including the
PL, and the AB) increases from infancy to adulthood in neurotypical
individuals; this does not occur in individuals with ASD, where the total
number of mature neurons does not change or may even decrease (Avino
et al., 2018). These differences could come from altered maturation rates
of PL neurons. However, the number of immature (BCL-2") neurons in
the PL declines at a similar rate in the PL in neurotypical individuals
compared to individuals with ASD. It is possible that the migratory ca-
pacity and/or survival of late-maturing neurons is impaired in ASD as
opposed to their maturation. Clues as to the cellular developmental
processes affected in ASD might be obtained from using single nuclei
RNA-sequencing to examine genes in immature neurons that are
differentially expressed between control and ASD brains (Sorrells et al.,
2019). However, it is also important to consider influences of conditions
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that are often comorbid with ASD, which include MDD.

There is some evidence that immature neuron marker expression is
altered in the amygdala in MDD. In adults with MDD, DCX and PSA-
NCAM protein levels were increased in the BLA of depressed patients,
specifically those who did not die by suicide (Maheu et al., 2013). It is
unknown whether increased DCX and PSA-NCAM expression was spe-
cifically within late-maturing neurons in the PL, but if so, these findings
could represent neuron development that is further delayed or stunted in
MDD. If late-maturing neurons in the amygdala are indeed involved in
emotional flexibility similar to how hippocampal neurogenesis is
involved in cognitive flexibility in rodents, impaired maturation could
hinder this function. Poor emotional flexibility is associated with
depression (Wen and Yoon, 2019), and enhanced flexibility following
cognitive behavior therapy (CBT) predicts a reduction in symptoms
among patients with MDD (Yasinski et al., 2020).

Despite these findings, we currently do not understand the cause-
effect relationships between altered PL maturation and neuropsychi-
atric disorders. If PL neuron maturation is indeed altered in MDD, for
instance, does this contribute to depression, or does a depressed brain
state affect maturation? Whether altered maturation is a cause or effect
of different neuropsychiatric conditions, these data from early life
adversity, ASD, and MDD suggest a possible functional role for late-
developing PL neurons in behaviors that are disrupted in these con-
texts, such as social interactions and emotional processing.

5. Conclusion

Late-maturing neurons in the primate PL are well-positioned in time
(protracted maturation) and space (within amygdala-hippocampal cir-
cuitry) to be important for social and emotional functions that begin to
develop in childhood and are refined during puberty and into adoles-
cence. Remarkably, developmental processes including neuron growth,
survival, migration, and activity-dependent maturation may be ongoing
to differing degrees in the PL during these ages (Fig. 5). Future research
on late-maturing PL neurons has the important task of investigating: (1)
To what extent, if any, are these different developmental processes
occurring? (2) At what ages are they taking place? (3) What are the
mechanisms that influence these processes, and therefore the unusual
developmental trajectory of the PL? (4) What are the functional impli-
cations of PL maturation? In this article, we have summarized the cur-
rent evidence available for answering these questions, and presented the
many remaining gaps in our knowledge of this unique brain region and
form of neurodevelopment.

(1) To what extent, if any, are these different developmental processes
occurring? Some developmental processes, such as neurogenesis,
are likely rare past birth in the PL (Section 3.1). However, it is still
a possibility that some of the late-maturing neurons are born at
later ages. Identifying neural progenitor cells at different ages
would help to answer this question. Intriguingly, most studies of
the PL note the possibility that neuron migration is ongoing
postnatally based on observations of neurons with migratory
morphology and increases in the volume and number of mature
neurons in amygdala subnuclei adjacent to the PL (Avino, 2018;
Marti-Mengual et al., 2013; Sorrells, 2019; Zhang et al., 2009)
(Section 3.2). Identification of their eventual destinations and
migration substrates would help to clarify this process. There may
also be activity-dependent influences on late-maturing neuron
structural/functional integration (Section 3.3). Longitudinal im-
aging studies are needed to follow the development of these in-
puts and regions that send them including the hippocampus,
other areas of the amygdala, and/or more distant brain regions.

(2) At what ages are developmental processes in the PL taking place?
Though it is evident that the maturation of the PL is ongoing from
childhood to adulthood (Fig. 3), it is not known which develop-
mental processes are taking place at what ages, and if the extent
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cells likely sculpts their maturation, but the mechanisms of this remain to be discovered. In the mature PL it is not known whether late-maturing neurons adopt a
similar identity to neurons that developed on a normal timeline, or whether there are a variety of subtypes of neurons that mature late.

of these processes varies by age. For instance, is neuron migration
more frequent or faster in early childhood? Are different inputs to
the PL (i.e., from the hippocampus or other amygdala subnuclei),
differentially active throughout the lifespan? Do the immature
neurons that are still present in the adult PL ever mature?

What are the mechanisms that influence developmental processes in
the PL, and therefore its unusual trajectory of maturation? The mo-
lecular and cellular mechanisms of PL neuron maturation remain
mostly unknown, including whether these mechanisms vary
across age. What signal(s) presence or absence prevents these
cells from growing along a normal timeline? Glial cells and sex
hormones are known to influence cell developmental processes
such as neuron survival, migration, and synapse formation and
may have an important role. Estrogen and androgen receptors are
expressed in specific subregions of the amygdala including some
within the PL (Osterlund et al., 2000, 2002; Perlman et al., 2004;
Roselli et al., 2001), so these hormones are well-positioned to
influence the growth of the PL especially during puberty when
levels of these hormones rise. The development of the PL could
also be influenced by changes in the psychosocial environment
between childhood, puberty, and adolescence, such as early life
adversity (deCampo et al., 2017). Late-maturing neurons may in
turn play a functional role in social and emotional behaviors that
shape this external environment across developmental ages.
What are the functional implications of PL maturation? Studies of
unique forms of neurodevelopment in other species and brain
regions, such as adult neurogenesis in the rodent hippocampus or
late-maturing neurons in the piriform cortex, offer insights about
the possible function of late-maturing PL neurons in humans and
non-human primates. For instance, PL neurons are in a position to
modulate plasticity in amygdala circuits and play a role in
valence encoding and emotional pattern separation. Further
investigation of the PL with known neuropsychiatric diagnoses
will inform these hypotheses.
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These open questions about the development and function of the PL
are addressable by integrating observations from histology, in vivo MRI,
and animal model systems. Histological investigations of the cellular
environment within and around the human PL will reveal cellular
developmental processes that are ongoing in this region across different
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ages. These histological studies will be powerfully augmented by in vivo
MRI in humans and non-human primates, especially with frequent
developmental sampling (i.e., every few months or years whenever
possible). As MRI segmentation of the amygdala becomes increasingly
refined and able to identify the PL (Saygin et al., 2017), we will be able
to assess how the volume, activity, and connectivity of the PL changes
longitudinally across age in living humans and how this developmental
trajectory relates to behaviors and experiences. Within-subjects fMRI of
the amygdala has enabled investigations into the connectivity patterns
of multiple functional networks (Sylvester et al., 2020); when combined
with subnuclei segmentation that includes the PL (Saygin et al., 2017),
these types of investigations have the potential to test causal hypotheses
about the function of this region. Ultimately, the development of animal
model systems to study late-maturing neurons will permit direct tests of
mechanistic cause-effect relationships. Cross-species comparisons of the
PL across the mammalian evolutionary tree (Ai, 2021; Crosby and
Humphrey, 1939; deCampo and Fudge, 2012; Luzzati et al., 2009; Piu-
matti, 2018; Sah et al., 2003), or the prominence of it relative to other
amygdala subnuclei in species where it is present, could provide exciting
new opportunities to investigate previously unanswerable questions
about the ontogeny and function of this unique brain region and form of
neurodevelopment.
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