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In brief

Similar to humans, mice have a
paralaminar amygdala region containing
immature excitatory neurons. These
neurons are not produced by ongoing
neurogenesis but are born embryonically
and delay their maturation. In juvenile-
adolescent ages, some migrate into the
nearby cortex, and others begin to mature
locally, developing selective responses to
olfactory stimuli.
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SUMMARY

The human amygdala paralaminar nucleus (PL) contains many immature excitatory neurons that undergo
prolonged maturation from birth to adulthood. We describe a previously unidentified homologous PL region
in mice that contains immature excitatory neurons and has previously been considered part of the amygdala
intercalated cell clusters or ventral endopiriform cortex. Mouse PL neurons are born embryonically, not from
postnatal neurogenesis, despite a subset retaining immature molecular and morphological features in adults.
During juvenile-adolescent ages (P21-P35), the majority of PL neurons undergo molecular, structural, and
physiological maturation, and a subset of excitatory PL neurons migrate into the adjacent endopiriform cor-
tex. Alongside these changes, PL neurons develop responses to aversive and appetitive olfactory stimuli.
The presence of this homologous region in both humans and mice points to the significance of this conserved
mechanism of neuronal maturation and migration during adolescence, a key time period for amygdala circuit

maturation and related behavioral changes.

INTRODUCTION

The amygdala is critical for emotional learning and salience
discrimination,’? processes that are refined during childhood
and adolescence.> In humans, the amygdala continues to grow
significantly in size and mature neuron number between infancy
and adolescence.®'? This is due in part to the delayed maturation
of excitatory neurons in the amygdala paralaminar nucleus
(PL).5"""12 The recruitment of immature PL neurons into estab-
lished circuits is proposed to influence circuit plasticity'*~'%; how-
ever, little is known about the cellular mechanisms underlying this
unique form of neuronal development.

The PL was identified in early human histological prepara-
tions."” PL neurons exhibit immature molecular and morpholog-
ical features, including expression of doublecortin (DCX)®’ and
polysialylated neural cell adhesion molecule (PSA-NCAM),®""
small nuclei with compacted chromatin, small somas, and few
processes.® From infancy into adolescence, these immature

neurons grow in size and complexity; however, a subpopulation
retains immature features in adults as old as 101 years.'® The PL
is prominent in primates adjacent to the basolateral amygdala
(BLA),>"219724 and if included with the BLA, in adult humans
contains ~20% of BLA neurons.?® A smaller collection of imma-
ture neurons is present adjacent to the BLA in other mammals®®
including sheep,”’ cats'"?® rabbits,?® bats,*° and tree shrews.®’
Whether the experimentally accessible laboratory mouse has a
similar PL region has remained unknown.

The presence of immature neurons in the PL raises the question
of when these cells are born.*>>* At birth, the PL already contains
immature neurons in humans,*® and the number of nearby dividing
cells declines sharply postnatally, suggesting that the majority of
immature PL neurons are born during embryogenesis.®® Interest-
ingly, 5-bromo-2-deoxyuridine (BrdU) birth dating studies in
adults found several examples of BrdU co-labeled cells express-
ing DCX>® or the neuronal marker NEUN>? in the non-human pri-
mate amygdala and rodent amygdala,®®*” suggesting they are
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Figure 1. A region with immature neurons in the juvenile mouse amygdala

(A) Human brain coronal maps and Dcx*NeuN* immunostained PL neurons at birth.

(B) Mouse brain coronal maps and Dcx*NeuN* immunostained PL neurons at P21.

(C) Mouse brain sagittal map and immunostaining of Dcx*NeuN™ (arrows) or Dcx~NeuN* neurons (arrowheads) at P21.
(D) Age series (P7-P60) of Dcx and NeuN immunostaining in the mouse PL.

(E) Density of Dex* cells within the ITCs, BLA, and PL between P7 and P60.

(F) Percentage of NeuN* cells in the PL that are Dcx* between P7 and P60.

(G) Percentage of Dcx™ cells in the PL that are NeuN* between P7 and P60.

(legend continued on next page)
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adult-born neurons. These findings require further investigation
because dividing glia are closely associated with neurons,*®->°
and dividing oligodendrocyte progenitors (OPCs) in the amyg-
dala’®*! can express Dcx.2%“24% Intriguingly, a subset of PL neu-
rons have a migratory morphology, and migration occurs in known
neurogenic regions such as the long-range tangential migration of
inhibitory interneurons in the rostral migratory stream (RMS)** or
the short migration of immature excitatory neurons in the dentate
gyrus (DG).?*?**® |t is unknown whether immature PL neurons
with migratory morphology are born postnatally and migrating
away from the site of their birth.

In this investigation, we identified the mouse PL based on its
morphological, molecular, and developmental similarities to the
human PL. We find that in both species, the PL is developmen-
tally and molecularly distinct from adjacent regions: the ventral
endopiriform cortex (VEN), which is derived from the lateral pal-
lium and is important in olfaction,“® or the intercalated cell clus-
ters (ITCs), a primarily GABAergic nucleus derived from the
lateral ganglionic eminence (LGE) involved in fear learning.*”~*°
We find that the PL is functionally distinct from these adjacent
regions, developing selective responses to olfactory stimuli
between juvenile and adult ages. Our investigation identifies a
conserved developmental mechanism in humans and mice
whereby excitatory neurons continue to migrate and grow within
established circuits.

RESULTS

Immature mouse PL neurons develop during

juvenile ages

To investigate whether the mouse has a homologous region to the
human PL, we compared immunostained human and mouse brain
sections. In humans at birth, dense clusters of DCX* immature
neurons are adjacent to the BLA in multiple coronal sections (Fig-
ure 1A). In mouse coronal sections at postnatal day 21 (P21), we
observed Dcx*NeuN* and Dex*Psa-Ncam* cells in a cluster adja-
cent to the BLA near the ventral terminus of the external capsule
(Figures 1B, 1C, S1, and S2A-S2E), which was prominent and
more sharply defined in sagittal planes (Figures 1C, S1A, S1B,
S1D, and S1E).

To study the timeline of their development, we immunostained
immature (Dcx*NeuN*) and mature PL neurons (Dcx™ NeuN™) in
juveniles (P7-P28), early adolescents (P28-P35), and adults
(P60) (Figures 1D-1J). At P7, the PL contained a dense cluster
of cells with a meshwork of Dcx labeling that was brighter than
surrounding regions (Figure 1D). At all ages from P7 to P60, the
density of Dcx* cells was much higher in the PL than the BLA or
ITCs (Figure 1E). The percentage of total PL NeuN* cells that
were Dcx™ significantly declined with age (Figure 1F), and the per-
centage of Dcx* cells that were NeuN* slightly increased (Fig-
ure 1G). Total NeuN* cell density remained constant from P7 to
P60 as the density of immature neurons (Dcx*NeuN*) decreased

¢ CellP’ress

and mature neurons (Dcx NeuN™) increased (Figures 1H-1J).
From this age series, we conclude that similar to the human PL,
the mouse PL contains a high density of Dcx* cells at ages (P7-
P14) corresponding to human late gestation and early infancy,***"
with a sharp decline during juvenile (P21-P28) and early adoles-
cent ages (P28-P35).

PL neurons are molecularly distinct from adjacent ITC
and vEN regions in humans and mice

In mouse brain atlases, the PL region is included either with the
main ITC or VEN (see STAR Methods and Figures S1-S3). To
distinguish between these regions, we used FoxP2 and Tshz1 to
label the dense ITC GABAergic cell clusters that are derived from
the Sp8* LGE*"*®°>°3 and SatB2 to label the VEN.>* To label
the mouse PL, we examined proteins expressed in the human
PL® including TBR1, a marker of cortical excitatory neurons that
implies a PAX6-lineage,®> COUPTFII, and CTIP2 (see Tables S1
and S2 for a list of abbreviations).

We first visualized the relationship of the mouse PL to neigh-
boring regions in cleared brains stained using iDISCO.%® The
PL contained a high density of Tbr1* cells close to, but not over-
lapping with, FoxP2* cells in the ITCs (Figures 2A, 2B, S2B, S2D,
S3A, and S3B; Videos S1 and S2). Between P3 and P120, many
Dcx* PL neurons co-expressed Tbr1, CoupTFll, or Ctip2, but few
co-expressed FoxP2, Tshz1, SatB2, Pax6, or Sp8 (Figures 2B,
2C, 2I, and S3B-S83I). Tbr1 was highly expressed (~80%) by
both immature (Dcx*NeuN*) and mature (Dcx NeuN*) PL
neurons (Figures 2B-2D). Consistent with overall Dcx*NeuN™*
quantifications (Figures 1F, 1G, and 1l), the percentage of
Tbr1*NeuN* cells co-expressing Dcx (Figure 2E) and the density
of Dcx*NeuN™ cells co-expressing Tbr1 (Figure 2F) decreased
with age. The density of Dcx NeuN* cells co-expressing Tbr1
increased significantly with age (Figure 2G), whereas the total
NeuN*Tbr1* density remained constant (Figure 2H). Most
(~75%) immature (Dcx*NeuN*) and mature (Dcx NeuN*) PL
neurons expressed CoupTFIl at P21, with a significant decrease
at P60 (Figures 21, 2J, S3E, and S3F).

To determine which of these markers label human PL neurons,
we stained coronal sections of the PL in human postmortem
brain samples at 27 gestational weeks (GWs), birth, 2 years,
and 13 years (Figures 2K-2M). We found consistent high co-
expression between DCX and TBR1, COUPTFII, or CTIP2 and
minimal co-expression of FOXP2 or SATB2 (Figures 2L and
2M). Together, these results reveal transcription factor similarity
between the human and mouse PL and a distinction between the
PL, ITCs, and VEN in both species.

We next investigated gene expression in mouse PL neurons by
microdissecting the region at P22 and performing single-cell
RNA sequencing (scRNA-seq) (Figures S4A-S4E). Reclustering
only neurons identified multiple clusters that included nearby
cortical and striatal neuron subtypes captured in the microdis-
section (Figures 2N, 20, and S4D). Dcx expression was highest

(H-J) Density of all NeuN™ cells (H) in the PL and the subpopulations that are Dcx*NeuN™ (I) or Dcx”NeuN* (J).
*p < 0.05, *p < 0.01, **p < 0.001, ***p <0.0001. One-way ANOVA with Holm-Sidak’s test (F-J); two-way ANOVA with Tukey’s test (E). Data are mean + SEM.
Scale bars: 2 mm in (A maps); 500 um in (C, map); 100 um in (B, maps), (C, middle), and (D, top row); and 20 um in (A, right), (B, right), (C, right), and (D, bottom row).

See also Figures S1-S3.
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Figure 2. The human and mouse PLs are molecularly distinct from adjacent regions
(A) Cleared P7 mouse brain immunostained for Tbr1 and FoxP2.
(B) Immunostaining of Dcx co-localization with Tbr1, CoupTFll, or Ctip2 (arrows), not FoxP2 or SatB2 at P21.
(legend continued on next page)
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in cluster 5, which also highly differentially expressed (DE) multi-
ple immature neuron genes (Sox717, Sox4, and Neurod2) and
Bcl2, one of the first markers of the PL identified in primates.**?
Cluster 5 more weakly expressed some of the regional identity
transcription factors (Nr2f2 [CoupTFIl] and Bcl11b [Ctip2]),
consistent with their lower immunoreactivity in the PL compared
with surrounding neurons in the BLA (CoupTFll) and striatum
(Ctip2) (Figures 2B and S3B). Cluster 5 expressed markers
of excitatory neurons (Sic17a6, Sic17a7, and Tbr1), but not
markers of the neighboring inhibitory ITCs (Gad1, Gad2,
Foxp2, and Tshz1) or excitatory neurons in the vVEN (SatB2).
Based on these observations, we infer that cluster 5 corresponds
to the mouse PL.

We compared these mouse data to our previously published
juvenile (4-15 years) human dataset.® Reclustering the neurons
revealed that only cluster 9 in humans expressed many of the
same immature excitatory neuron genes as cluster 5 in the juve-
nile mouse (Figures 20, 2P, and S4E-S4H). The genes Stmn1
and Stmn2, which are expressed in immature neurons in pri-
mates,®’ were expressed in the immature cluster in mice but
were more highly expressed across multiple excitatory neuron
clusters in the human (Figure 2P). Overall, cluster 5 in mice and
cluster 9 in humans shared many of the same top DE genes
compared with other neurons, with 30.3% (93/307) of the mouse
genes also DE in humans (Tables S3 and S4). Many of the top DE
genes in humans (Table S4) were visible in adult mouse Allen
Institute in situ and MERSCOPE v1 databases®® (Figures S4l
and S4J). Together, these data reveal a common molecular
signature of immature excitatory neurons in the PL of juvenile
mice and humans that is distinct from the ITCs or vEN and is
consistent with recent transcriptomic identification of PL neu-
rons in adult humans and macaques.®®

The PL forms during embryonic ages in humans and mice

We previously observed TBR7-expressing COUPTFII* cells in
the PL at 22 GWSs,° suggesting that the human PL forms much
earlier than the final gestational months.*® During mid-gestation,
however, immature neurons are ubiquitous, making PL neurons
difficult to identify using markers of immaturity. To identify the
earliest stages of PL formation in humans, we therefore immuno-
stained for the PL markers TBR1, COUPTFII, and CTIP2, and
those of adjacent regions (FOXP2 and SATB2) at progressively
earlier ages from 28 GWs to 18 GWs (Figures 3A-3C, S5A, and
S5B). At 28 GWs, the PL had a high cellular density compared
with the rest of the BLA in a shape similar to the region at birth
and was filled with cells expressing TBR1, COUPTFII, or
CTIP2, but not SATB2 or FOXP2 (Figures 3A and S5C-S5E). A
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similar region was identifiable at 22 GWs (Figure 3B); however,
the overall heightened density of cells made PL boundaries
less sharp. At 18 GWs, we were unable to identify a similar region
in rostral sections; however, in two more caudal sections near
the temporal lobe lateral ventricle (tLV), the PL markers TBR1,
COUPTFII, or CTIP2, but not SATB2 or FOXP2, were expressed
in the anatomical location of the PL at older ages (Figures 3C,
S5A, and S5B). These data indicate that the human PL forms
as early as 18 GWs. We therefore next investigated whether
the mouse PL also forms during mid-embryonic ages.

We administered a single dose of BrdU to timed-pregnant fe-
males between E12.5 and E16.5 and examined their progeny at
postnatal ages (P7, P21, and P35) (Figures 3D-3M and S6A-
S6T). At all postnatal ages, the highest percentages of mature
(Dex"NeuN™) PL neurons were born between E12.5 and
E14.5 (Figures 3E-3H and S6A-S6D), which was later than
mature VEN neurons (Figure 3F). By contrast, the immature
Dex*NeuN* PL and VEN neurons shared a similar, and later,
peak birth date of E14.5 at all postnatal ages (Figures 31-3M
and S6E-S6T). We next examined E16.5 brains to investigate
the formation of the PL but did not detect the PL markers Tbr1
or CoupTFIl in many cells near the BLA (Figure S7A). By E18.5,
however, a dense collection of cells was visible in an anatomical
position similar to the PL at older ages. Injection of BrdU at E14.5
revealed many BrdU-labeled cells in this region that were Tbr1™*
or CoupTFIl*, adjacent to BrdU-negative cells that were SatB2*
or FoxP2" (Figures 3N and S7B). We crossed Emx1-Cre (pallial)
and Gsx2-Cre (subpallial/pallial-subpallial boundary (PSB)) mice
to ROSA-YFP reporter mice to label cells derived from these lin-
eages. There was a similar percentage of Emx7- and Gsx2-
derived immature Dcx* neurons at P21 (Figures S6U-S6X) and
mature Tbr1* neurons at P60 (Figure S6Y), suggesting PL neu-
rons arise from at least two distinct domains in the developing
telencephalon. From this, we conclude that the PL forms during
embryonic ages in both mice and humans and that immature
mouse PL neurons at all postnatal ages share a similar embry-
onic birthdate and retain Dcx expression for weeks.

Mouse PL neurons are not born from postnatal
neurogenesis

To investigate the possibility of postnatal PL neurogenesis, we
immunostained for Ki-67 and phosphohistone H3 (pH3). At P3,
we observed Ki-67* or pH3" cells in the PL that declined by
P7 with few at P14 or P21, in contrast to many in the DG
(Figures 4A-4G). A low percentage (<1%) of Dcx™* cells were Ki-
67", but in each instance, they also expressed the OPC marker
Olig2* (n = 10/10, Figures 4C and 4E). We observed no

(C-E) Age series (P7-P60) of the percentage of Dcx*NeuN* cells (C), or Dcx-NeuN™ cells (D) co-expressing Tbr1 and the percentage of Tbr1*NeuN* cells co-

expressing Dcx (E).

(F-H) Density of Tbr1*Dcx*NeuN* cells (F), Tbr1*Dcex ™ NeuN™* cells (G), or all Tbr1*NeuN* cells (H) in the PL between P7 and P60.
(I and J) Percentage of PL Dcx*NeuN™ cells (1) or Dcx~NeuN* cells (J) co-expressing transcription factors at P21 or P60.
(K-M) Human amygdala map (K) and immunostaining at birth (L), and quantifications of DCX co-expression (M) of each transcription factor from 27 gestational

weeks (GWs) to 13 years.
(N) UMAP plot of neuronal clusters from P22 mouse PL microdissection.

(O and P) Dot plots of juvenile mouse (O) or juvenile human (P) neuronal clusters.

*p <0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. One-way ANOVA with Holm-Sidak’s test (C-H) or two-way ANOVA with Tukey’s test (I and J). Data are mean +
SEM. Scale bars: 200 um in (A), (B, top), and (L, top) and 50 pm in (B, bottom) and (L, bottom). See also Figures S2-54, Tables S3 and S4, and Videos S1 and S2.
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Figure 3. Neurons in the human and mouse PL are born during embryonic ages

(A-C) Human brain coronal maps and sections at 28 gestational weeks (GWs) (A), 22 GWs (B), or 18 GWs (C) stained for COUPTFIl and TBR1 (1), COUPTFIl and
FOXP2 (2), or CTIP2 and SATB2 (3). Boxed insets show the PL region.

(D) Timed-pregnant mice were given BrdU once between E12.5 and E16.5 and offspring were examined at P7, P21, or P35.

(legend continued on next page)
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Dcx*pH3* cells inthe PLatany age (Figure 4G). We also found min-
imal PL expression of Tbr2 or Prox1, markers of immature DG
excitatory neurons®>®" in contrast to many labeled cells in the
DG (Figures 4H-4M). Together, these observations further support
the conclusion that PL Dcx* cells are post-mitotic immature
neurons.

To further examine the possibility of rare postnatally born
immature PL neurons, we administered BrdU postnatally. We
first gave P5 mice a single BrdU injection and examined the PL
at P7 or P21, but found no BrdU-labeled Dcx*NeuN* or
Dcx NeuN™ cells (Figures S8A-S8E). Next, we gave mice BrdU
once daily from P10 to P16. We examined BrdU-labeled cells
co-stained for Dcx or NeuN in the PL and vEN at P21 (5-day
delay) or P35 (19-day delay) to permit time for cellular maturation
(Figures 4N and 40). There were no NeuN™* cells that were
BrdU-labeled at either age (Figures 4P-4S). In some instances,
BrdU-labeling initially appeared to overlap with NeuN, but
orthogonal views of the z stacks showed it was non-overlapping
(Figures 4S and S8F-S8lI), possibly representing dividing satellite
glial cells.®® A subset of Dcx*NeuN~ cells had elongated mor-
phologies with a single leading process consistent with migrating
neurons. Although migratory neurons would be expected to
result from postnatal neurogenesis, these cells were not BrdU-
labeled (Figures 4T and 4U) and instead had an embryonic birth-
date similar to other Dcx* PL neurons (Figures S61-S6T).

Within the BrdU-labeled population, we observed a low fre-
quency (~1.3%) of NeuN-negative cells that were lightly immuno-
reactive for Dcx (Figures 4V-4X). The percentage and density of
these cells were constant in the PL and vEN at both ages, their
small, round, and multipolar morphology was similar to that of
OPCs, and 100% co-expressed Olig2 (Figures 4Y-4AA; total
across 45 sections/n = 9 mice: n = 18 PL cells n = 147 vEN cells).
Between P3 and P60, a small subset of PL Dcx* cells expressed
Olig2 or adenomatous polyposis coli (APC) (Figures S8J-
S8U), agreeing with prior observations of Dcx expression in
OPCs 294174352 At P21, Dex-immunogold-labeled cells in the PL
could be observed with ultrastructural features distinctive of either
oligodendrocytes orimmature neurons (Figure S8K). Consistently,
in our P22 scRNA-seq, we observed OPC clusters expressing
Olig2 and Dcx (Figure S4C) but no clusters defined exclusively
by markers of radial glia (e.g., Vim, Nes, Hopx, and Mki67).
Together, these results support the conclusion that PL and vEN
neurons are born during embryonic ages, not from postnatal
neurogenesis.

Local maturation of mouse PL neurons occurs during
juvenile ages

We next used transmission electron microscopy to study the ul-
trastructure of PL neurons. At P21, the PL is composed of a
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dense collection of large and small neurons (Figures 5A and
5B). The smaller neurons had compacted chromatin, limited
cytosol, and few organelles other than ribosomes. Interestingly,
a subset of these cells had features typical of migratory neurons
including Dcx-immunogold-labeled expansions, intercellular
spaces, and zonula adherens-like contacts. Intermediate-size
neurons had more cytosol and organelles but retained some
compacted chromatin, appearing as an intermediate stage of
maturation. The largest PL neurons received axosomatic synap-
ses containing pleomorphic vesicles and more mitochondria and
endoplasmic reticulum. These results show that P21 PL neurons
have ultrastructural features consistent with progressive stages
of growth.

To further investigate their maturation, we used patch-clamp
electrophysiology to record from PL neurons in acute brain sli-
ces between P21 and P28. We recorded from neurons that fired
rudimentary action potentials with small amplitudes and long
durations and neurons that fired robust action potential trains
with greater efficiency (Figure 5C). We defined the subset
with immature action potentials based on high resistance
(>1 GQ), depolarized threshold (>—35 mV), and long spike dura-
tion (>5 ms) (Figure 5D). These immature neurons were present
across all ages examined (Figure 5E), and compared with all
other recorded neurons, they exhibited significantly depolar-
ized resting membrane potential, longer time constant, and
smaller spike amplitude and no difference in capacitance, rheo-
base current, or depolarization/repolarization ratio (Figure 5F).
We detected spontaneous excitatory postsynaptic currents
(sEPSCs) in 3/5 immature neurons and 18/20 mature neurons,
and spontaneous inhibitory postsynaptic currents (sIPSCs) in
1/5 immature neurons and 6/20 mature neurons. The frequency
and amplitude of these spontaneous input currents were similar
between the immature and mature groups (Figure 5G). These
data show that the juvenile PL (P21-P28) contains neurons
with physiological properties that reflect different stages of
maturity.

We filled a subset of recorded neurons (n = 18) with biocytin to
visualize their morphology and immunostain for Dcx. All Dex*-
filled neurons had physiologically immature properties; however,
we observed both simple and complex morphologies within
this group (Figure 5H), suggesting that their morphological
complexity may increase before Dcx protein expression is lost.
The Dcx* neurons with more complex morphology fired a greater
number of action potentials with larger amplitudes at rheobase
and fell closer to the mature side of the physiological continuum
compared with those with simple morphology (e.g., cell 2 in Fig-
ure 5D). Together, these data reveal that the juvenile PL (P21-
P28) contains neurons with a broad range of ultrastructural,
morphological, and physiological indicators of maturity.

(E-H) BrdU*NeuN* cells in the PL at P21 (arrows, E) or P7 and P35 (G) after an E14.5 injection. Quantification of Dcx NeuN* cell BrdU* percentage in the PL and

VEN at P21 (F), or the PL at P7 and P35 (H).

(I-M) BrdU*Dcx* co-localized cells in the PL and VEN at P21 (I), or the PL at P7, and P35 (K) after an E14.5 injection. Quantification of Dcx*NeuN* cell BrdU*

percentage in the PL and VEN at P21 (J) and at P7 (L) and P35 (M).

(N) At E18.5, BrdU*Tbr1* cells and BrdU*CoupTFII* cells are present (boxed insets) between BrdU~FoxP2" and BrdU~SatB2* regions, after an E14.5 BrdU

injection, with some emanating into the cortex (arrow).

*p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. Two-way ANOVA with Tukey’s test. Data are mean + SEM. Scale bars: 2 mm in (A)—(C, left); 500 um in (C 1-3,
right); 100 um in (A 1-3 right), (B 1-3 right), and (N top); 20 um in (E), (G), (1), (K), and (N bottom). See also Figures S5-S7.
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Not all mouse PL neurons mature locally during
juvenile ages
To track the fate of Dcx* PL neurons after they lose Dcx expres-
sion, we crossed Dcx-CreER™ mice to a ROSA-LSL-tdTomato
(tdT) reporter. We observed expected tamoxifen (TMX)-induced
tdT recombination in the Dcx* cells in the RMS, ventricular-sub-
ventricular zone (V-SVZ), and olfactory bulb as well as the PL
and piriform cortex (Figures 6A-6E and S9A-S9F). We adminis-
tered TMX either before the sharp decrease (Figures 1F and 1l)
in Dcx* cells (P21-P23, Figures 6A-6C) or after the decrease
(P28-P30, Figures 6A and 6D) and analyzed brains after 2, 5, or
12 days. We observed tdT*Dcx*Thr1* cells with a range of mor-
phologies from simple to complex in the PL and vEN at every
age (Figures 6B-6D and S9C-S9F). In the P21-P23-labeled PL,
the percentage of tdT" cells that were Dcx* decreased with time
post-TMX; however, P28-P30-labeled PL tdT" cells remained
Dcx* (Figure 6E). This suggests that prior to P28, many Dcx* PL
neurons downregulate Dcx expression as they transition to matu-
rity, whereas after P28, Dcx expression is preferentially retained.
We next used unbiased stereology to estimate total cell
numbers in the PL and VEN between P7 and P60 to determine
whether migration of the PL Dcx* neurons with elongated
morphology into the VEN contributes to the overall decline in
Dcx* PL neurons (Figures 6F-6N; Tables S5 and S6). The PL
Dcx* population (Figures 6F and 6G) was ~12,000 cells at P7,
decreasing by 21.3% at P21, before sharply dropping by
63.6% between P21 and P28 and reaching a plateau of
~2,000 Dex* cells between P35 and P60. This was similar to
the timeline in Figures 1F and 11 and represented a total PL
Dcx* cell decrease of ~10,000 between P7 and P60. The total
number of DAPI* PL nuclei also slightly decreased between P7
and P60, dropping by ~2,000 (Figures 6L and 6M). PL NeuN*
cells actually increased by ~2,000 from P7 to P21 (Figures 6l
and 6J), consistent with the timing of NeuN upregulation as
Dcx* cells mature (Figure 1J). Interestingly, however, in the
VEN, there was a sharp increase from ~2,000 Dcx* cells at P7-
P14 to ~7,000 at P21, which remained higher from P28 to P35,
before falling by P60 (Figure 6H). Similarly, the total number of
VEN DAPI* nuclei was relatively constant from P7 to P14 before
sharply increasing by ~10,000 at P21 and remaining stable into
adulthood (Figure 6N). The total number of vVEN NeuN™* cells was
also relatively constant between P7 and P21 until P28 when it
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increased by ~5,000 (Figure 6K). The overall decrease in Dcx*
cells in the PL and corresponding increases in the vEN around
the same ages (P21-P28) support the conclusion that a subset
of PL Dcx* cells migrate into the VEN.

Because the developmental timeline of PL neurons is delayed,
we predicted that their developmental programmed cell death
might also be delayed to occur during the peak decline of Dex™*
cells (P21-P28). We immunostained for cleaved-caspase-3
(CC3)*® and found that the peak of PL and VEN CC3 expression
occurred at ages typical for cortical neurons (P3-P7)5%5°
(Figures 60-6R, S10A, and S10B). Between P14 and P28, the
PL had at most 1-2 CC3* cells per hemisphere. Together, these
findings indicate that reduced Dcx* and NeuN™ PL cell numbers
are not the result of a delayed wave of caspase-dependent pro-
grammed cell death and are largely driven by Dcx downregulation
with maturation or migration.

Tbri* neurons with migratory morphology emanate from
the mouse and human PL in juvenile ages

To investigate the molecular identity of the migratory neurons,
we next immunostained for the PL marker Tbr1 alongside Sp8,
which labels interneurons in the RMS.*® Nearly all Dox* cells
with migratory features like elongated nuclei and a single leading
process were Tbr1*, with Dcx*Sp8* cells primarily observed in
medial sections near the RMS (Figures 7A, S10C, S10D, S11A,
and S11B). We observed similar elongated cells with migratory
features in the Dcx-CreER™;tdT-reporter mice given TMX at
either age (Figures 6C, 6D, and 7B), in Dcx-mRFP mice (Fig-
ure S11C), and ultrastructurally (Figures 7C, 7D, S11D,
and S11E).

We mapped the location and morphology of Dcx* neurons in
the PL and vEN between P7 and P60 (Figures 7E and S11F-
S11l). Migratory Dcx*Tbr1* cells were present at every age,
increasing between P21 and P28 to 6%—7% of all Dcx™ cells in
the PL and 30% in the VEN compared with <1% that were Sp8*
(Figure 7F). Their leading processes were primarily oriented radi-
ally between the vVEN and the PL (Figure 7E). These cells
decreased by P35-P60, and we detected few Dcx* cells with
elongated morphology near the piriform cortex or BLA or entering
the PL from other nearby areas (Figures 7E and S11F-S11K).

To further investigate PL migration, we imaged acute slices
from Dcx-mRFP mice at P2-P3 with confocal microscopy

Figure 4. Neurons in the mouse PL are not born postnatally

(A and B) (A) Mouse sagittal map and immunostaining in the DG and PL for Dcx and Ki-67, and (B) for Dcx and pH3.

C) Immunostaining of a PL Dcx*Ki-67*0lig2* pair (inset).

H) Immunostaining of a PL Dcx*Prox1* cell (arrow).
I) Immunostaining of Dcx and Tbr2.

(
(
(
(

D-G) Quantification of PL Ki-67" (D) or pH3 (F) cell density and percentage of Dcx™ cells that were Ki-67* (E) or pH3* (G).

(J-M) Quantification of PL Dcx*Prox1* cell density (J) and percentage of Dcx (K), and PL Tbr2* cell density (L) and percentage of Dcx (M).

N) Experimental design for postnatal BrdU P10-P16.

(
(O) Total BrdU* density.

(P-X) Quantifications (P, R, T, V, and W) and immunostaining (Q, S, U, and X) of cell populations co-stained with BrdU. Putative NeuN*BrdU" cells (arrows) were
determined with orthogonal views to be single-positive (S). Example of elongated Dcx* neuron (arrowhead) that is BrdU negative (U). Example of round Dcx*

NeuN-negative cell (X) that is BrdU* (arrow).

(Y-AA) Immunostaining of a Dcx*BrdU*Olig2* pair (Y, arrows) in the PL and quantification of Dcx*BrdU*Olig2* cell density (Z) and Dex*BrdU*Olig2™~ cell den-

sity (AA).

*p < 0.05, one-way ANOVA with Holm-Sidak’s test (D). Data are mean + SEM. Scale bars: 100 umin (Q left), (S left), (U left) and 20 um in (A)~(C), (H), (I), (Q right),

(S middle and right), (U right), (X), and (Y). See also Figures S4 and S6-S8.
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(Figures 7G-7N; Video S3). Many migratory mRFP* cells originated
in the PL and extended their leading process into the neighboring
VEN (Figures 7G-7J). One PL mRFP* cell was stationary for 24 h of
imaging before migrating into the vEN (Figure 71). Another mRFP*
cellextended its leading process into the PL, reoriented toward the
VEN, and bifurcated its leading process multiple times before
settling after 48 h (Figure 7N). We estimated the speed and dis-
tance (Figures 7J-7M) of radially or tangentially migrating neurons,
orientations typical of excitatory or inhibitory interneurons, respec-
tively.°®” The majority of neurons emanating from the PL
were migrating radially with an average speed of 13.8 um/h
(+£10.5 pm/h, SD), similar to previous measurements of excitatory
neurons.®®®® Through post hoc immunostaining, we found that
the majority of mMRFP* neurons with elongated morphology were
Tbr1* not Sp8* (Figure 70). Together with the timing of total cell
population changes in the PL and vVEN (Figures 6F-6N), these ob-
servations indicate that a subpopulation of Dcx*Tbr1* neurons
migrate from the PL into the VEN during postnatal ages with evi-
dence of a delayed wave between P21 and P35.

We next examined human PL neurons and found many DCX*
cells with a similar elongated morphology expressing the PL
markers TBR1*COUPTFII* or CTIP2*SATB2~ at 13 years (Fig-
ure 7P). Quantification of putative migratory DCX cells across
postnatal ages from 2 to 24 years identified a peak in their abun-
dance and density at 6 years (Figures 7Q and 7R). Consistent
with prior observations,® these cells were oriented either toward
the accessory basal amygdala or along the white matter tracts
ventral to the PL.

The mouse PL develops selective responses to olfactory
stimuli between juvenile and adult ages

To explore stimuli that activate the PL, we investigated the PL
response in juvenile (P25-P27) and adult (P60-P100) mice to
odorants known to activate the ITCs and vEN. The ITCs are
important for fear learning and are activated by aversive stimuli
such as the odor of a predator,””*° whereas the VEN plays an
important role in odorant information processing.”® We immuno-
stained the PL for Dcx and the immediate early gene (IEG) c-Fos,
following presentation of odorants in a tube containing aversive
(bobcat urine,”" predator odor (PO)), appetitive (novel food, FO),
or novel non-food (NO) odorants, or mineral oil (MO) (Figures 8A
and 8E). There was a significant (2-fold) c-Fos* cell increase
following PO exposure within the adult ITCs, but not in juvenile
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ITCs, or at either age in the PL or VEN (Figures 8B-8D). By
contrast, the adult PL and vEN displayed a significant (~2-fold)
c-Fos™ cell increase following either FO or NO exposure that
was not present in the juvenile PL or vEN, in the ITCs following
any condition, or following MO in any age or brain region
(Figures 8F-8H). These data indicate that between juvenile and
adult ages, the PL and vEN develop a response to appetitive
and novel olfactory stimuli, whereas the ITCs develop a response
to aversive stimuli.

Interestingly, there were also Dcx*c-Fos* cells in the PL and
VEN following these stimuli, including both small, simple cells
and large, complex cells with multiple immunoreactive branch-
ing dendrites (Figures 81-80). The total number of Dcx*c-Fos*
cells in the PL and vEN was higher following PO or FO
compared with MO controls (Figures 8J and 8M), even at juve-
nile ages when each region was less responsive (Figures 8C,
8D, 8G, and 8H). Similarly, the percentage of all PL Dcx* cells
that were c-Fos* (up to 5%-10%) increased following PO or
FO, but the VEN Dcx™ cells responded more to FO or NO
(Figures 8K, 8L, 8N, and 80). We investigated co-expression
of other IEGs and found no Arc expression in the PL, but found
a similar percentage of Dcx* cells labeled with Egr1 in the juve-
nile following FO (8.9% c-Fos*Dcx* vs. 9.3% Egr1*Dcx™ cells).
Together, these data suggest that the juvenile PL lacks the re-
sponses to odorants that emerge in adults, yet immature PL
neurons already exhibit responsiveness to aversive and appe-
titive odors in juveniles.

DISCUSSION

Here we show that the mouse has a previously undescribed
non-neurogenic region with immature excitatory neurons that
is homologous to the human PL. In humans, PL neurons are
hypothesized to undergo delayed maturation, migration, and
functional integration into nearby circuits. In mice, we find
that PL neurons undergo delayed maturation across ultrastruc-
tural, morphological, and electrophysiological criteria. Mouse
PL neurons also migrate into the VEN, peaking during juvenile
ages concurrent with emerging functional responses of PL
neurons.

The presence of Dcx* neurons is often interpreted as evidence
of neurogenesis.”>’® Immature neurons are present in well-
described adult neurogenic regions in the mouse DG’*"° and

Figure 5. Maturation of mouse PL neuron morphological and physiological properties in juvenile ages

(A and B) Ultrastructure of PL neurons: immature (green), intermediate (yellow), and mature (M, magenta). Immature neurons have intercellular space, zonula
adherens-like contacts (A, immature and intermediate inset arrowheads), compacted chromatin (B, arrow), and Dcx-immunogold labeling (B, arrowheads).
Mature PL neurons receive axosomatic synapses (A, mature inset arrowheads) with pleomorphic vesicles, more organelles, and less heterochromatin and Dex
labeling. Dex-immunogold labeling (B, right arrowheads) in a cell expansion (green).

(C) Immature (left) and mature (right) action potentials at rheobase (black) and rheobase + 30 pA (gray).

(D and E) Threshold and spike duration plotted against input resistance (D) or animal age (E).

(F) Electrical properties of immature and mature PL neurons.

(G) Spontaneous inhibitory postsynaptic current (sIPSC) and spontaneous excitatory postsynaptic current (SEPSC) example traces (top) and frequency/
amplitude comparisons (bottom).

(H) Representative biocytin-filled morphologies from (D) and their current clamp traces (top right). Insets, immunostaining for Biocytin Dcx™ (cells 1 and 2) and
Dcx™ (cell 3) somas.

*p < 0.05, **p < 0.01, ***p < 0.0001. Data are mean + SD. Unpaired t test with Shapiro-Wilk normality test. Scale bars: 30 um in (H overview), 10 um in (A left
overview) and (H, inset), 2 um in (A right) and (B), 1 um in (B mature inset, right), 500 nm in (A) and (B immature and intermediate insets), and 200 nm in
(A mature inset).
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Figure 6. Dcx* mouse PL neurons either retain Dcx expression, downregulate Dcx with maturation, or migrate into the vEN

(A) Experimental design for (B)—(E).

(B-E) Examples of simple (B and D) and complex (C) tdT*Dcx* cell morphology and (E) quantification of the percentage of tdT* cells co-expressing Dcx.
(F-N) Stereological measurements of Dcx* cells (F-H), NeuN* cells (I-K), and DAPI* nuclei (L-N) between P7 and P60. PL boundaries at 3 sagittal levels
immunostained for Dcx (F), NeuN (1), and DAPI (L) showing representative counted objects. Estimates of total cell populations for Dcx* cells in the PL (G) and VEN
(H), for NeuN™ cells in the PL (J) and VEN (K), and for DAPI* cells in the PL (M) and VEN (N) between P7 and P60.

(O) Immunostaining of CC3* cells in the PL (Dcx™ and NeuN ™) and VEN (Dcx™ and NeuN*).

(P-R) Quantifications of CC3* (P), Dcx NeuN*CC3* (Q), and Dcx*NeuN*CC3* cells (R).

*p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001, one-way (G, H, J, K, M, and N) or two-way ANOVA (E, P, Q, and R) with Holm-Sidak’s test (E, G, H, J, K, and N),
Dunnett’s test (M), or Tukey’s test (P-R). Data are mean + SEM. Scale bars: 100 um in (F, left), (I, left), and (L, left); 20 pmin (B, overview), (C, left), and (O); 10 umin
(B, inset), (C, right), (D), (F, right), (I, right), and (L, right). See also Figures S9-S11 and Tables S5 and S6.

SVZ* and in the non-neurogenic adult piriform cortex.'>"6"®

Our results show that the Dex* cells in the PL and VEN have an
embryonic birthdate, with no indications of postnatal neurogen-
esis, suggesting these cells are developmentally arrested and
mature at later postnatal ages. Delayed neuronal maturation
has been proposed’® to explain the DCX* cells with mature mor-
phologies®® in the human hippocampus in the absence of
dividing neural progenitor cells.”>®"®2 Qur findings show that
across species, the late maturation of excitatory neurons and
their continued recruitment can occur in the absence of neuro-
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genesis, providing a mechanism to shape the processing of in-
formation well into postnatal life.

As PL neurons mature, they undergo similar changes in excit-
ability and firing efficiency but exhibit different synaptic input
properties compared with adult-born immature neurons in the
DG and non-adult-born immature neurons in the piriform cortex.
In all three regions, maturing neurons decrease input resistance,
hyperpolarize resting membrane potential and threshold, and in-
crease action potential amplitude and speed.'*"%® The remark-
ably complex morphology of some Dcx* PL neurons is similar to
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Figure 7. Mouse PL Tbr1* neurons migrate into the vEN from birth into early adolescence

(A) Immunostaining of rounded/complex (arrowheads) and elongated (arrows) Dcx*Tbr1*Sp8~ cells at P21.

(B) Elongated Dcx-CreER™-tdT*Dex*Thri*cells.

(C) Fusiform neuron with migratory ultrastructural characteristics: compacted chromatin, elongated nucleus and cell body, few organelles aside from ribosomes
(inset), intercellular spaces, and cell-cell contacts (arrows). Adjacent mature neuron with long endoplasmic reticulum (black arrowheads).

(D) Immature neuron (iN) ultrastructure showing an expansion with microtubules (inset) near an astrocytic process (a) and a blood vessel (bv).

(legend continued on next page)
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observations in the piriform cortex'>"® and underlines that Dcx

expression is insufficient to indicate immaturity. The synaptic
input properties of PL neurons, by contrast, are distinct from
the piriform and dentate. In these other regions, GABA inputs
predominate in immature neurons, and in the DG excitatory,
GABA is important for neuronal maturation.®*#° In immature PL
neurons, we observed both excitatory and inhibitory synaptic
currents with no differences in frequency or amplitude compared
to mature neurons, suggesting that between P21 and P28, PL
physiological maturation does not coincide with significant
development of synaptic inputs. It will be interesting to investi-
gate the source(s) of this input to the PL and their interactions
with maturing PL neurons at other ages.

Our data reveal an increase in the prominence of PL neu-
rons in the human amygdala compared with mice. The ratio
of PL to BLA neurons is ~1:4 in humans,*> compared with
~1:9 in mice,® or ~2-fold increase in relative neuron number.
The location of the PL relative to the BLA is also extended in
primates, sheep, and cats'"'%?” with a greater caudal exten-
sion compared with its rostral position in lissencephalic spe-
cies like bats®” tree shrews,>’ and, as we now show, in
mice. The location of the VEN is debated in primates®®; how-
ever, some atlases place it between the rostral PL and piriform
cortex, a region where immature neurons appear to extend
from the PL,°*? similar to our observations in mice. Cortical
expansion and increasing PL size may have resulted in the po-
sition of the PL being extended along the BLA in primates so
that migratory cells enter the BLA compared with the VEN in
mice. In both species, the PL neurons likely migrate relatively
short distances as they are primarily found near the PL®7-'"1°
and do not have high levels of Dcx expression or elongated
nuclei in chain migration.®® The PL region has been described
as a migratory reservoir in gestational rats®® at the ventral
extent of the lateral cortical migratory stream, which follows
the external capsule.’®®" Our time-lapse recordings suggest
that migratory PL Tbr1* excitatory neurons may be a continu-
ation of these embryonic migratory routes. Section viability
limited our live imaging in older ages; however, PL Tbr1* cells
were not observed in the RMS, striatum, BLA, or any cortical
layers aside from the piriform cortex. We cannot exclude the
possibility that a small subpopulation enters the amygdala
cortical or dorsal endopiriform regions.

The location of the PL near the amygdala and olfactory brain
regions makes it well positioned to respond to emotional, social,
and/or survival cues. PL responses to olfactory stimuli were
significantly greater in adults than in juveniles, suggesting that
PL functionality emerges after the peak period of migration and
maturation. Surprisingly, however, the immature neurons in the
juvenile PL and VEN exhibited a similar response to appetitive

Neuron

and aversive olfactory stimuli, suggesting the possibility of a
shared function that is different from each region as a whole.
Although these results show PL neuron responsiveness to olfac-
tory stimulation, they do not yet define a functional role for these
cells in behavior, and it will be interesting to uncover their impor-
tance in appetitive and/or aversive behavioral responses as an-
imals enter and emerge from adolescence.

The introduction of new neurons into developing or estab-
lished networks is an important form of neuron structural plas-
ticity.®°>%° This can occur from adult neurogenesis, which in
the rodent hippocampus supports processes such as cognitive
flexibility and learning®®; however, most brain regions do not
continue to produce newly born neurons, especially in mamma-
lian species with large brains.'#72:°2:958 P|_ neurons develop
during critical ages for adolescent socioemotional develop-
ment.”%°? Almost half of all lifetime mental health conditions
onset during mid-teenage years,'® and changes in amygdala
volume and development are linked to social and emotional dis-
orders.”''"1% PL neurons are beginning to be investigated in
human neuropsychiatric conditions including autism spectrum
disorder,” epilepsy,'°® and major depressive disorder,'®” sug-
gesting our findings may have broad implications for under-
standing cellular and molecular mechanisms underlying amyg-
dala-linked disorders. The identification of the PL in both mice
and humans further points to the significance of this conserved
cellular mechanism of neuron recruitment and migration during
juvenile life and adolescence, key ages for amygdala circuit
maturation and accompanying behavioral changes.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE
® RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND STUDY PARTICIPANT
DETAILS
O Mice
O Human postmortem tissue
e METHOD DETAILS
O 5-bromo-2-deoxyuridine (BrdU) administration
O Tamoxifen (TMX) administration
O Mouse tissue immunostaining
O Anatomical boundaries of the developing and adult
mouse paralaminar nucleus
O Unbiased stereology

(E and F) Maps (E) and quantifications (F) of round and elongated Dcx™* cells expressing Tbr1, Sp8, or neither between P7 and P60.

(G-0) Acute slice time-lapse imaging of P2-P3 Dcx-mRFP mice. Initial time-lapse field (G), a cell extending from the PL into the VEN (arrow, H), and a previously
stationary cell beginning to migrate (arrow, l). Traces of the migratory paths (J) over a 30 h period. (K-M) Total distance traveled (K), speed (L), and time traveled
(M) average of n = 3 independent recordings (P2-P3). Dcx-mRFP* cell (N) migrating into the PL (arrowhead), re-orienting (t = 7 h), bifurcating its process (arrows,
t =18 h, t = 33 h) then settling (t = 35-48 h). (O) Post hoc immunostaining of (N) showing elongated mRFP*Tbr1*Sp8~ cells (arrows).

(P-R) Immunostaining (P) and quantification of density (Q) and number/section (R) of human PL DCX* cells with a single process.

*p < 0.05, **p < 0.01, **p < 0.001, one-way ANOVA Holm-Sidak’s test. Data are mean + SEM. Scale bars: 100 pm in (E); 50 pm in (A); 20 um in (B), (G)—(l), and
(N)=(P); 2 um in (C, top left) and (D, top); and 500 nm in (C, bottom and right) and (D, bottom). See also Figure S11 and Video S3.
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Figure 8. Mouse PL, ITC, and vEN neuron responses to olfactory stimuli in juveniles and adults

(A-D) Experimental scheme and quantification of c-Fos™ cells in the ITC (B), PL (C), and VEN (D).

(E-H) Experimental scheme and quantification of total c-Fos* cells in the ITC (F), PL (G), and VEN (H).

() Immunostaining of Dex*c-Fos™ cells post-FO in the adult PL and VEN (insets i and ii) and with complex morphology in the VEN (bottom).
(J-0) (J and M) Quantification of total Dcx*c-Fos* cells and (K, L, N, and O) percentage of Dcx* cells that were c-Fos*.

*p < 0.05, **p < 0.01, **p < 0.001, two-way ANOVA with Holm-Sidak’s test. Data are mean + SEM. Scale bars: 20 um in (l).
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RRID:AB_2340375
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RRID:AB_2340667
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RRID:AB_2340694
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RRID:AB_141882
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RRID:AB_2762848
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RRID:AB_2535847
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Donkey anti-Mouse 1gG (H+L) Highly Invitrogen Cat. # A32787; lot # 2001027;
Cross-Adsorbed Secondary Antibody, RRID:AB_2762830

Alexa Fluor Plus 647 (1:2000)

Alexa Fluor 647 AffiniPure Goat Invitrogen Cat. # A21238; lot # 2112240;
Anti-Mouse IgM (H+L) (1:2000) RRID:AB_2535807
Chemicals, peptides, and recombinant proteins

Acetophenone Sigma-Aldrich Cat. # A10701

Adeonsine 5’-triphosphate Sigma Cat. # A9187

magnesium salt (Mg-ATP)

Basal Medium Eagle (BME) Thermofisher Cat. # 21010046

Biotin-SP-AffiniPure Donkey
Anti-Goat IgG (H+L) (1:500)

Biotin-SP-AffiniPure Goat Anti-Mouse
IgM, u Chain Specific (1:500)
Biotin-SP-AffiniPure Donkey Anti-Mouse
19G (H+L) (1:500)

Biotin-SP-AffiniPure Donkey Anti-Rabbit
1gG (H+L) (1:500)

Biotin-SP-AffiniPure Donkey
Anti-Chicken IgY (IgG) (H+L) (1:500)
Biotin-SP-AffiniPure Donkey
Anti-Guinea Pig IgG (H+L) (1:500)
Bobcat urine
5-Bromo-2’-deoxyuridine (BrdU)
Calcium Chloride (CaCl,) dihydrate
D-Glucose

DAPI (1:5000)

Dibenzyl ether (DBE)

Dimethyl sulfoxide (DMSO)

EGTA

EZ-link Biocytin

Fetal bovine serum (FBS)

Foraging mix

Flowmi 40 pm cell strainers
Fluoromount-G

GlutaMAX Supplement

Guanosine 5’-triphosphate (GTP)
sodium salt

Hanks Buffered saline solution (HBSS)
HEPES

Hydrogen peroxide 30%

Low melting point agar

LS columns

Magnesium Chloride (MgCl,) hexahydrate
Magnesium Sulfate (MgSO,) hepta-hydrate
Millicell-CM

Mineral Oil

Myelin Removal Beads

N-2 supplement (100X)

Papain Dissociation System
Paraformaldehyde (PFA)
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Jackson ImmunoResearch

Jackson ImmunoResearch

Jackson ImmunoResearch

Jackson ImmunoResearch

Jackson ImmunoResearch

Jackson ImmunoResearch

Maine Outdoor Solutions

Thermo Scientific
Acros Organics
Sigma

Fisher

Sigma

Fisher

Sigma
ThermoFisher
Fisher (Gibco)
VWR

Sigma
SouthernBiotech
Fisher (Gibco)
Sigma

Gibco

Sigma

DSS Stockroom
Fisher

Miltenyi Biotec
Sigma

Sigma
Millipore
Sigma-Aldrich
Miltenyi Biotec
Fisher (Gibco)
Worthington
Fisher

Cat. # NC9494985

Cat. # NC0323536

Cat. # NC0141064

Cat. # NC9745676

Cat. # NC9969673

Cat. # NC9121043

Cat. # 91412

Cat. # H27260-06
Cat. # 423525000
Cat: # G8270

Cat. # ICN15757401
Cat. # 108014

Cat. # BP231-100
Cat. # E3889

Cat. # 28022

Cat. # 26140079
Cat. # 89067-313
Cat. # BAH136800040-50EA
Cat. # OB100-01
Cat. # 35050061
Cat. # 51120

Cat. # 14175079
Cat. # H3375

Cat. # H323500
Cat. # 16-520-050
Cat. # 130-042-401
Cat. # M9272

Cat. # 230391

Cat. # PICM03050
Cat. # 69794

Cat. # 130-096-733
Cat. # 17502048
Cat. # LK003150
Cat. # AC416780010
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Penicillin-streptomycin-glutamine (100X) Fisher (Gibco) Cat. # 10378016

Potassium Chloride (KCI) Sigma Cat. # P4504

Potassium (K) Gluconate Sigma Cat. # G4500

QuadroMACS Separator

Rnasezap

Streptavidin-horseradish peroxidase (HRP)
Sodium Bicarbonate (NaHCOs)

Sodium Chloride (NaCl)

Sodium Citrate Dihydrate

Sodium Phosphate (NaH,PO,4) monobasic
monohydrate

Streptavidin-Cy5

Streptavidin-HRP

Sucrose

Sunflower oil

Tamoxifen

Tyramide signal amplification (TSA)
Cy3 (1:100)

Tyramide signal amplification (TSA)
Cy5 (1:100)

Tyramide signal amplification (TSA)
Plus Fluorescein

Miltenyi Biotec
Fisher
Akoya
Sigma
Sigma
Fisher
Sigma

Vector Labs
Akoya Biosciences
Sigma

Sigma Aldrich
Sigma Aldrich
PerkinElmer

PerkinElmer

Akoya Biosciences

Cat. # 130-090-976

Cat. # AM9780
Cat. # TS-000302
Cat. # S5761

Cat. # S9888

Cat. # BP327-500
Cat. # S3522

Cat. # SA-1500; lot # ZH0819

Cat. # TS-000300
Cat. # S0389
Cat. # S5007
Cat. # T5648

Cat. # FP1170; lot # 2525644

Cat. # FP1117; lot # 2066310

Cat. # NEL741001KT

35mm glass bottom petri dish 20mm MatTek Cat. # NC9732969

coverslip

1x Plus Amplification Diluent Akoya Cat. # FP1135

Deposited data

Single cell sequencing This paper NeMO : dat-j84k9fw

Code for analyzing single cell This paper Github: https://github.com/Sorrells-Lab/

sequencing data

Neuron2023scRNA-seq; Zenodo: https://doi.org/

10.5281/zenodo.10038618

Experimental models: Organisms/strains

Mouse: C57BL/6J-Tg(Dcx-mRFP)15Qlu/J

Mouse: Dcx-CreERTM::Rosa-LSL
-tdTomato

Mouse: C57BL/6Jwild type
Mouse: Tshz1-GFP

Mouse: Emx1-Cre
Mouse: Gsx2-iCre
Mouse: Rosa26YFP

The Jackson Laboratory
Available upon request from

lead contact

The Jackson Laboratory
Available upon request from

Kenneth Campbell

The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory

Jax: 024905; RRID:IMSR_JAX:024905

N/A

Jax: 000664; RRID:IMSR_JAX:000664

N/A

Jax: 005628; RRID:IMSR_JAX:005628
Jax: 025806; RRID:IMSR_JAX:025806

Jax: 006148

RRID:IMSR_JAX:006148

Oligonucleotides

Cre: 5'-CTG CCA CCA GCC AGC IDT N/A

TAT CAA CTC-3'

ER: 5'-CTC AGC ATC CAA CAA IDT N/A

GGC ACT GAC-3

Other

Thermo Sorvall Legend RT Centrifuge ThermoFisher Cat. # 75004377
Cryostar NX50 ThermoFisher Cat. # 14-071-454
DM4 microscope Leica N/A

(Continued on next page)
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Nikon Ti2 microscope Nikon N/A

TCS SP8 confocal microscope Leica N/A

Eppendorf ThermoMixer C Eppendorf Cat. # 5382000023
VT1200S vibratome Leica N/A

FEI Tecnai G2 Spirit transmission FEI N/A

electron microscope
Ultramicroscope I Miltenyi Biotec N/A

RESOURCE AVAILABILITY

Lead contact
Requests for further information about resources and reagents should be directed to the lead contact Shawn Sorrells (shawn.
sorrells@pitt.edu).

Materials availability
The reagents in this study are available from the lead contact upon request.

Data and code availability
o Single cell RNA-seq data have been deposited at NeMO and are publicly available as of the date of publication. NeMO: dat-
j84k9fw. Landing page: https://assets.nemoarchive.org/dat-j84k9fw.
® All original code used for single cell RNA-seq analysis is available at Zenodo: (https://doi.org/10.5281/zenodo.10038618) and
on the lab’s GitHub: (https://github.com/Sorrells-Lab/Neuron2023scRNA-seq).
® Any additional information that would be required to reanalyze the data reported in this work is available from the lead contact
upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

Male and female C57BI/6J (Jackson labs, Strain #: 000664) wildtype mice used in this study were socially housed (up to 4 mice/cage)
on a 12 hour day/night cycle with ad libitum food and water in a pathogen-free facility. All experiments were conducted in accordance
with approved protocols by the University of Pittsburgh Institutional Animal Care and Use Committee (IACUC) and following NIH
guidelines for animal research. All mice used in this study were healthy and were only used in the manner described for each exper-
iment and did not undergo previous experimental procedures. To create the Dcx-CreER™ mouse line, a transgenic construct using
doublecortin (Dcx) BAC clone (GENSAT1-BX214) to express CreER™ recombinase'’® was injected into fertilized C57BI/6J eggs.
Founder line was established by expression testing via subsequent crosses to a Rosa-LSL-tdTomato reporter.'°® Allele specific gen-
otyping of transgenic mice was performed by PCR with primers (Cre: 5'-CTG CCA CCA GCC AGC TAT CAA CTC-3') and (ER: 5'-CTC
AGC ATC CAA CAA GGC ACT GAC-3'). Only Dcx-CreER females carried the transgene so all experiments using these mice used
females. Tshz1-GFP mice were a gift from Kenneth Campbell (Cincinnati Children’s Hospital) and Dcx-mRFP (monomeric red fluo-
rescent protein) mice were a gift from Qiang Lu (City of Hope). Male and female Emx7-°" mice (Jackson labs EmxTires cre. Strain #:
005628) and Gsx2-°"® mice (Jackson labs Gsh2-°"*P*_ Strain #: 025806) were both crossed to Rosa26EYFP+/+mice (Jackson labs
R26R-EYFP. Strain #: 006148).

Human postmortem tissue

Twenty-one post-mortem specimens were examined for this study (Table S7). Tissue was collected with previous patient or next-of-
kin consent in strict observance of the legal and institutional ethical regulations in accordance with each participating institution: 1. In
accordance with institutional guidelines and study design approval by the Committee for Oversight of Research and Clinical Training
Involving Decedents (CORID) at the University of Pittsburgh. 2. Specimens collected at the University of Pittsburgh Medical Center
(UPMC) had IRB approved research informed consents along with HIPAA authorizations signed by parents or responsible guardians.
3. The University of California, San Francisco (UCSF) Committee on Human Research. Protocols were approved by the Human
Gamete, Embryo and Stem Cell Research Committee (Institutional Review Board) at UCSF. We collected tissue blocks from the tem-
poral lobe, rostrally from the amygdaloid complex to the caudal end of the inferior horn of the lateral ventricle. Samples were either
flash frozen or fixed in 4% paraformaldehyde (PFA) or 10% formalin for >24h. Brains were cut into ~1.5 cm blocks, cryoprotected in a
series of 10%, 20%, and 30% sucrose solutions, and then frozen in an embedding medium, OCT. Blocks of the medial temporal lobe
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were cut into 20 micron sections on a cryostat (Leica CM3050S, or Thermo Scientific NX50) and mounted on glass slides for
immunohistochemistry.

METHOD DETAILS

5-bromo-2-deoxyuridine (BrdU) administration

To generate timed pregnant mice, C57BI/6J females were paired with a male for 24 hrs and then separated. Pregnant mice were given
i.p. injections of 50 mg/kg BrdU (Thermo Scientific, catalog # H27260-06) dissolved in sterile saline at specific embryonic time points,
considering the day post pairing as E0.5. For postnatal BrdU experiments, C57BI/6J mice were given i.p. injections of 50 mg/kg BrdU
singly or once-daily for seven days (n= 5 per time point).

Tamoxifen (TMX) administration

Cre positive Dcx-CreER™::Rosa-LSL-tdTomato mice were given intraperitoneal injections of 10 mg/kg tamoxifen (TMX) (Sigma Al-
drich, catalog # T5648) dissolved in sunflower oil (Sigma Aldrich, catalog # S5007) once daily for three days starting at either P21 or
P28. Mice were then collected either 2, 5, or 12 days after the final injection (n=4-6 per time point, 5 sections per mouse).

Mouse tissue immunostaining

Mice were anesthetized using an overdose of isoflurane and were transcardially perfused with 1x phosphate buffered saline (PBS)
followed by 4% paraformaldehyde (PFA). Brains were postfixed in 4% PFA overnight and sunk in 30% sucrose in 1X PBS solution for
24 hr prior to sectioning on a freezing-sliding microtome at 50 um. Sections were stored in 1X PBS + 0.05% sodium azide until stain-
ing. Unless otherwise indicated, stains were performed on a series of 1 in every 4 sections (200 pm apart). For most staining, a stan-
dard protocol was performed: sections were washed in 1x PBS + 0.2% triton (PBST) for 10 min, treated with 0.5% sodium borohy-
dride for 15 min, washed 5 times for 10 min per wash with 1x PBS followed by 1.5 hrincubation in 10% normal donkey serum (NDS) in
PBST (block solution). Sections were washed 3 times for 10 min in PBST followed by incubation in primary antibody in block solution
overnight (16-24 hrs) at 4 °C. Sections were then washed with PBST 5 times for 10 min per wash before being incubated in secondary
antibodies and DAPI (4’,6-diamidino-2-phenylindole) (1:5000 dilution, Fisher, catalog # ICN15757401) in block solution for 90 min at
room temperature. The sections were then washed a final time with PBST 5 times for 10 min per wash and then mounted with
Fluoromount-G (SouthernBiotech, catalog # OB100-01).

For BrdU co-staining in postnatal brains, sections were washed and then treated with 2N HCI for 30 min at 37 °C, then washed 5
times for 10 min per wash with 1X PBST. Sections were then stained with BrdU primary antibody and other co-stains according to the
standard staining protocol above. For BrdU co-staining in embryonic brains, 20 um cryostat sections were collected using a Cryostar
NX50 (ThermoFisher) and mounted on Superfrost Plus slides (Fisher, catalog # 12-544-2) and stored at -80 °C until use. BrdU co-
staining in embryonic tissue was performed by first staining for all other primary antibodies according to the standard staining pro-
tocol detailed above. The tissue was then treated with 4% PFA for 10 min at room temperature, followed by incubation in 2N HCI for
20 min at 37 °C, washed 5 times with 10 min per wash, and then stained with BrdU primary antibodies overnight followed by detection
using the standard protocol above.

Anatomical boundaries of the developing and adult mouse paralaminar nucleus

The PL nucleus is longest along its rostral-caudal axis (~2.5 mm), and thin along its dorsal-ventral and medial-lateral axes (50-200 um
and 20-90 um, respectively). Using a nuclear stain like DAPI, in the coronal plane, the PL is visible as a small dense nucleus near the
ventral tip of the external capsule on the lateral side of the BLA as a small dense nucleus. Due to its small dimensions in the coronal
plane, the PL is difficult to identify without other markers of the region like Dcx or Tbr1. In sagittal sections, at its lateral boundary the
PL is ventral to the BLA as a sparse field of cells with small nuclei. In more medial sagittal sections, the region is present rostral to the
BLA as a horn-shaped nucleus packed with cells at a high density similar to the adjacent ITCs. In the most medial sagittal sections,
the location of the PL is shifted dorsally and rostrally away from the BLA.

In mouse brain atlases, the PL is varyingly indicated as belonging to one or multiple neighboring structures depending on the sec-
tion level and atlas. In the 2011 Allen sagittal adult mouse brain atlas (Allen Mouse Brain Atlas, mouse.brain-map.org and atlas.brain-
map.org), the PL can be seen using the Nissl staining beginning in sagittal section three (in an unlabeled region between the BLA and
the endopiriform nucleus) and ending in sagittal section eight (where it is included in the ventral part of the fundus of the striatum). In
between these levels it is sometimes identified within the boundaries of the VEN and ITCs. In the Paxinos and Franklin Mouse Brain in
Stereotaxic Coordinates (MBSC) sagittal mouse brain atlas (second edition, 2001), lateral edges of the PL are included in the bound-
aries of the ventral endopiriform, while more medial sections include the PL in the dorsal endopiriform.

Unbiased stereology

Stereological quantifications in the PL and VEN were performed with the optical fractionator probe using Steroinvestigator (MBF Bio-
sciences) on a Leica DM4 microscope. Using a 10x/0.45 NA objective, the boundaries of the PL and VEN were delineated based on
the cytoarchitecture visible from DAPI and NeuN staining, which remain constant across the ages examined (e.g., Figures 6F, 61, 6L,
and S3B). DAPI*, Dcx* and NeuN* cells were counted using a 63x/1.40 NA oil-immersion objective. Section thickness was measured
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at every counting site. Five mice per age were counted at P7, P14, P21, P35, and P60. Sexes were evenly represented across groups.
Five 50 um sections, each spaced by 200 um, were counted, which covered the extent of PL and vVEN. To minimize section edge
damage, a new disposable cutting blade was used for each brain during sectioning on a frozen sliding microtome. Mice in which
a section was missing or an ROl was damaged were excluded from counts. To ensure a minimum of 150 objects were counted
for each probe run across different sizes of objects and ages, the frame and grid sizes for each probe type were optimized (see
Table S5 for a complete list of sampling parameters). For ages P21-P60, all probes were counted with a dissector height of 15um
with 5um guard zones. Tissue from mice at younger ages, P7 and P14, exhibited greater z-collapse, so we used a dissector height
of 13 um and 3 um guard zones. The unique point on each counted object (its leading edge) that was used for inclusion/exclusion
criteria was the boundary of the soma. Objects were counted if they intersected with a inclusion line of the counting frame or
were within the counting frame entirely. The end of the soma and beginning of a process (which was not used for counting) was
defined by the inflection point at which the process began to taper away from the soma. All probe runs included in the study had
a Gunderson coefficient of error (CE) (Gundersen, 1999) below 0.1. The average Gunderson CEs for each probe and region were:
PL DAPI = 0.0757, PL NeuN CE = 0.0590, PL Dcx CE = 0.0667, vEN DAPI CE = 0.0670, vVEN NeuN CE = 0.0623, and VEN Dcx
CE =0.0783.

Marker co-expression quantification

For all mouse marker co-expression quantifications, three (for c-Fos, Ki-67, Prox1, Tbr2, pH3, pi5 BrdU quantifications) or five (for all
other studies) 50 um sections of tissue evenly spaced by 200 um (1 out of every 4 sections) were evaluated (n=5 per experiment). For
Dcx, NeuN, transcription factor, and lineage co-localization quantifications we used a Leica TCS SP8 confocal microscope or a Nikon
Ti2 series confocal microscope (20x/0.75 NA objective, 10x/0.4 for c-Fos co-expression study only) to collect system optimized
z-stacks of the entire tissue z-height of the PL. Co-expression of the specified transcription marker and Dcx*NeuN* and
Dcx~NeuN* cells in the PL was quantified using Imaged (Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Mary-
land, USA, https://imagej.nih.gov/ij/, 1997-2018). Individual channels were merged and assessed across each frame of the z-stack.
For Dcx-CreER™::Rosa-LSL-tdTomato quantifications, only mice with >2 tdT* cells in the PL (across 5 sections) were analyzed. We
used a Leica TCS SP8 confocal microscope (10x/0.40 NA objective) to collect system optimized z-stacks of the entire tissue z-height
of the PL and quantified co-expression using Imaged. For BrdU quantifications, we used Stereolnvestigator (MBF Biosciences) con-
nected to a Leica DM4 microscope. Boundaries of the PL and VEN were traced using a 10x/0.45 NA objective and co-localization was
assessed across the z-height of the section with a 63x/1.40 NA oil-immersion objective. Dcx* cells were classified as either round or
elongated, as described below.

Cell morphology reconstructions and mapping

To map the location of Dcx* neurons with round or elongated morphology, cells were counted and traced using Neurolucida (MBF
Biosciences) on a Leica DM4 microscope with a 10x/0.45 NA objective (for ROI delineation) and a 63x/1.40 NA oil-immersion objec-
tive (for cell counting and cell tracing) (n=6, 3 sections per animal). Within a 1.5 mm square region centered on the PL, we traced the
outline of the BLA, ITCs, VEN, layer 2 of the piriform cortex, and PL across 3 evenly-spaced sagittal sections. The location of every
Dcx™ cell within that square was mapped together with information about co-expression and morphology of each cell. For both hu-
man and mouse quantifications, a Dcx* cell was classified as elongated if its soma was fusiform and it also had one simple (un-
branched) linear projection. A Dcx* cell was classified as round if its soma was spherical and/or if it had more than one process
and/or if it had a single process with multiple branches.

Olfactory stimulus exposure

For the predator odor experiment, juvenile (P25-27; n=10) and adult (P73-P85; n=14) male and female mice were single housed for
three to seven days prior to testing. Each day during this period, mice were habituated to the procedure room. On the final day, mice
were taken to the procedure room and exposed to either 400 pl of mineral oil or predator urine (bobcat urine, Maine Outdoor Solu-
tions) on a cotton ball stuffed down into a 15 ml falcon tube for 30 minutes followed by immediate transcardial perfusion. For the novel
odorant experiment, juvenile (P25-P27) and adult (P60-P100) male and female mice were single housed for four to seven days prior to
testing. Home cage animals were collected directly from the home cage followed by immediate transcardial perfusion (n=13). For
each condition mice were exposed to the tube with odorant in the home cage on the rack for 30 minutes and then collected imme-
diately (n=5-7 per group). On the day of collection, 400 pl of mineral oil (Sigma-Aldrich), or 400 ul of novel odorant diluted 1:100 in
mineral oil (acetophenone, Sigma-Aldrich) was added to a cotton ball stuffed down into a 15 ml falcon tube so that the mice could
not reach the cotton ball. Novel food odorant tubes were prepared by filling 15 ml falcon tubes to the 5 ml line with novel food (foraging
mix, VWR) and sealed with a cotton ball so the mice could not access the food. New gloves and transfer containers were used for
each animal to minimize exposure to other olfactory stimuli. No mice were excluded from this experiment.

Transmission electron microscopy and immunogold labeling

Mice (P14, P21 and P28; n=6 per age, embedding 3 sections / animal) were deeply anesthetized and perfused with 0.9% saline fol-
lowed by 2% paraformaldehyde (PFA) and 2.5% glutaraldehyde (EMS) in 0.1 M phosphate buffer (PB). Brains were dissected and
post-fixed overnight at 4 °C in the same fixative solution and subsequently, 200 um sagittal sections were prepared using a Leica
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VT1200S vibratome (Leica Microsystems). Slices were further post-fixed in 2% osmium tetroxide in 0.1 M PB for 1.5 hours at room
temperature, washed in deionized water, and partially dehydrated in 70% ethanol. Samples were then incubated in 2% uranyl ace-
tate in 70% ethanol in the dark for 2.5 h at 4 °C. Brain slices were further dehydrated in ethanol followed by propylene oxide and
infiltrated overnight in Durcupan ACM epoxy resin (Fluka, Sigma-Aldrich). The following day, the samples were transferred to fresh
resin and were cured for 72 h at 70 °C. Following resin hardening, semithin sections (1.5 um) were obtained with a diamond knife using
a Ultracut UC?7 ultramicrotome (Leica). Sections were mounted onto glass microscope slides and lightly stained with 1% toluidine
blue. After identification of the PL by light microscopy, selected semithin sections were glued with Super Glue-3, Loctite (Henkel)
to resin blocks and subsequently detached from the glass-slides by repeated freezing (in liquid nitrogen) and thawing. Ultra-thin sec-
tions (60-80 nm) were obtained with the ultramicrotome from detached semi-thin sections, and further stained with lead citrate
(Reynolds’ solution). The samples were examined with a FEl Tecnai G2 Spirit transmission electron microscope at 80 kV (FEI Europe)
equipped with a XAROSA CMOS digital camera (EMSIS GmbH).

For pre-embedding immunogold stains (P21; n=4 per age, embedding 3 sections / animal), samples were fixed with 4% PFA in
0.1 M PB and cut into 50 um sagittal sections using a vibratome. Pre-embedding immunogold stainings were performed as previously
described."'° Sections were contrasted with 1% osmium tetroxide, 7% glucose in 0.1 M PB and embedded in Durcupan epoxy resin.
Subsequently, 100-150 serial semithin sections (1.5 um) were obtained with the ultramicrotome, mounted onto glass-slides, and
stained with 1% toluidine blue. Selected semi-thin sections were processed as described above to obtain ultrathin sections prior
to examination by TEM.

Electrophysiology

C57BI/6J mice (P21-P28; n=10) were anesthetized with isofluorane and decapitated. Brains were dissected and placed into ice-cold
cutting ACSF, containing: Sucrose 234 mM, D-Glucose 11 mM, KCI 2.5 mM, NaHCO3; 26 mM, NaH,PO4 1.25 mM, MgSO,4 7 mM,
CaCl, 0.5 mM. Sagittal sections (275 um thick) were sliced using a Leica V1200 vibratome. Sections containing the PL were trans-
ferred to recording ACSF, containing: NaCl 125 mM, KCI 3.5 mM, CaCl, 2 mM, MgCl, 1 mM, NaH,PO,4 1.25 mM, NaHCO3 26 mM,
D-Glucose 10 mM. This solution was initially held at 34 °C for 30 minutes to facilitate slice recovery, before cooling to room temper-
ature for the duration of the experiment. All solutions were adjusted to 7.4 pH and 300 mOsm and were bubbled with carbogen (95%
CO,/5% 02) during all steps. All chemicals were supplied by Sigma (St Louis Mo). Patch pipettes (5-9 MQ) were pulled from boro-
silicate glass pipettes (Sutter Instruments) using a vertical 2-stage puller (Narishige PP-830) and filled with an internal solution con-
taining: K-gluconate 145 mM, HEPES 10 mM, EGTA 1 mM, Mg-ATP 2 mM, Na,-GTP 0.3 mM, MgCl, 2 mM, and biocytin 0.5%
(ThermoFisher). This solution was adjusted to 7.3 pH and 290-300 mOsm, and 0.5% biocytin was added on the day of the
experiment.

Patch-clamp electrophysiology was conducted using a Nikon upright microscope and a 60X water immersion objective, and slices
were held in a chamber containing recording ACSF with a flow rate of 2-3 mL/min at room temperature. The PL was identified by its
anatomical position between ventral endopiriform, striatum and basolateral amygdala and its higher cell density than nearby regions.
Whole-cell patch-clamp recordings (n = 25 cells from 10 mice) were obtained using a MultiClamp 700A amplifier, Digidata 1550B
digitizer, and pClamp 10 software (Axon Instruments, Molecular Devices). Electrical signals were sampled at 20Hz. During whole-
cell current clamp recordings, cells with access resistances greater than 30 MQ or resting membrane potential drift >5 mV were dis-
carded. 1-second long hyperpolarizing and depolarizing current steps were applied, in increasing intervals of 5 pA, up to 100 pA.
Next, voltage clamp recordings were obtained to record sSEPSCs (inward currents at -70mV holding) and sIPSCs (outward currents
at -40mV holding potential).

Analysis was performed in Clampfit 10. Input resistance was calculated from the linear slope of the voltage responses to the first
3-4 hyperpolarizing current steps. Time constant was calculated from an exponential curve to a 10 pA hyperpolarizing current. Action
potential properties were analyzed from the first elicited action potential (at the rheobase current). Threshold was measured as the
first point with dV/dt > 20 mV/msec. Amplitude was calculated as the difference between peak voltage and threshold. Spike duration
was measured as the width of the spike halfway between threshold and peak. Depolarization/repolarization ratio was calculated from
the largest value depolarization and repolarization slopes.

Following recordings, sections (n=25 cells from n=10 mice; n=18 biocytin filled neurons) were fixed in 4% PFA overnight at 4 °C,
and then washed in PBST. To label biocytin-filled cells, sections were incubated for 2 hours at RT in block solution. Then, primary
antibody (Rb anti-Dcx) and Streptavidin-Cy5 were added to fresh block solution, and sections were incubated overnight at 4 °C. Sec-
tions were then washed with PBST, 3 times for 10 minutes per wash, and 2 times for 30 minutes per wash. Then, sections were incu-
bated in secondary antibodies and streptavidin dye conjugate in block solution, overnight at 4 °C. Following secondary incubation,
sections were again washed with PBST, 3 times for 10 minutes per wash, and 2 times for 30 minutes per wash. Finally, sections were
mounted to slides, allowed to dry completely, and coverslipped with Fluoromount-G with DAPI (SouthernBiotech).

iDISCO staining and light sheet microscopy

For whole mount imaging, the iDisco tissue clearing method was used.’® Wildtype C57BI/6 mice (n=8-10 at P7 and P21) were
perfused with 4% paraformaldehyde, fixed overnight at 4 °C, and then washed in PBS. Prior to immunostaining, tissue was dehy-
drated using increasing concentrations of methanol in distilled water (20%, 40%, 60%, 80%, 100%, 100%, 1 hour each at RT),
bleached overnight in 5% H,0O, in 100% methanol at 4 °C, and then gradually rehydrated (80%, 60%, 40%, 20% methanol, then
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PBS with 0.2% Triton, 1 hour each at RT). Bleached samples were incubated in permeabilization solution (PBS with 0.2% Triton, 20%
DMSO, 0.3M glycine) and then in blocking solution (PBS with 0.2% Triton, 10% DMSO, 6% Normal Donkey Serum), each for 2 days at
37 °C. Primary antibody incubation was performed in PTwH (PBS with 0.2% Tween-20 and 10 pg/ml heparin) + 5% DMSO and 3%
Normal Donkey Serum, 4 days at 37 °C. Samples were washed in PTwH over 24 hours at RT (5-6 washes of increasing duration),
before incubation in secondary antibody in PTwH + 3% Normal Donkey Serum, 4 days at 37 °C. Another series of 5-6 washes in
PTwH over 24 hours at RT were performed before proceeding to clearing steps.

Clearing was performed by dehydrating samples in increasing concentrations of methanol in distilled water (20%, 40%, 60%, 80%,
100%, 1 hour each at RT), then incubating in a solution of 66% dichloromethane (DCM, Sigma 270997) in methanol for 3 hours at RT.
2 washes of 100% DCM (15 minutes each at RT) were performed before placing samples in dibenzyl ether (DBE, Sigma 108014) for
clearing and imaging. Samples were imaged in DBE via light sheet microscopy (Ultramicroscope Il, Miltenyi Biotec) equipped with an
sCMOS camera (Andor NEO 5.5) and a 2x Olympus objective lens. Cleared samples were stored long-term in DBE in glass containers
in the dark. Light sheet datasets were imported into Imaris 9.1 (Bitplane) for 3D visualization. No masking was performed. Following
automatic rendering using the ‘MIP’ setting, movies of 3-D datasets were generated using the ‘animation’ tool.

Time-lapse microscopy and migratory neuron tracking

For time-lapse microscopy, P0.5-P3 Dcx-mRFP (n=4) mice were anesthetized in wet ice before being sprayed with 70% ethanol and
decapitated with sterilized scissors. The brain was then extracted and placed in chilled ACSF (glucose 25 mM, NaCl 125, KCI 2.5 mM,
MgCl, 1 mM, CaCl, 2 mM, NaHCO3; 2.5 mM, Na,HPO,4 1.25 mM) or HBSS (Gibco, catalog # 14175079) that had been bubbled with
carbogen (95% O, and 5% CO,) for 30 minutes while on wet ice. Brains were embedded in blocks with 3.5% low melting point agar
(Fisher, catalog # 16-520-050) heated to 37 °C. After the agar had solidified, 350 um sagittal sections were prepared using a vibra-
tome (Leica VT 1200S) with carbogen-bubbled ACSF or HBSS in the sectioning chamber that was externally packed with wet ice.
Sections were transferred onto sterile membrane culture inserts (Millicell-CM, Millipore; 0.4 um pore size, 30 mm diameter, catalog#
PICMO03050). These were placed into either a glass-bottom coverslip petri dish (MatTek, catalog # NC9732969) or a six-well plate
containing pre-incubated slice culture medium (1.5-2 mL per well) that consisted of 66.6% Basal Medium Eagle (BME) with phenol
red (Thermofisher, catalog# 21010046), 25% HBSS, 5% fetal bovine serum (FBS) non-heat inactivated (Gibco, catalog # 26140079),
1.3% of 33% glucose, 1% penicillin-streptomycin-glutamine (P/S/L-glut) (Gibco, catalog # 10378016), 1% GlutaMAX (L-glut
200 mM) (Gibco, catalog# 35050061), and 1% N-2 (Fisher (Gibco), catalog # 17502048). Cultures were imaged on the microscope
in a humidified incubator (okoLab Transparent Cage Incubator DMi8, catalog # 158206046) with a heated and humidified gas mixture
(5% 0O, 5% CO,, at 37 °C). Imaging was every 20-30 min using a Leica Sp8 confocal resonance scanner and a 10x/0.40 NA objective
with 2-3x digital zoom. A minimum of 3 technical replicates were conducted for quantifications. Traces of migrating neurons were
generated using the ImageJ manual tracking feature. The coordinates of the soma of each migrating neuron was recorded for
each time frame it was visible within the optical section. Those coordinates were then used to calculate each neuron’s total distance
traveled and total displacement, the time interval over which the cell was moving was then used to calculate migration speed.

Human tissue immunofluorescence

Frozen slides were allowed to equilibrate to room temperature for 3 hours and rehydrated in PBS prior to antigen retrieval at 95°C in
10 mM sodium citrate buffer, pH=6.0. Slides were washed with TNT buffer (0.05% TX100 in PBS) for 10 minutes, placed in 1% H202
in PBS for 45 minutes and then blocked with TNB solution (0.1 M Tris-HCI, pH 7.5, 0.15 M NaCl, 0.5% blocking reagent from Akoya
Biosciences, catalog # NEL741001KT) for 1 hour. Slides were incubated in primary antibodies overnight at 4 °C and in biotinylated
secondary antibodies (Jackson Immunoresearch Laboratories) for 2.5 hours at room temperature. All antibodies were diluted in TNB
solution. For most antibodies, the conditions of use were validated by the manufacturer (antibody product sheets). When this infor-
mation was not provided, we performed control experiments, including no primary antibody (negative) controls and comparison to
mouse staining patterns. Sections were then incubated for 30 min in streptavidin-horseradish peroxidase that was diluted (1:200)
with TNB. Tyramide signal amplification (PerkinEImer) was used for some antigens. Sections were incubated in tyramide-conjugated
fluorophores for 5 minutes at the following dilutions: Fluorescein: 1:100; Cy3: 1:100; Cy5: 1:100. After several PBS rinses, sections
were mounted in Fluoromount-G (Southern biotech, catalog # OB100-01) and coverslipped. Staining was conducted in technical trip-
licates prior to analysis.

Single cell dissociation and RNA-sequencing

Four juvenile (P22) C57BI/6J littermates (two male and two female) were deeply anesthetized using an overdose of isoflurane followed
by decapitation. Brains were extracted and then embedded in blocks with 3.5% low melting temp agar (Fisher, catalog # 16-520-050)
heated to 37 °C in a waterbath. After the agar had solidified, 350 um sagittal sections were prepared using a vibratome (Leica,
VT1200S) with chilled carbogen-bubbled HBSS in the sectioning chamber that was externally packed with wet ice. Sections were
collected using a cut sterile disposable pipette (VWR catalog # 76285-362) and then placed in L-15 media on ice. The PL and
VEN from 5-6 sections per brain were hand dissected using a sterile pulled glass pipette under a dissecting microscope. The tissue
was transferred to Papain-EBSS (Worthington, catalog # LK003150). Tissue was digested for 30 mins at 37°C in a thermomixer at 900
RPM. The tissue was then mechanically dissociated using a sterile RNAse-free wide bore P1000 pipette tip for 20 s, and then with a
sterile fire-polished pasteur pipette for 5 min. Tissue was digested for 10 min at 37°C, and dissociated with the pasteur pipette for
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another 2 min. Cells were centrifuged for 5 min, 300 RCF at 4°C, and the pellet was resuspended with DNAase/ovomucoid inhibitor
according to manufacturer’s protocol (Worthington). Cells were incubated in Red blood cell lysis buffer (BioLegend, catalog
# 420301) for 3 min on wet ice. Samples were then filtered with a FlowMi 40 um cell strainer (Sigma, catalog # BAH136800040-
50EA) followed by a filter wash using 500uL 1% BSA-PBS. To remove myelin, the cell suspension was incubated with Myelin Removal
Beads (Miltenyi Biotec, catalog # 130-096-733) (6 pl/brain) for 15 min on wet ice. Cells were washed with 0.5% BSA-PBS and trans-
ferred to MACS LS columns (Miltenyi Biotec, catalog # 130-042-401) and QuadroMACS Separator (Miltenyi Biotec, catalog # 130-
090-976). The effluent was collected and loaded into two wells of a 10x Genomics Chromium X series controller. Libraries were
sequenced in a Novaseq 6000 system (lllumina).

Single cell RNA sequencing analysis

Sequencing reads were aligned using CellRanger v7.1.0 via the 10x Genomics Cloud Analysis system, with the Single Cell 3’ Gene
Expression reference library. Quality control and pre-processing steps consisted of discarding low-quality cells by removing barc-
odes with low numbers of genes (nFeature_RNA < 2,000; nCount_RNA < 4,000), and likely doublets based on high numbers of mol-
ecules detected per cell (nCount_RNA > 30,000), or cells clustered with them. We also excluded barcodes with more than 10% of
reads belonging to mitochondrial genes. We used SCTransform as a normalization method and 30 dimensions for Uniform Manifold
Approximation and Projection (UMAP) dimension reduction function in Seurat v.4.2.""" Principal component (PC) analysis was per-
formed on the normalized data and 10 dimensions (mouse dataset) or 15 dimensions (human dataset) were used for UMAP dimen-
sion reduction. Dot plots and feature plots were prepared using Seurat v4.2. To identify differentially expressed genes between clus-
ters we used a Wilcoxon rank sum test in Seurat v4.2 on the non-transformed RNA data and the results of these tests are in Tables S3
and S4.

Open source gene expression analysis

Single-nuclei RNA sequencing of the human amygdala from 4-15 years old® was re-analyzed in R version 4.1.2 (R Core Team (2022).
R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, Vienna, Austria. <https://www.R-
project.org/>) using the Seurat package (v5) and Uniformed Manifold Approximation and Projection (UMAP) for dimension reduction
with a dimensionality of 30 and resolution set to 1.5. The cluster containing immature PL neurons was identified based on selective
expression of positive PL markers. Genes in this cluster with pct.2 < 0.2 were examined for expression levels of the corresponding
mouse gene in the mouse PL in the Allen Brain Atlas in situ hybridization data (Allen Mouse Brain Atlas, mouse.brain-map.org)."'?

Statistical analysis

Statistical significance was defined as * = p < 0.05, ** = p < 0.01, ™ = p < 0.001, *** = p < 0.0001. For comparison of multiple groups
we used one- or two-way analysis of variance (ANOVA) with post-hoc multiple comparison tests (Tukey, Holm-Sidak, or Dunnett’s
test). When comparing two groups (electrophysiology), we used unpaired t-test with Shapiro-Wilk post-hoc normality test. Most
quantifications are shown as mean + SEM or + SD (electrophysiology). An alpha of p <0.05 was used for hypothesis testing to
represent a statistically significant difference. All statistical tests were conducted with GraphPad Prism (v.9).
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