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Protracted neuronal recruitment in the 
temporal lobes of young children

Marcos Assis Nascimento1,2 ✉, Sean Biagiotti3, Vicente Herranz-Pérez4,5, Samara Santiago3,6,7, 
Raymund Bueno8,9, Chun J. Ye8,9,10,11,12,13, Taylor J. Abel14, Zhuangzhi Zhang15, Juan S. Rubio-Moll16, 
Arnold R. Kriegstein2,17, Zhengang Yang15, Jose Manuel Garcia-Verdugo4, Eric J. Huang18, 
Arturo Alvarez-Buylla1,2,19 ✉ & Shawn F. Sorrells3,6,7,19 ✉

The temporal lobe of the human brain contains the entorhinal cortex (EC). This 
region of the brain is a highly interconnected integrative hub for sensory and spatial 
information; it also has a key role in episodic memory formation and is the main 
source of cortical hippocampal inputs1–4. The human EC continues to develop  
during childhood5, but neurogenesis and neuronal migration to the EC are widely 
considered to be complete by birth. Here we show that the human temporal lobe 
contains many young neurons migrating into the postnatal EC and adjacent regions, 
with a large tangential stream persisting until the age of around one year and radial 
dispersal continuing until around two to three years of age. By contrast, we found no 
equivalent postnatal migration in rhesus macaques (Macaca mulatta). Immunostaining 
and single-nucleus RNA sequencing of ganglionic eminence germinal zones, the EC 
stream and the postnatal EC revealed that most migrating cells in the EC stream are 
derived from the caudal ganglionic eminence and become LAMP5+RELN+ inhibitory 
interneurons. These late-arriving interneurons could continue to shape the 
processing of sensory and spatial information well into postnatal life, when children 
are actively interacting with their environment. The EC is one of the first regions  
of the brain to be affected in Alzheimer’s disease, and previous work has linked 
cognitive decline to the loss of LAMP5+RELN+ cells6,7. Our investigation reveals that 
many of these cells arrive in the EC through a major postnatal migratory stream in 
early childhood.

The EC is a cortical region located between the hippocampal allocor-
tex and the temporal lobe neocortex. It is interconnected with the 
late-developing frontal cortex8,9 and hippocampus10,11. The embry-
onic development of the EC differs from that of the neocortex; one 
example of this is the early formation of the stellate islands in the 
EC superficial layers12,13. The birth and migration of cortical neurons 
mainly occur in mid-embryogenesis, but there is evidence suggesting 
that neurons in the EC continue to mature postnatally in humans5. 
Two molecular markers that are commonly found in immature  
neurons—the microtubule-binding protein doublecortin (DCX) and 
the cell-surface protein polysialylated neural cell adhesion molecule 
(PSA-NCAM)—have been observed in the postnatal human EC14,15. This 
raises the question of whether the EC continues to receive neurons 
postnatally.

 
Neuronal migration in the infant temporal lobe
We examined human temporal lobe samples from fixed post-mortem 
brains and fresh tissue from epilepsy surgical resections (Supple-
mentary Table 1). Cleared blocks of tissue from the temporal lobe at 
birth revealed a multilayered lamina that contains densely packed 
cell nuclei extending from the medial wall of the temporal lobe lateral 
ventricle (tLV), between the hippocampus and the EC (Fig. 1a, Extended 
Data Fig. 1a and Supplementary Video 1). Immunostaining for DCX 
and PSA-NCAM showed that this region contains a large collection 
of DCX+PSA-NCAM+ cells, which form a network of chains (Fig. 1b,c 
and Extended Data Fig. 1b,c). We mapped this large medial migratory 
stream extending towards the EC in coronal sections from the anterior 
tip of the amygdala to the mid-hippocampus (covering about 2 cm) 
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(Fig. 1d and Extended Data Fig. 1d). In sagittal sections, these chains 
were present cascading over the rostral end of the tLV at medial levels, 
and ventral to the hippocampus between the ventricle and the EC at 
lateral levels (Fig. 1e). Because DCX can be expressed in more mature 
neurons3,10,14, we examined the ultrastructural features of the cells in 
the dense clusters at birth. The cells had small, elongated cell bodies 
with leading and trailing processes, scarce cytosol and an elongated 
nucleus with compacted chromatin (Fig. 1f and Extended Data Fig. 1e), 
which indicates that these clusters of DCX+PSA-NCAM+ cells correspond 
to chains of migrating young neurons16. We refer to this expansive, 
medially oriented network of migratory chains extending towards the 
entorhinal cortex as the EC stream.

The EC migratory stream persists after birth
To determine how long the EC stream persists postnatally, we stained 
sections of the temporal lobe for DCX and PSA-NCAM from birth to 
three years of age. Dense chains of DCX+PSA-NCAM+ cells were pre-
sent along the temporal lateral ventricle and in the EC stream up to the 
age of 11 months, but were no longer observed at 14 months (Fig. 2a).  
In addition, dispersed individually migrating DCX+ cells were present 
throughout the temporal lobe at birth, including in the developing 
white matter and the cortical plate. We mapped the location and the 

orientation of DCX+ cells with migratory morphology from birth to the 
age of three years (Fig. 2b,c and Extended Data Fig. 2a–e). The num-
ber of individually migrating DCX+ cells in the medial temporal lobe 
decreased between birth and the age of seven months, but migrating 
DCX+ cells were still present between seven months and two years of age. 
At three years of age we could still observe a few individual migratory 
DCX+ cells in the EC, where persistent immature neurons have been 
previously described14,15.

We next evaluated the orientation of DCX+ cells that had a single 
leading process and elongated nucleus, suggestive of active migra-
tion (Fig. 2b,c and Extended Data Fig. 2b–e). We classified DCX+ cells 
as oriented tangentially (parallel) or radially (perpendicular) to the 
cortical surface. From birth to two years of age, similar numbers of 
DCX+ cells were oriented radially and tangentially in subcortical areas 
close to the EC stream (50.1% at birth; 58.2% at seven months; 58.5% 
at two years). By contrast, the EC had more than twice as many DCX+ 
cells migrating radially as tangentially (66.9% of all migrating neurons 
at birth; 87.5% at seven months; 79.9% at two years). This suggests that 
within the EC stream and surrounding areas, DCX+ young neurons tend 
to disperse tangentially, and once in the cortex they move mainly within 
radial columns.

Next, we investigated whether a similar postnatal migratory stream 
was present in the temporal lobe of rhesus macaques (Macaca mulatta). 
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Fig. 1 | Stream of migratory neurons in the perinatal human temporal lobe. 
a, Optical section of a 7.6-mm-thick stack of cleared medial temporal lobe at 
birth, stained with TOPRO and imaged using light-sheet microscopy. The EC 
stream can be identified as a multilayered lamina of dense clusters of nuclei 
extending medially from the tLV. Three-dimensional (3D) reconstruction of 
these clusters highlights their extension along the anterior–posterior axis  
(see Supplementary Video 1). b, Coronal section at 38 GW, showing DCX+ 
immunostained cells in the EC stream. HP, hippocampus. c, Deconvolution 
image at birth, showing a dense cluster of DCX+ cells co-expressing PSA-NCAM 
(arrowheads) with elongated nuclei (DAPI). d, Coronal maps of the EC stream 
(purple arrows) at 38 GW; mapped sections spaced by around 1 mm from the 
anterior tip of the basolateral amygdala (BLA). e, Sagittal maps of the EC stream 

(purple arrows) at 10 postnatal days; sections spaced by around 1 mm from the 
medial end of the tLV. f, Left, transmission electron microscopy (TEM) image  
of immature neurons in the human EC stream at birth, showing densely packed 
neurons (red, N) with compacted chromatin and fusiform morphology, 
surrounded by astrocytes (blue, A); note the presence of ependymal cells 
(cyan, E; see also Fig. 3). Middle, higher magnification of a neuron with adherens 
junctions (arrowheads, inset). Right, many cells in the EC stream had features  
of migratory neurons: a centrosome (inset) opposite a trailing process with an 
adhesion point (arrowhead). Scale bars, 1 mm (a,b,d,e); 100 µm (b bottom); 
10 µm (c, f left); 1 µm (f middle and right); 200 nm (f middle and right insets).  
D, dorsal; L, lateral; A, anterior.
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We stained temporal lobe sections for DCX and PSA-NCAM at birth 
and at 3, 6 and 17 months of age (Fig. 2d,e and Extended Data Fig. 2f–i).  
At birth, we observed sparse clusters and individual DCX+PSA-NCAM+ 
cells in the ventricular–subventricular zone (V-SVZ) of the tempo-
ral lobe (Extended Data Fig. 2f,g). In the EC stream region at birth, 
macaques had a dispersed population of DCX+ cells, whereas within 
the EC, DCX+ cells with migratory morphology were infrequent (one 
or two per section). From 3 to 17 months of age we observed no DCX+ 
neurons in the EC stream or in the EC. These results indicate that the 
postnatal macaque brain does not have a comparable postnatal migra-
tory stream, but we cannot exclude the possibility that similar neurons 
arrive earlier during gestation.

Formation of the EC migratory stream
The prominence of EC stream migration at birth made us wonder 
how this migratory route forms during gestation. At 18 gestational 
weeks (GW), the EC was a thin strip of tissue in the ventral temporal 
lobe adjacent to the ventricle, which at this age was open, with the 
caudal ganglionic eminence (CGE) germinal zone present more dor-
sally along the same ventricle wall (Fig. 3a). Between 18 and 22 GW, tissue 
growth had pressed these ventricular walls close together (Fig. 3b,c and 

Extended Data Fig. 3a–d). At 22 GW, the medial ventricle wall was lined 
with FOXJ1+ multiciliated ependymal cells, whereas the lateral wall con-
tained abundant vimentin+ radial glia (RG) fibres (Fig. 3c). Between 22 
and 29 GW, these ventricle walls completely fused together (Extended 
Data Fig. 3a–e). Despite the ventricle fusion and the complete absence 
of an open ventricle, at birth and at seven months this region retained 
FOXJ1+ ependymal cells individually or in clusters (Fig. 3d). This was 
confirmed ultrastructurally, with clusters of multiciliated ependymal 
cells embedded within the EC stream at birth (Fig. 3e and Extended 
Data Fig. 3f). At birth and at seven months, we still observed RG in this 
region, and their vimentin+ processes surrounded the DCX+ clusters in 
the EC stream (Fig. 3d and Extended Data Fig. 3e), resembling the glial 
tube of the rostral migratory stream (RMS)9. These fibres seem to guide 
each tributary of the EC stream away from the wall of the tLV (Fig. 3d, 
arrow). The ultrastructure of the EC stream at birth revealed chains of 
elongated migratory neurons oriented in the direction of surrounding 
glial fibres (Fig. 3f). By contrast, in the postnatal macaque (at 3 or 17 
months), the same ventricular region retained segments that were open 
postnatally, suggesting that this region does not completely fuse as it 
does in humans (Extended Data Fig. 3g). Thus, in humans, the fusion 
of ventricle walls and their V-SVZs creates a path for migrating neurons 
towards the postnatal EC.
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three years. a, Maps of DCX+PSA-NCAM+ cell clusters in coronal sections of the 
human medial temporal lobe from birth to 24 months of age. Bottom right box: 
DCX+PSA-NCAM+ immunostained cell clusters are shown at 11 months of age.  
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surface; green) and tangentially oriented (yellow) neurons in the EC. c, Number 

of neurons with radial and tangential orientations in subcortical white matter 
and in the EC between birth and three years of age, counted in 20-µm sections. 
d, Maps of DCX+ cells in the macaque medial temporal lobe between birth and 
six months of age, and (inset) an example of DCX+ immunostained cells. e, DCX+ 
immunostaining in the macaque EC stream region indicated in d (box) in at 
birth and at three months of age. Scale bars, 1 mm (a maps, b, d maps); 100 µm 
(e); 10 µm (a bottom right stains, d top left).
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The EC stream contains migrating interneurons
To characterize the identity of the migrating neurons in the EC stream, 
we microdissected this region from a two-week-old sample and per-
formed single-nucleus RNA sequencing (snRNA-seq) (Fig. 4a–d). 
Most of the captured DCX-expressing neurons (72.2%) expressed the  
GABAergic interneuron markers distal-less homeobox 2 (DLX2)  
(ref. 17) and glutamate decarboxylase 2 (GAD2). A smaller fraction 
expressed the cortical excitatory neuron transcription factor T-brain 1  
(TBR1) (ref. 18; Fig. 4c,d). The immature inhibitory neurons were pre-
sent in two clusters in our dataset. The larger cluster (86.5% of cells) 
expressed nuclear receptor subfamily 2 group F member 2 (NR2F2; 
encoding COUPTFII), consistent with a possible CGE origin. The smaller 
cluster expressed LIM-homeobox 6 (LHX6), consistent with a medial 
ganglionic eminence (MGE) origin (Fig. 4c,d).

To confirm the identity of the immature neurons in the EC stream, we 
performed immunostaining on samples between birth and 11 months 
of age (Extended Data Figs. 4 and 5). From birth to seven months of 
age, most cells within the temporal lobe V-SVZ and EC stream were 
DCX+DLX2+ but not TBR1+, corroborating their inhibitory identity 
(Fig. 4e,f and Extended Data Fig. 5a–e). At birth, 82.4% (1,163/1,412) 
of the DCX+ cells were DLX2+ in the EC stream and 1.9% (29/1,553) were 
TBR1+. Furthermore, at birth, most of the migrating neurons in the 
EC stream were COUPTFII+ (88.3%; 339/384), and co-localized with 
DLX2 (Fig. 4f and Extended Data Figs. 4a,c–e and 5b,c). At this age, 
a smaller fraction of EC stream cells expressed specificity protein 8 
(SP8) (2%; 19/967) or LHX6 (21.0%; 81/423) (Extended Data Fig. 4b,f), 
consistent with the snRNA-seq data. In contrast to the EC stream, the 
human RMS at birth contains very few DCX+COUPTFII+ cells (Extended 
Data Fig. 4h). The migrating cells in the EC stream also expressed the 
calcium-binding protein secretagogin (SCGN) (Fig. 4g) which is present 
in the cytoplasm of immature CGE-derived interneurons19 (see also 
Extended Data Fig. 9d).

Within the EC, we next investigated the identity of the individual DCX+ 
cells between birth and two years of age. Similarly to the EC stream, 
DCX+ cells in the EC at birth were 85.5% (868/1,015) DLX2+ (Fig. 4h). The 
EC also contained a subpopulation of DCX+TBR1+ neurons that were fre-
quently multipolar, suggesting that they had completed their migration 
(Fig. 4h and Extended Data Fig. 5g,h). Unlike the EC stream, only 21.4% 
of DCX+ cells in the EC were COUPTFII+ at birth, and 44.4% were LHX6+. 
With increasing postnatal age, the total population of DCX+ cells in the 
EC decreased and the LHX6+ fraction dropped sharply. By contrast, 
there was a threefold increase in the percentage of DCX+COUPTFII+ 
cells, which remained around 65% between three months and two years 
of age (Fig. 4j,k and Extended Data Fig. 4g). At two years of age, few 
DCX+ cells in the EC expressed SP8, LHX6 or NKX2.1 (12.3%, 5.2% and 
1.9%, respectively). Compared to the EC stream, the co-expression of 
DCX, PSA-NCAM and either COUPTFII or DLX2 in the EC was less fre-
quent, with more cells expressing only DCX or PSA-NCAM (Extended 
Data Fig. 5i,j). Individually migrating SCGN+ cells in the EC were abun-
dant at birth and persisted in large numbers in the seven-month EC, 
decreasing between eleven months and two years (Fig. 4i). This SCGN 
immunostaining clearly reveals the morphology and abundance of 
young migrating neurons in the EC stream and EC. The data show the 
extent of this massive postnatal migration in the human brain and 
further support its CGE origin19.

Unexpectedly, and unlike what is seen in humans, the sparse, indi-
vidually migrating DCX+ cells in the comparable EC stream region in 
the macaque were rarely COUPTFII+ (Fig. 4l and Extended Data Figs. 4i 
and 5f). Instead, these cells were frequently SP8+, which is rare in the 
human EC stream but common in the macaque RMS20. We were able 
to observe DCX+DLX2+COUPTFII+ cells only within the former CGE 
region in the macaque. Together, these observations indicate that 
the sparse individual migratory cells in the macaque at birth have a 
different molecular identity than do those in the human EC stream.
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The EC stream is produced by CGE progenitors
On the basis of the presence of many migrating young neurons and RG 
in this collapsed V-SVZ region at birth, we next investigated the nature 
of the proliferating cells in this area. We began by staining for divid-
ing cells and neural progenitor markers between 18 and 29 GW and at 

birth. Cells co-expressing the cell proliferation marker Ki-67 and the 
neural progenitor marker SRY-box transcription factor 2 (SOX2) were 
present in a region extending from the ventromedial wall of the ventri-
cle through the EC stream (Extended Data Fig. 6). At birth, a subset of 
Ki-67+ cells in this region were vimentin+HOPX+ RG (Fig. 5a–c). Notably, 
our snRNA-seq of the stream captured a cluster that expressed RG 

DCX

NR2F2 (COUPTFII) LHX6 TBR1

DLX2 GAD2

SP8

COUPTFII

DLX2

3  0  

50

0

100

P
er

ce
nt

ag
e 

(%
)

5  24  

D

L

U
M

A
P

2

UMAP1

Vascular cells

Im. excitatory
neurons

OPCs

Pre-OL

OL

Ependymal
cells 

Im. inhibitory
neurons

Microglia

Immune cells

Intermediate
progenitors

RG

Astrocytes

Pre-OPCs

DAPI

EC
 s

tre
am

HP

Sub

EC

tLV

e DCX DLX2 TBR1

DLX2

TBR1

Lateral tLV

f

h i

g
L

DCXDCX DCX
DLX2 DLX2

COUPTFII

DCX
DLX2

TBR1

DCX DLX2DCX

CGE
(NR2F2)

Excitatory
(TBR1)

MGE
(LHX6)

ba c d

DCXj k lDCX

D
C

X
+
 c

o-
st

ai
ne

d
 c

el
ls

in
 t

he
 E

C
 (%

)

SCGN

EC stream

tLV

EC

DCX SCGN DAPI

Birth
SCGNSCGN DAPI SCGN DAPI SCGN DAPI SCGN DAPISCGN SCGN SCGN

SCGN DAPI

7 months 11 months 2 years

38 GW

Birth

7 months

0

25

50

75

Age (months)

COUPTFII
SP8
LHX6
NKX2.1

COUPTFII LHX6 NKX2.1SP8

2 
ye

ar
s

38
 G

W

50

0

100

P
er

ce
nt

ag
e 

(%
)

D

L

Inhibitory
(GAD2)

D

EC stream
EC stream

Fig. 4 | The postnatal EC stream mainly supplies migrating CGE- 
derived interneurons. a, Tissue section showing a microdissected region  
of the EC stream from a two-week-old sample (dotted box). Sub, subiculum.  
b, Unsupervised clustering of nuclei in the EC stream. OL, oligodendrocytes; 
OPCs, oligodendrocyte precursor cells; Im, immature; pre-OL, 
pre-oligodendrocytes. c,d, Gene-expression feature plots (c) and relative 
abundance (d) of immature excitatory (TBR1+DCX+) and inhibitory 
(DLX2+GAD2+DCX+) neurons and MGE-derived (LHX6+) or CGE-derived NR2F2+ 
interneurons. e, At birth, the tLV lateral wall contains many DCX+DLX2+ cells 
that are TBR1–. f, EC stream DCX+ cells (at birth) co-stained for DLX2 and TBR1 or 
DLX2 and COUPTFII. g, Left, SCGN+ cell clusters in the EC stream at 38 GW, birth 
and 7 postnatal months. Right, DCX+SCGN+ cells at birth in the temporal lobe 

V-SVZ, EC stream and extending into the EC. h, The human EC at 38 GW 
immunostained for DCX and DLX2 or TBR1. i, The human EC between birth  
and two years of age, immunostained for SCGN. j, The human EC at 38 GW and 
two years of age, showing DCX+ cells co-stained with COUPTFII, SP8, LHX6 or 
NKX2.1 (arrowheads). k, Percentage of DCX+ cells co-stained with COUPTFII, 
SP8, LHX6 or NKX2.1 in the EC between birth and two years of age. Large dots, 
mean; small dots, sampled images; bars, s.e.m. of images for each individual; 
n = 5 individuals in three independent experiments. l, Top two rows: macaque 
EC stream region at birth, containing DCX+ cells co-stained with DLX2 (arrows) 
that are COUPTFII−. Bottom row: this region contains individually migratory 
DCX+SP8+ cells (arrows). Scale bars, 3 mm (a); 100 µm (e overview, g left, h left,  
i left, l); 20 µm (e inset, g right panels, i insets, j); 10 µm (f, h right panels).



Nature | Vol 626 | 29 February 2024 | 1061

markers (TNC, SOX2, VIM and HOPX (ref. 21)), distinct from a cluster 
of differentiated astrocytes (Supplementary Table 4). We investigated 
possible RG differentiation trajectories using Monocle, and found 
two main branches departing from the RG cluster: (i) a neurogenic 
trajectory, beginning with the expression of genes consistent with 
an intermediate neuronal progenitor identity (for example, EOMES) 
and ending in a population of immature excitatory neurons express-
ing DCX, TBR1 and SLC17A6 (Fig. 5d); and (ii) a trajectory following 
the oligodendrocyte lineage, starting with the expression of the oli-
godendrocyte progenitor markers OLIG2 and SOX10 and ending in a 
cluster of mature oligodendrocytes expressing MBP and MOG. In the 
EC stream microdissection, we did not find intermediate progenitors 
for interneurons or a differentiation trajectory connecting the local 
RG to the immature inhibitory neurons.

At birth, we mapped the location of Ki-67+ cells across the temporal 
lobe and identified clusters of proliferating cells next to immature 

neurons on the lateral wall of the ventricle in the region of the CGE 
(Fig. 5e and Extended Data Fig. 7); most were in the outer margins of 
the V-SVZ, with comparatively few dividing cells in the VZ. Consistent 
with these being remnants of CGE proliferation continuing at birth, 
the dense clusters contained Ki-67+COUPTFII+ cells. These proliferat-
ing progenitors were intermingled with migratory DCX+COUPTFII+ 
immature neurons (Fig. 5e), and ultrastructural analysis showed 
migrating neurons next to cells undergoing cytokinesis (Fig. 5f). In 
our mapped sections, we observed chains of DCX+ cells emanating 
from these proliferation hotspots and migrating tangentially close to 
the ventricle, along its ventral wall between the lateral tLV and the EC 
stream (Extended Data Fig. 7a,c–e).

We next investigated proliferation in the CGE and in the EC stream 
at birth compared with earlier in development. Immunostaining serial 
sections across the temporal lobe at 18 and 22 GW revealed the CGE on 
the lateral wall of the tLV, defined by an exceptionally dense collection 
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of Ki-67+ progenitors expressing COUPTFII, PROX1 and SP8 (Extended 
Data Figs. 8 and 9). The CGE at 22 GW also contained a high density of 
SCGN+ cells present along the ventricle wall that fuses to form the EC 
stream, as well as individually migrating SCGN+ cells oriented towards 
the EC (Extended Data Fig. 9d). Persisting from 22 GW until 29 GW, the 
CGE had the highest density of Ki-67+ cells of any location in the tem-
poral lobe, with tenfold more Ki-67+ cells than the EC stream region at 
comparable ages (Fig. 5g,h). At birth, the density of Ki-67+ cells in the 
CGE was reduced, but remained around threefold higher than that in the 
EC stream. Our observations suggest that the human CGE is a hotspot 
of progenitor proliferation for an extended period of development that 
extends postnatally, and that it is likely to be the source of the majority 
of neurons in the postnatal EC stream.

The postnatal EC stream supplies LAMP5+ neurons
To follow the maturation of neuronal subtypes supplied by the EC 
stream, we performed further snRNA-seq experiments. We merged 
the data from the microdissected 14-day-old EC stream (Fig. 4a,b) with 
nuclei collected from 23-GW MGE, lateral ganglionic eminence (LGE) 
and CGE; nuclei from the postnatal EC between 14 days and 27 years of 
age; and published snRNA-seq data from the 50–79-year-old EC (ref. 3; 
Fig. 6a, Extended Data Fig. 10 and Supplementary Table 5). We reclus-
tered the cortical interneurons from the combined dataset (Fig. 6b–e 
and Extended Data Fig. 11). Consistent with the progression of donor age 
(Fig. 6c), we observed a continuum of gene expression associated with 
different stages of neuronal maturation including proliferating precur-
sors (TOP2A+) and immature (DCX+) and mature (GABRB2+) neurons 
(Extended Data Fig. 11g,j). Immature interneurons were clustered in five 
different identities (Fig. 6d). Mature interneurons in the postnatal EC 
were clustered in nine different identities defined by label transfer from 
a temporal lobe cortical dataset22 (Fig. 6e and Supplementary Table 6). 
Interneurons in the CGE and MGE, but not LGE lineages (Extended Data 
Fig. 10e), were present in the EC from 23 GW to adulthood. Neurons 
from the microdissected EC stream were present mainly in only one 
of the two immature CGE clusters (Im. CGE-2) (Fig. 6b,d,f).

We next used Monocle to investigate the maturation process of EC 
interneurons. Starting from a cluster of immature inhibitory neurons 
(Im. Mix; SOX4+SOX11+ cells) derived from the germinal zone samples, 
initial branch points separated the CGE- and MGE-derived immature 
(DCX+) neurons (Fig. 6d,f,g and Extended Data Fig. 11). Lineage trajec-
tory analysis revealed six maturation trajectories (Fig. 6g). The vast 
majority of migratory inhibitory neurons in the EC stream were pre-
sent in CGE-derived maturation trajectories (Fig. 6g, h), mainly in the 
early stages of the CGE-derived LAMP5+ trajectory. EC stream cells were 
also present in a smaller fraction of the trajectory for immature VIP+ 
CGE-derived cells and a very small fraction of MGE-derived LHX6+ cells 
(Fig. 6h and Extended Data Fig. 4f). Of note, in the 23-GW EC, very few 
cells were in the LAMP5+ maturation trajectory, suggesting that these 
cells have not arrived in the EC at that age (Fig. 6b,f,h and Extended 
Data Fig. 11a).

To identify gene modules associated with interneuron lineage 
progression, we performed a weighted gene co-expression network 
analysis (WGCNA) (Extended Data Fig. 12). This analysis identified five 
modules of co-expressed genes with correlated expression. Modules 
1, 2 and 4 were strongly correlated with pseudotime and donor age 
(Extended Data Fig. 12b,c). Genes in module 2 were highly expressed 
in immature neurons and included those associated with neuron 
maturation (for example, SOX4 and SOX11), cell migration and axonal 
guidance. Genes in module 4 were associated with protein synthesis 
(for example, ribosomal genes and EEF1A1) and were downregulated 
with age, consistent with recent findings23. Genes in module 1 were 
highly expressed in mature neurons (for example, genes related to 
synaptic communication, neuronal adhesion and the maintenance 
of membrane potential) (Extended Data Fig. 12a and Supplementary 

Table 7). Cells in the EC stream highly expressed genes in module 2, but 
expressed module-1 genes at low levels, consistent with their immature 
interneuron phenotype (Extended Data Fig. 12e).

To infer the possible destination of EC stream cells in the EC, we used 
a spatial transcriptomic dataset from the adult human temporal lobe24 
as a reference for label transfer. We identified the cells in our dataset 
that corresponded to superficial- and deeper-layer CGE-derived LAMP5+ 
cells (Fig. 6i). Superficial-layer LAMP5+ cells had higher expression 
of RELN, NDNF and NCAM2, and lower-layer LAMP5+ cells had higher 
expression of RASGRF2, FBXL7 and CDH13 (Fig. 6j and Supplementary 
Table 8). Most of the cells in the EC stream microdissection had an 
ambiguous identity, probably because of their immaturity, but a small 
subset expressed genes of upper-layer LAMP5+ neurons (Fig. 6k and 
Extended Data Fig. 13).

We next validated these findings and identified the location of 
interneuron subtypes histologically. Consistent with our transcrip-
tomic analysis, the postnatal EC stream contained cells immunoreac-
tive for the interneuron subtype markers LAMP5, RELN and calretinin  
(CR, co-expressed by VIP cells) (Fig. 6l–n and Extended Data Figs. 11i  
and 14). At birth, we observed a subpopulation of LAMP5+COUPTFII+ 
cells in the EC stream and in the EC, consistent with a CGE origin (Fig. 6g,l 
and Extended Data Fig. 4f). We also observed a subset of LAMP5+ cells 
that were not COUPTFII+ and had a layer distribution consistent with 
MGE-derived LAMP5+ cells24. At birth, the LAMP5+COUPTFII+ cells 
were preferentially found in the superficial layers of the EC, whereas 
COUPTFII+ cells co-expressing RELN, CR and VIP had a wider distribu-
tion (Fig. 6n). RELN, which is expressed in the upper-layer subpopula-
tion of LAMP5+ cells (Fig. 6j and Extended Data Fig. 11i), was present in 
multiple clusters of migratory neurons along the ventral tLV (Fig. 6m), in 
the EC stream from 38 GW to 7 months of age (Extended Data Fig. 14a–d) 
and in the EC at 11 months and 2 years (Extended Data Fig. 14e,f). In addi-
tion, there were RELN+COUPTFII+DCX+ cells in the EC stream and in the 
EC. We also observed a population of DCX+CR+ cells in the EC stream 
at birth and in the EC from birth to the age of two years, likely corre-
sponding to the VIP+ neurons observed in the transcriptomic analysis 
(Extended Data Fig. 11i and 14g–i). Together, these results indicate that 
the EC stream supplies LAMP5+RELN+ CGE-derived interneurons that 
populate mainly the upper layers of the EC.

Discussion
Our findings show that the postnatal human temporal lobe retains 
a large migratory stream that carries immature migrating neurons 
into the EC and neighbouring cortical regions. This migratory stream 
forms during gestation next to the location of a fused ventricle and 
is maintained postnatally for at least 11 months. Notably, individual 
young neurons continue to migrate into the cortex until the age of 
two to three years, but do not do so at older ages (3–77 years). These 
findings were corroborated by the donor age-matched snRNA-seq 
data. Most of these migrating neurons are young LAMP5+ CGE-derived 
interneurons. We did not observe a similar postnatal migratory stream 
in rhesus macaques, and the few migratory cells that were present at 
birth in macaques expressed different transcription factors to those 
expressed in humans. In the human frontal lobe8,9, streams of young 
neurons have also been described in the first few postnatal months. 
Our study shows that throughout the first year of life, the human tem-
poral lobe contains large streams of migrating young neurons that 
travel long distances and are recruited into the postnatal circuits of 
the cerebral cortex.

Cortical interneurons are considered to be key to the brain’s evo-
lutionary innovation25,26. The contribution of the CGE to the human 
cortex is nearly twice what is observed in rodents24,27, and this results 
in greater numbers and diversity of cortical interneurons28–32. Our 
histological and transcriptomic analyses are consistent with a CGE 
origin for most of the immature neurons in the postnatal EC stream. 
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In the mouse brain, a migration from the CGE into the hippocampus 
and EC has been described in embryonic stages33, and in the macaque 
a similar migration might also be restricted to embryonic develop-
ment. This developmental process might be expanded in time in the 

larger human brain with increased proliferation and a greatly expanded 
CGE. Consistently, we observed that the human CGE is very prominent 
during mid–late gestation and has many more dividing cells as com-
pared with surrounding brain regions (Fig. 5g,h and Extended Data  
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Figs. 6b,c, 8 and 9). Notably, the CGE was still proliferative at birth, 
with scattered clusters of dividing cells intermixed with young neu-
rons with migratory morphology (Fig. 5e–h and Extended Data Fig. 7). 
This suggests that some level of neurogenesis continues postnatally 
in what is left of the CGE, and might contribute to the postnatal EC 
stream. Notably, the aberrant late expansion of CGE progenitors in 
human brain organoids is linked to mutations in the tuberous sclerosis 
complex genes TSC1 and TSC2, which can result in the formation of 
periventricular tumours and cortical dysplasia34.

Histologically and transcriptomically, we observed a subpopulation 
of RG in the EC stream (Figs. 4b and 5b–d). A subset of these RG are Ki-67+ 
at birth, and have a transcriptomic trajectory that links them to EOMES+ 
intermediate progenitors and TBR1+ immature excitatory neurons. 
This suggests that excitatory neurogenesis continues postnatally at 
low levels in the region of the EC stream. It has been suggested that 
pallial RG can generate inhibitory neurons that are transcriptionally 
similar to CGE-derived interneurons35. However, we did not capture an 
intermediate progenitor population linking RG to the interneurons in 
the EC stream. Instead, the majority of the EC stream cells had proper-
ties associated with a CGE origin.

In addition to the EC, the prefrontal cortex and the hippocampus 
continue to recruit new neurons in infants and children, respectively, 
and the EC is heavily interconnected with both of these regions. In the 
hippocampus, new neurons are recruited specifically within the dentate 
gyrus, which receives afferents from the superficial layers of the EC. 
Our data10, and those of others3,36, indicate that dentate neurogenesis 
rapidly decreases postnatally, as is the case for the EC, with few—if 
any—new neurons added in adults. However, others have suggested 
that dentate neurogenesis continues in adults11,37. Future studies could 
investigate whether the postnatal recruitment of new neurons in the 
EC and in the hippocampus are functionally linked.

The V-SVZ is a common route of passage for tangentially migrat-
ing interneurons in the forebrain8,9,38,39. The RMS, a major conduit for 
interneurons, emerges next to the fused olfactory ventricle16. In this 
study, we identify a ventricular fusion in the human temporal lobe 
that occurs prenatally and provides a scaffold for neuronal migration. 
Similar to the RMS16, the migratory neurons in the EC stream migrate in 
chains and are surrounded by glial cells. These periventricular routes 
provide a scaffold for tangential migration as brain size and anatomi-
cal complexity increase and germinal zones become greatly separated 
from neuronal destinations40. The region of the EC stream is likely to 
be a route for the tangential migration of multiple neuronal subtypes 
and not only that of CGE-derived neurons. This possibility is supported 
by the presence of LHX6+ cells in the EC stream at birth and a sharp 
decrease in the relative abundance of LHX6+ cells among immature 
neurons in the EC postnatally.

The EC performs multisensory integration and, as the main source 
of cortical inputs to the hippocampus, is essential for declarative 
memory1,2,41. This distinctive cortical region contains diverse neu-
ronal subtypes3, including spatially tuned grid cells4, and is a brain 
region in which neuronal loss is first noticed in Alzheimer’s disease 
(AD)42,43. The onset of memory symptoms in AD coincides with neuronal 
loss and non-convulsive seizures in the EC, reflecting an excitation– 
inhibition imbalance44. Notably, projection neurons to the hippocam-
pus in layer 2 of the EC are particularly sensitive to reduced activity45, 
which could result from an imbalance in the activity of different sub-
types of inhibitory neurons. Although multiple interneuron subtypes 
are affected in the temporal lobe of patients with AD (ref. 22), recent 
work suggests that LAMP5+ interneurons are particularly vulnerable 
in patients with AD and in mouse models of the disease46. Our results 
show that the postnatal human EC stream delivers young neurons 
that are primed to become upper-layer LAMP5+RELN+ interneurons, 
a population that has recently been found to be sharply reduced in 
patients with preclinical AD (ref. 7). Furthermore, another recent study6 
found that the loss of LAMP5+RELN+ interneurons in the prefrontal 

cortex is tightly linked to cognitive decline in patients with AD. It will 
be interesting to determine the functional contribution of these post-
natally derived LAMP5+RELN+ neurons, and to ascertain whether their 
late arrival in the human brain makes them particularly vulnerable to  
neurodegeneration.

Our findings highlight how basic cellular processes of brain devel-
opment, such as neuronal migration and recruitment, are protracted 
in humans compared with other species. The human EC continues to 
recruit GABAergic inhibitory neurons postnatally in a cellular mecha-
nism that occurs concurrently with the functional maturation of the 
EC’s capacities for multisensory integration, learning and the develop-
ment of episodic memory47. GABAergic signalling and the maturation of 
local circuit inhibitory cells are crucial for periods of enhanced plastic-
ity during development48–50. The protracted maturation of postnatally 
recruited inhibitory neurons could provide the EC with a wide time 
period of plasticity, as these cells integrate complex information from 
other cortical regions.

Online content
Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions 
and competing interests; and statements of data and code availability 
are available at https://doi.org/10.1038/s41586-023-06981-x.

1. Staresina, B. P. et al. Recollection in the human hippocampal–entorhinal cell circuitry. 
Nat. Commun. 10, 1503 (2019).

2. Squire, L. R., Wixted, J. T. & Clark, R. E. Recognition memory and the medial temporal 
lobe: a new perspective. Nat. Rev. Neurosci. 8, 872–883 (2007).

3. Franjic, D. et al. Transcriptomic taxonomy and neurogenic trajectories of adult human, 
macaque, and pig hippocampal and entorhinal cells. Neuron 110, 452–469 (2022).

4. Hafting, T., Fyhn, M., Molden, S., Moser, M.-B. & Moser, E. I. Microstructure of a spatial map 
in the entorhinal cortex. Nature 436, 801–806 (2005).

5. Grateron, L. et al. Postnatal development of calcium-binding proteins immunoreactivity 
(parvalbumin, calbindin, calretinin) in the human entorhinal cortex. J. Chem. Neuroanat. 
26, 311–316 (2003).

6. Mathys, H. et al. Single-cell atlas reveals correlates of high cognitive function, dementia, 
and resilience to Alzheimer’s disease pathology. Cell 186, 4365–4385 (2023).

7. Gazestani, V. et al. Early Alzheimer’s disease pathology in human cortex involves transient 
cell states. Cell 186, 4438–4453 (2023).

8. Paredes, M. F. et al. Extensive migration of young neurons into the infant human frontal 
lobe. Science 354, aaf7073 (2016).

9. Sanai, N. et al. Corridors of migrating neurons in the human brain and their decline during 
infancy. Nature 478, 382–386 (2011).

10. Sorrells, S. F. et al. Human hippocampal neurogenesis drops sharply in children to 
undetectable levels in adults. Nature 555, 377–381 (2018).

11. Zhou, Y. et al. Molecular landscapes of human hippocampal immature neurons across 
lifespan. Nature 607, 527–533 (2022).

12. Liu, Y. et al. Development of the entorhinal cortex occurs via parallel lamination during 
neurogenesis. Front. Neuroanat. 15, 663667 (2021).

13. Šimić, G. et al. Prenatal development of the human entorhinal cortex. J. Comp. Neurol. 
530, 2711–2748 (2022).

14. Sorrells, S. F. et al. Positive controls in adults and children support that very few, if any, 
new neurons are born in the adult human hippocampus. J. Neurosci. 41, 2554–2565 
(2021).

15. Li, Y.-N. et al. Doublecortin-expressing neurons in human cerebral cortex layer II and 
amygdala from infancy to 100 years old. Mol. Neurobiol. 60, 3464–3485 (2023).

16. Lois, C., GarcÍa-Verdugo, J.-M. & Alvarez-Buylla, A. Chain migration of neuronal 
precursors. Science 271, 978–981 (1996).

17. Anderson, S. A., Eisenstat, D. D., Shi, L. & Rubenstein, J. L. Interneuron migration from 
basal forebrain to neocortex: dependence on Dlx genes. Science 278, 474–476 (1997).

18. Hevner, R. F. et al. Tbr1 regulates differentiation of the preplate and layer 6. Neuron 29, 
353–366 (2001).

19. Alzu’bi, A. & Clowry, G. J. Multiple origins of secretagogin expressing cortical GABAergic 
neuron precursors in the early human fetal telencephalon. Front. Neuroanat. 14, 61 
(2020).

20. Wang, C. et al. Human and monkey striatal interneurons are derived from the medial 
ganglionic eminence but not from the adult subventricular zone. J. Neurosci. 34,  
10906–10923 (2014).

21. Bhaduri, A. et al. An atlas of cortical arealization identifies dynamic molecular signatures. 
Nature 598, 200–204 (2021).

22. Gabitto, M. I. et al. Integrated multimodal cell atlas of Alzheimer’s disease. Preprint at 
bioRxiv https://doi.org/10.1101/2023.05.08.539485 (2023).

23. Duffy, M. et al. Divergent patterns of healthy aging across human brain regions at 
single-cell resolution reveal links to neurodegenerative disease. Preprint at bioRxiv 
https://doi.org/10.1101/2023.07.31.551097 (2023).

https://doi.org/10.1038/s41586-023-06981-x
https://doi.org/10.1101/2023.05.08.539485
https://doi.org/10.1101/2023.07.31.551097


Nature | Vol 626 | 29 February 2024 | 1065

24. Fang, R. et al. Conservation and divergence of cortical cell organization in human and 
mouse revealed by MERFISH. Science 377, 56–62 (2022).

25. Keough, K. C. et al. Three-dimensional genome rewiring in loci with human accelerated 
regions. Science 380, eabm1696 (2023).

26. Krienen, F. M. et al. Innovations present in the primate interneuron repertoire. Nature 586, 
262–269 (2020).

27. Hansen, D. V. et al. Non-epithelial stem cells and cortical interneuron production in the 
human ganglionic eminences. Nat. Neurosci. 16, 1576–1587 (2013).

28. Geschwind, D. H. & Rakic, P. Cortical evolution: judge the brain by its cover. Neuron 80, 
633–647 (2013).

29. Jones, E. G. The origins of cortical interneurons: mouse versus monkey and human. 
Cereb. Cortex 19, 1953–1956 (2009).

30. Hill, R. S. & Walsh, C. A. Molecular insights into human brain evolution. Nature 437, 64–67 
(2005).

31. Miyoshi, G. et al. Genetic fate mapping reveals that the caudal ganglionic eminence 
produces a large and diverse population of superficial cortical interneurons. J. Neurosci. 
30, 1582–1594 (2010).

32. Mayer, C. et al. Developmental diversification of cortical inhibitory interneurons. Nature 
555, 457–462 (2018).

33. Yozu, M., Tabata, H. & Nakajima, K. The caudal migratory stream: a novel migratory stream 
of interneurons derived from the caudal ganglionic eminence in the developing mouse 
forebrain. J. Neurosci. 25, 7268–7277 (2005).

34. Eichmüller, O. L. et al. Amplification of human interneuron progenitors promotes brain 
tumors and neurological defects. Science 375, eabf5546 (2022).

35. Delgado, R. N. et al. Individual human cortical progenitors can produce excitatory and 
inhibitory neurons. Nature 601, 397–403 (2022).

36. Cipriani, S. et al. Hippocampal radial glial subtypes and their neurogenic potential in 
human fetuses and healthy and Alzheimer’s disease adults. Cereb. Cortex 28, 2458–2478 
(2018).

37. Moreno-Jiménez, E. P. et al. Adult hippocampal neurogenesis is abundant in 
neurologically healthy subjects and drops sharply in patients with Alzheimer’s disease. 
Nat. Med. 25, 554–560 (2019).

38. Altman, J. Autoradiographic and histological studies of postnatal neurogenesis. IV. Cell 
proliferation and migration in the anterior forebrain, with special reference to persisting 
neurogenesis in the olfactory bulb. J. Comp. Neurol. 137, 433–457 (1969).

39. Ponti, G., Aimar, P. & Bonfanti, L. Cellular composition and cytoarchitecture of the rabbit 
subventricular zone and its extensions in the forebrain. J. Comp. Neurol. 498, 491–507 
(2006).

40. Paredes, M. F., Sorrells, S. F., Garcia-Verdugo, J. M. & Alvarez-Buylla, A. Brain size and 
limits to adult neurogenesis. J. Comp. Neurol. 524, 646–664 (2016).

41. Ramón y Cajal, S. Sobre un Ganglio Especial de la Corteza Esfeno-Occipital (Laboratorio 
de Investigaciones Biologicas de la Universidad de Madrid, 1901).

42. Braak, H. & Braak, E. Neuropathological stageing of Alzheimer-related changes. Acta 
Neuropathol. 82, 239–259 (1991).

43. Gómez-Isla, T. et al. Profound loss of layer II entorhinal cortex neurons occurs in very mild 
Alzheimer’s disease. J. Neurosci. 16, 4491–4500 (1996).

44. Vossel, K. A. et al. Seizures and epileptiform activity in the early stages of Alzheimer 
disease. JAMA Neurol. 70, 1158–1166 (2013).

45. Zhao, R. et al. Activity disruption causes degeneration of entorhinal neurons in a mouse 
model of Alzheimer’s circuit dysfunction. eLife 11, e83813 (2022).

46. Deng, Y. et al. Loss of LAMP5 interneurons drives neuronal network dysfunction in 
Alzheimer’s disease. Acta Neuropathol. 144, 637–650 (2022).

47. Hayne, H. Infant memory development: implications for childhood amnesia. Dev. Rev. 24, 
33–73 (2004).

48. Southwell, D. G. et al. Interneurons from embryonic development to cell-based therapy. 
Science 344, 1240622 (2014).

49. Huang, Z. J., Di Cristo, G. & Ango, F. Development of GABA innervation in the cerebral and 
cerebellar cortices. Nat. Rev. Neurosci. 8, 673–686 (2007).

50. Fagiolini, M. & Hensch, T. K. Inhibitory threshold for critical-period activation in primary 
visual cortex. Nature 404, 183–186 (2000).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 
4.0 International License, which permits use, sharing, adaptation, distribution 
and reproduction in any medium or format, as long as you give appropriate 

credit to the original author(s) and the source, provide a link to the Creative Commons licence, 
and indicate if changes were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, 
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

http://creativecommons.org/licenses/by/4.0/


Article
Methods

Collection of human tissue
Fifty-three post-mortem specimens and two post-operative neurosur-
gical resections were collected for this study (Supplementary Table 1). 
Tissue was collected with previous consent from the patient or from 
their next-of-kin in strict observance of the legal and institutional ethi-
cal regulations in accordance with each participating institution: (1) 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 
(10-02693). (2) The Ethical Committee for Biomedical Investigation, 
Hospital la Fe (2015/0447) and the University of Valencia Ethical Com-
mission for Human Investigation. (3) In accordance with institutional 
guidelines and study design approval by the committee for research 
on decedents (CORID) at the University of Pittsburgh. (4) Specimens 
collected at the University of Pittsburgh Medical Center had University 
of Pittsburgh IRB-approved research informed consents along with 
HIPAA authorizations signed by parents or responsible guardians. 
We collected tissue blocks from the temporal lobe, anteriorly from 
the amygdaloid complex to the posterior end of the inferior horn of 
the lateral ventricle. Samples were either flash-frozen or fixed in 4% 
paraformaldehyde (PFA) or 10% formalin for more than 24 h (see Sup-
plementary Table 1). Brains were cut into around 1.5-cm blocks, cryo-
protected in a series of 10%, 20% and 30% sucrose solutions and then 
frozen in an embedding medium, OCT. Blocks of the medial temporal 
lobe were cut into 20-µm sections on a cryostat (Leica CM3050S) and 
mounted on glass slides for immunohistochemistry.

Collection of tissue from non-human primates
All experiments were conducted in accordance with Fudan University 
Shanghai Medical College and University of Pittsburgh guidelines. 
Macaque monkeys, M. mulatta, (Supplementary Table 2), were obtained 
from the Kunming Primate Research Center of the Chinese Academy 
of Sciences, Suzhou Xishan Zhongke Laboratory Animal Co. and the 
University of Pittsburgh. For immunofluorescent staining, macaques 
were deeply anaesthetized and then transcardially perfused with saline 
(0.9%) followed by fixation in 4% PFA for 12–48 h before sucrose cry-
oprotection. Floating sections were prepared at 40 µm on a sliding 
microtome or cryostat and stored in cryoprotectant (glycerol-ethylene 
glycol) solution at −20 °C until immunohistochemical processing, 
which followed the same protocol as used on the human samples.

Immunohistochemistry
Frozen slides were allowed to equilibrate to room temperature for 3 h. 
Some antigens required antigen retrieval (Supplementary Table 2), 
which was conducted at 95 °C in 10 mM Na citrate buffer, pH = 6.0. 
After antigen retrieval, slides were washed with TNT buffer (0.05% 
TX100 in phosphate-buffered saline (PBS)) for 10 min, placed in 1% 
H2O2 in PBS for 1.5 h and then blocked with TNB solution (0.1 M Tris-HCl,  
pH 7.5, 0.15 M NaCl and 0.5% blocking reagent from Akoya Biosciences) 
for 1 h. Slides were incubated in primary antibodies overnight at 4 °C 
(Supplementary Table 3) and in biotinylated secondary antibodies 
( Jackson Immunoresearch Laboratories) for 2.5 h at room temperature. 
All antibodies were diluted in TNB solution. For most antibodies, the 
conditions of use were validated by the manufacturer (antibody prod-
uct sheets). When this information was not provided, we performed 
control experiments, including negative controls with no primary 
antibody and comparisons to mouse staining patterns.

Sections were then incubated for 30 min in streptavidin-horseradish 
peroxidase that was diluted (1:200) with TNB. Tyramide signal amplifi-
cation (Perkin Elmer) was used for some antigens. Sections were incu-
bated in tyramide-conjugated fluorophores for 5 min at the following 
dilutions: fluorescein, 1:100; Cy3, 1:100; and Cy5, 1:100. After several PBS 
rinses, sections were mounted in Fluoromount G (SouthernBiotech) 

and coverslipped. Staining was conducted in technical triplicates 
before analysis.

Fluorescent microscopy, image processing and quantification
Images were acquired on Leica TCS SP8 or SP5 confocal microscopes 
using 10×/0.45 NA for tilescans, and 20×/0.75 NA or 63×/1.4 NA objec-
tive lenses. Imaging files were analysed and quantified in Neurolucida 
software (MBF Bioscience 2019 version). Linear adjustments to image 
brightness and contrast were made equivalently across all images using 
Adobe Photoshop (2023). Cells were counted in z-stack images from 
sections stained for Ki-67. Quantifications at each age were generated 
from three to five representative images. Experimental replicates and 
different co-stains were also analysed. The fluorescence signal for sin-
gle reactivity and co-localization of immunoreactivity was counted 
individually using the markers function in the Neurolucida imaging 
software. The quantification of data was performed with GraphPad 
Prism (v.9) and R (v.4.1).

Tissue clearing and staining, light-sheet microscopy and 
reconstruction of the EC stream
Human samples were cut into sections (around 1 cm thick) contain-
ing the medial temporal lobe and were cleared and stained following 
published protocols51. Samples were dehydrated in a graded series of 
methanol (1 h each) from 20%, 40% and 60% to 100% (×2), followed by 
overnight incubation in 5% H2O2 in methanol at 4 °C and rehydration in 
a graded series of 80%, 60%, 40% and 20% methanol, concluding with 
PBST solution (PBS with 0.2% Triton X-100) (×2), followed by 36 h in a 
PBST–DMSO–glycine solution (PBS, 0.2% Triton X-100, 20% dimethyl 
sulfoxide (DMSO) and 0.3 M glycine) at 37 °C. Immunostaining was 
performed by blocking in PBS, 0.2% Triton X-100, 10% DMSO and 6% 
normal donkey serum (NDS) at 37 °C for two days followed by incuba-
tion of primary antibodies (1:100) and TOPRO (1:5,000) in PBS-Tween 
0.2% with heparin 10 µg ml−1 (PTwH), 5% DMSO and 3% NDS at 37 °C 
for seven days, refreshing solutions every other day. Washes were  
5× in PTwH over 24 h followed by secondary antibodies (for example, 
donkey anti-rabbit-Alexa 555 in PTwH and 3% NDS) at 1:500 at 37 °C for 
four days and washing 5× in PTwH over 24 h. Next a graded series (1 h) 
of 20%, 40%, 60%, 80% and 100% (×2) methanol was performed before 
overnight incubation in 1:2 methanol to dichloromethane (DCM; Sigma 
270997). Samples were washed for 20 min (×2) in 100% DCM before 
placing in dibenzyl ether (Sigma 108014) until clear (30 min). Cleared 
samples were imaged on a light-sheet microscope (custom-built AZ-100 
by Nikon Imaging Center, UCSF) using a sCMOS camera (Andor Neo) 
and a ×2 (WD = 45 mm, NA = 0.2) or ×5 (WD = 15 mm, NA = 0.5) objective 
lens. Scans were made at ×2 magnification with a step-size of 16 µm. The 
stacks were analysed with Imaris v.9.7.1 and images were processed with 
a Gaussian blur and background subtraction filters before volumes 
were rendered. The EC stream and the ventricle were drawn with no 
more than 25 sections of distance and reconstructed in 3D.

Mapping and quantification of young migrating neurons
To generate maps of the location of the somas of different cell types, 
two-dimensional tilescans were generated using Neurolucida (10×/0.45 
NA or 20×/0.8 NA objective) and contours or markers were placed to 
indicate the location of each cell type. To generate rose histograms, 
the angle of the leading process was measured using ImageJ. Leading 
processes were identified as one single process extending from a DCX+ 
cell soma. The frequency of DCX+ cell orientations within each segment 
of the tissue was plotted as a 360-degree histogram using R (v.4.1), and 
then histograms were overlaid on the map of the tissue within Adobe 
Illustrator (2022). For vector orientation maps, to determine the angle 
of migration of each neuron, the angle formed by the shortest path 
connecting the cell body to the cortical surface and the cell’s leading 
process was measured. If the resulting angle was between −45° and 45°, 
cells were classified as migrating radially towards the cortical surface 



(radial(in)). Cells were classified as migrating tangentially if the angle 
was between 45° and 135° or −45° and −135°. Cells were classified as 
radially migrating away from the ventricle if the angle was between 
−135° and 135° (radial(out)). Plots were done using the ggplot2 pack-
age (v.3.3.5) in R (v.4.1).

Reproducibility
All representative images of immunostainings correspond to findings 
observed in at least three independent stainings.

TEM
Temporal lobe tissue fixed with 2.5% glutaraldehyde-2% PFA in 0.1 M 
phosphate buffer (PB) was transversely sectioned at 200 µm using a 
Leica VT1200S vibratome (Leica Microsystems). Slices were further 
post-fixed in 2% osmium tetroxide in 0.1 M PB for 1.5 h at room tem-
perature, washed in deionized water and partially dehydrated in 70% 
ethanol. Samples were then incubated in 2% uranyl acetate in 70% etha-
nol 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, 
fresh resin was added and the samples were cured for 72 h at 70 °C. After 
resin hardening, semithin sections (1.5 µm) were obtained and lightly 
stained with 1% toluidine blue for light microscopy. Ultrathin sections 
(70–80 nm) were obtained with a diamond knife using a Ultracut UC7 
ultramicrotome (Leica), stained with lead citrate and examined under 
a FEI Tecnai G2 Spirit transmission electron microscope at 80 kV (FEI 
Europe) equipped with a Morada CCD digital camera (Olympus Soft 
Image Solutions).

Tissue processing for snRNA-seq
Snap-frozen samples of entorhinal cortex, EC stream and germinal 
zones in gestation were obtained from the University of Maryland Brain 
Bank or the NIH Neurobiobank (for case list, see Supplementary Table 1) 
or from UCSF. Samples were sectioned (50 µm) on a cryostat. To col-
lect samples of distinct regions, a ophthalmology microscope (OPMI 
6, Zeiss) was positioned over the cryostat and the different regions of 
interest (germinal zones, EC stream and EC) were dissected using a small 
stab knife (Sharpoint stab knife 22.5°, Surgical Specialties 72–2201) and 
collected in a nuclease-free microcentrifuge tube (1.5 ml DNA LoBind 
Tubes, Eppendorf, 022431048) and stored at −80 °C until RNA quality 
was assessed and nuclei extracted. For each sample, total RNA was 
extracted from 40 mg of tissue using a TissueRuptor II (Qiagen) and a 
RNeasy Mini Kit (Qiagen, 74104). RNA integrity was measured on the 
Agilent 2100 Bioanalyzer using the RNA Pico Chip Assay. Only samples 
with a RNA integrity number (RIN) > 7 were used (mean: 7.78).

Isolation of nuclei and snRNA-seq
Frozen sections were transferred from tubes in dry ice to ice cold 
lysis buffer (0.01 M Tris-HCl, 0.14 M NaCl, 1 mM CaCl2, 0.02 M MgCl2, 
0.03% Tween-20, 0.01% BSA, 10% Nuclei Ez Lysis Buffer (Sigma), and 
0.2 U µl−1 Protector RNAse inhibitor (Sigma) in diethyl pyrocarbon-
ate (DEPC)-treated water) and the tissue was dissociated using a glass 
dounce homogenizer (Thomas Scientific, 3431D76). Tissue homogen-
ates were transferred to a separate 30-ml thick-walled polycarbonate 
ultracentrifuge tube (Beckman Coulter, 355631). Sucrose solution 
(1.8 M sucrose, 3 mM MgAc2, 1 mM DTT, 10 mM Tris-HCl in DEPC-treated 
water) was added at the bottom of the tube and homogenates were cen-
trifuged at 107,000g for 2.5 h at 4 °C. The supernatant was discarded, 
and the nuclei pellet was incubated in 200 µl wash/resuspension buffer 
(WRB: 1% BSA and 0.2 U µl−1 Protector RNAse inhibitor in DEPC-based 
PBS) for 20 min on ice before resuspending the pellet. For multiplexed 
runs, resuspended nuclei were filtered twice through a 30-µm strainer. 
Each one of the five nuclei suspensions was incubated with its own 
unique CellPlex Cell Multiplexing Oligo (CMO) barcode (10x Genom-
ics) for 5 min followed by a 500g centrifugation at 4 °C for 10 min. 

After centrifugation, the supernatant was discarded and nuclei were 
gently resuspended in WRB using a P200 pipette for a minimum of 
2 min, until a clean single-nuclei suspension was obtained. After two 
more centrifugations and WRB washes to remove unbound CMOs, 
10 µl of each nuclei suspension was stained with DAPI and counted 
on a haemocytometer. Samples were pooled together and diluted to 
2,000 nuclei per µl. A target capture of 30,000 nuclei per well in two 
wells of a G chip (10x Genomics) was used. Gene expression and bar-
code libraries were prepared in parallel using the Chromium Next GEM 
Single Cell 3′ Kit v3.1 (10x Genomics) according to the manufacturer’s 
instructions. A detailed step-by-step protocol can be found at https://
doi.org/10.17504/protocols.io.kqdg369keg25/v2. For non-multiplexed 
assays, after centrifugation, each tissue homogenate was gently resus-
pended in WRB, filtered twice, counted, centrifuged and resuspended 
at 1,000 nuclei per µl. A total of 16,500 nuclei were loaded in each of 
the 10x chip G wells, aiming for a 10,000 nuclei recovery per sample. 
Gene-expression libraries were prepared using the Chromium Next 
GEM Single Cell 3′ Kit v3.1(10x Genomics). A detailed protocol can be 
found at: https://doi.org/10.17504/protocols.io.j8nlkk9ydl5r/v2. All 
libraries were sequenced in a Novaseq 6000 system (Illumina).

Read alignment, quality control and integration with adult EC 
dataset
Sequencing reads were aligned using the CellRanger Count v.7 pipe-
line (10x Genomics) to an optimized reference based on the human 
(GRCh38) 2020-A reference52. FASTQ files generated in this study 
and those retrieved from the Gene Expression Omnibus (GEO) from 
a previous study from the adult EC3 were aligned and pre-processed 
using the same workflow. For each sample, we used quality control and 
pre-processing steps that consisted of, first, using SoupX53 to reduce 
the effect of ambient RNA in the transcriptional profile in each nucleus. 
Next, we discarded low-quality nuclei by removing those barcodes 
with low unique molecular identifier (UMI) counts (bottom 2% of UMI 
counts or clustered with them) and barcodes with more than 5% of reads 
belonging to mitochondrial genes. After that, in non-multiplexed librar-
ies, we used DoubletFinder54 to eliminate likely doublets. In addition, 
any clusters composed of more than 60% of assigned doublets were 
removed. In multiplexed libraries, we removed barcodes assigned 
as ‘doublets’ or ‘ambiguous’ by freemuxlet, keeping only barcodes 
assigned as ‘singlets’. At the end, we used DropletQC55 to calculate the 
nuclear fraction (the fraction of reads that contained an intronic region) 
to identify nuclei with low amounts of unprocessed mRNA. For this, 
we also aligned our data to the standard reference used by 10x in Cell-
Ranger. We discarded nuclei with nuclear fraction values < 0.5 (ref. 56).

Sample demultiplexing and doublet removal
Freemuxlet, a genetic demultiplexing tool in the popscle suite (v.0.1) 
(https://github.com/statgen/popscle), was used to genetically demul-
tiplex cell donors from Cellplex multiplexed runs, because the CMO 
labelling was insufficient to fully demultiplex nuclei from snap-frozen 
tissue. The bam files generated in the CellRanger Count pipeline were 
used as inputs for freemuxlet and a customized VCF file from the 1000 
genomes data filtered for high variant confidence, minor allele fre-
quency (MAF 0.01) and exonic variants as a reference for SNPs. Free-
muxlet assigns each droplet barcode to a single donor, or multiple 
donors in case a droplet contains cells from distinct samples. Donor 
to sample matching was done by assessing the amount of each CMO 
in all cells of a designated donor.

Merging, normalization, dimensionality reduction and 
clustering
Datasets of each individual sample were merged and normalized using 
the NormalizeData function in Seurat v.4.2 (ref. 57). In brief, UMI counts 
were divided by the total UMI counts in each cell, multiplied by a scale 
factor (10,000) and then log-transformed. Principal component (PC) 

https://doi.org/10.17504/protocols.io.kqdg369keg25/v2
https://doi.org/10.17504/protocols.io.kqdg369keg25/v2
https://doi.org/10.17504/protocols.io.j8nlkk9ydl5r/v2
https://github.com/statgen/popscle
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analysis was performed in the normalized data and 22 PCs (dataset 
with all cells) or 8 PCs (interneuron maturation dataset) were used for 
UMAP dimension reduction. For the dataset containing only the EC 
stream sample (Figs. 4 and 5) we used SCTransform as the normaliza-
tion method and 80 PCs for UMAP dimension reduction.

Label transfer and assignment of interneuron type
Label transfer analyses were performed using Seurat v.4.2 (ref. 57). For 
label transfer analyses, we subset the interneuron maturation dataset 
to contain only clusters composed of mature interneurons found in 
the postnatal cortex and used them as the query dataset. To label the 
neuronal populations in the postnatal EC, we used a middle temporal 
gyrus dataset22 as reference. For the identification of superficial- and 
deep-layer LAMP5+ cells, we used a spatial transcriptomic dataset that 
identified neuronal populations preferentially located in distinct corti-
cal layers in the temporal lobe24.

Pseudotime estimation
For pseudotime estimation we used Monocle 3 (ref. 58) using nn.k = 10, 
minimal_branch_len = 30, euclidean_distance_ratio = 3 and geodesic_
distance_ratio = 0.1 as parameters for the reversed graph embedding 
function. The node closest to the MGE–CGE branching point was 
selected as the root node. The six main trajectories were inferred by 
using the choose_graph_segments function to select cells in the trajec-
tory paths connecting the root node to end-points corresponding to 
each of the six major classes of adult inhibitory neurons.

Gene co-expression analysis
To identify modules of co-expressed genes throughout interneuron 
maturation, we performed a weighted gene co-expression network 
analysis (WGCNA) using the hdWGCNA package for R59. In brief, using 
the interneuron maturation dataset, we created pseudobulk meta-
cells aggregating nuclei that belonged to the same sample using a 
nearest-neighbour parameter k of 20 and setting the maximum num-
ber of shared nuclei between metacells to 10.

Differential gene expression and module scores
To identify representative genes for each cell identity used in heat 
maps, we used a Wilcoxon rank sum test in Seurat v.4.2 (ref. 57) and 
filtered for genes expressed in at least 50% of cells in each identity. For 
differential expression analysis between superficial- and deep-layer 
LAMP5+ cells, we used a quasi-likelihood F-test on pseudobulk counts 
aggregated by donor60 (edgeR package v.3.42). The results of these 
tests can be found in Supplementary Tables 4–6 and 8. Module scores 
for superficial- and deep-layer identities were calculated using the 
AddModuleScore function in Seurat v.4.2. For that, the 10 DE genes 
with the highest fold change and P < 0.01 for superficial- or deep-layer 
cells were used. Module scores were rescaled to values between 0 and 1.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The raw data for the newly generated snRNA-seq data are available on 
Database for Genotypes and Phenotypes (dbGaP, accession phs003509.
v1.p1). Count matrices for each sample and metadata were depos-
ited in NCBI’s Gene Expression Omnibus (GEO series GSE199762).  
Processed data used in this study can be browsed and downloaded 
on Cellxgene. Raw data for additional adult human EC snRNA-seq can 
be found through GEO series accession number GSE186538 (ref. 3).

Code availability
The code used for the data analysis is available at https://github.com/
massisnascimento/ECstream.
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Extended Data Fig. 1 | The EC stream of migratory neurons extends medially 
from the temporal lateral ventricle as a multilayered lamina along the 
anterior–posterior axis. a, Three orientations of the cleared tissue block in 
Fig. 1a stained with TOPRO and imaged using a light-sheet microscope. Dense 
chains emerging from the ventricle can be seen escaping from the ventricle in 
horizontal view (arrowheads). Reconstruction of the EC stream is shown from  
a ventral view facing anterior-medially. b, Immunostained sections of the EC 
stream at birth showing dense clusters of DCX+PSA-NCAM+ cells. c, Map at 10 
days postnatal showing the location of insets (1–2) with a cross section of DAB 
immunostained PSA-NCAM+ cell clusters. Boxes 3 and 4 show a location next to 
the ventricle with DAB immunostained PSA-NCAM+ cells in a continuous layer 
next to the ventricle and in distinct clusters at varying distances from the 
ventricle. d, Map at birth of DCX+PSA-NCAM+ cell clusters in a coronal series of 

sections of the medial temporal lobe. Clusters distributed along a medial-lateral 
orientation are present ventral to the basolateral amygdala between the EC  
and medial temporal gyrus (i-iv). The EC stream (arrow) is visible from the first 
section containing the temporal lobe ventricle and at every section examined 
posteriorly across the hippocampus (iii-viii). Note at levels iii and iv an additional 
laterally oriented migratory stream (green arrowhead). e, TEM of immature 
neurons in the human EC stream at birth showing densely packed neurons  
(red, N) with compacted chromatin and fusiform morphology (inset), astrocytes 
(blue, A) and microglia (yellow, M). Scale bars: 1 mm (a, d), 100 µm (b left panels, 
c 3, 4), 20 µm (c 1,2), 10 µm (b right 1,2), 2 µm (e). Abbreviations: BLA basolateral 
amygdala; EC: entorhinal cortex; FuG: fusiform gyrus; HP: hippocampus; ITG: 
inferior temporal gyrus; MTG: medial temporal gyrus, STG: superior temporal 
gyrus; sub: subiculum; tLV: temporal lobe lateral ventricle.
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Extended Data Fig. 2 | Individual DCX+ neurons migrate into the EC from 
birth to three years of age. a, Maps of DCX+ neurons (green) in coronal 
sections between birth and 3 years. b, DCX+ cell orientations between birth and 
3 years of age in the same sections shown in Fig. 2b. Here colours depict the 
direction of the leading process, with colours representing a 180 degree arc.  
c, Coronal maps at birth and 3 months of age segmented into sectors (dotted 
lines) with rose frequency histograms. d, Individual DCX+ neurons at birth,  
7 months, and 3 years of age in the EC and their relationship to vimentin+ 
processes. e, Sagittal maps at 10 days postnatal from medial (i) to lateral (v) 
segmented into sectors (dotted lines). Within each sector, the orientations of 
the leading process of all individual DCX+ cells are plotted on a 360-degree 
(rose) frequency histogram. The magenta bar indicates the percentage of cells 
that fall into the most frequently occupied orientation within that sector.  
f–i, Macaque temporal lobe immunostaining between birth and 17 months.  

f, Tilescan of the macaque medial temporal lobe at birth showing location of  
g in adjacent section and dispersed DCX+ cell labelling in the EC stream region 
(insets). g, DCX+PSA-NCAM+ cell clusters are present in the lateral wall of the 
macaque temporal lobe, closer to the CGE region at birth. h, Macaque EC 
stream region at 3 months stained for DCX and DLX2, with no evidence of DCX-
immunolabelled neurons (inset) in sharp contrast to the robustly DCX+DLX2+ 
RMS (right). i, DCX immunostaining uncovers no labelled cells in the EC stream 
region in the macaque at 6 months and 17 months. Scale bars: 2 mm (c, h top 
left), 1 mm (a, b, d), 500 µm (g overview, h bottom and right, i), 100 µm  
(f, g inset), 10 µm (e). Abbreviations: BLA basolateral amygdala; EC: entorhinal 
cortex; HP: hippocampus; LPL: lateral paralaminar amygdala; MPL medial 
paralaminar amygdala; PL: paralaminar amygdala; RMS: rostral migratory 
stream; tLV: temporal lobe lateral ventricle; V-SVZ: ventricular–subventricular 
zone.



Extended Data Fig. 3 | The EC stream forms next to a fused ventricle in 
humans during gestation. a, EC stream region at 22 GW stained for Ki-67+ and 
HOPX+ cells showing location of insets in b–d. b,c, Ki-67+, HOPX+, and DCX+ cells 
in the VZ (b) and  outer subventricular zone (c) along the closely opposed walls 
of the ventricle in the EC stream anlage. d, Staining of an immediately adjacent 
section for FOXJ1 and vimentin in the region indicated in a shows FOXJ1+ cells 
not contacting the ventricle. e, At 29 GW (top) and birth (bottom), the ventricle 
has closed in this region which contains a field of DCX+ cells at 29 GW and 
multilayered lamina of coalesced streams at birth between the EC and the 
V-SVZ. In the wall of the ventricle the ependymal layer contains vimentin+ cells 
in the VZ and Ki-67+ cells in the V-SVZ (insets). f, Semithin section stained with 

toluidine blue showing the EC stream at birth (left), and TEM of cells displaying 
motile cilia (square inset) and an elongated neuron with ultrastructural 
features of a migrating cell in the EC stream at birth (right). g, Macaque 
temporal lobe at 3 and 17 months stained for DCX and vimentin showing open 
ventricle within the same region where a closed ventricle and the EC stream  
is found in humans (arrows). Scale bars: 1 mm (g top row), 500 µm (a, e left 
overviews, f left, g bottom row), 100 µm (d left, e top middle bottom right), 
50 µm (b, c, d middle and right), 20 µm (e top right), 2 µm (f right panels). 
Abbreviations: CGE: caudal ganglionic eminence; EC: entorhinal cortex;  
HP: hippocampus; tLV: temporal lobe lateral ventricle.
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Extended Data Fig. 4 | See next page for caption.



Extended Data Fig. 4 | EC stream neurons express COUPTFII between 
38 GW and 11 months. a, Map at 38 GW of DCX+COUPTFII+ cell clusters in a 
coronal section at the level of the anterior tip of the temporal lobe lateral 
ventricle (tLV) as shown in Fig. 1d. DCX+COUPTFII+ cells are located within and 
emanating from dense streams (arrow) at this age alongside individual DCX+ 
cells (arrowheads). b, At 38 GW, DCX+SP8+ cells individually migrating 
(arrowheads) and within the EC stream (arrow) are infrequent (~2%). c, Coronal 
map at 38 GW of the cell clusters shown in Fig. 1b from a level caudal to the map 
in (a). These DCX+ cells are COUPTFII+ and the stream directed to the EC breaks 
away from the ventricle at its closest point to the EC. d, Sagittal maps at 10 days 
postnatal spaced by 1 mm showing the whole tissue sections that are magnified 
in Fig. 1e. Dense DCX+COUPTFII+ cell clusters are present between the ventricle 
and EC and processes and individual cells are visible extending from the clusters 
(arrows). e, DCX+PSA-NCAM+ COUPTFII+ clusters in the EC stream at 7 months 
and 11 months and low magnification views of the magnified region shown 

(inset). f, Immunostaining of DCX+ cells in the EC stream at birth shows a small 
subset co-expressing PROX1 or LHX6. g, The percentage of DCX+ nuclei in the 
human EC between birth and 2 years; n = 3 individuals across 2 independent 
experiments, data points are individual images, large dots and bars are mean 
values +/− SD for each individual. h, COUPTFII– DCX+ cells in the human RMS at 
39 GW. i, At birth in the macaque, immunostaining in the temporal lobe V-SVZ 
and EC stream region shows dense DCX+PSA-NCAM+ cell clusters that do not co-
express PAX6. Scale bars: 2 mm (d maps), 1 mm (a and c maps), 500 µm (a insets 
1 and 2 left, c inset 2 left), 100 µm (a inset 1 middle panels inset 2 right panels,  
b top row, c inset 1, e inset), 50 µm (c inset 2 right panels, d bottom row, f, h, i), 
20 µm (a inset 1 right, b bottom row, e high magnification view). Abbreviations: 
BLA basolateral amygdala; EC: entorhinal cortex; HP: hippocampus; PL: 
paralaminar amygdala; RMS: rostral migratory stream; tLV: temporal lobe 
lateral ventricle; V-SVZ: ventricular–subventricular zone.
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Extended Data Fig. 5 | See next page for caption.



Extended Data Fig. 5 | The EC stream supplies interneurons to the temporal 
lobe. a, Coronal section at birth showing DCX+DLX2+TBR1− cells with processes 
emanating at a branch-point (arrow) from the EC stream (1) and a stream cluster 
branch-point (arrow) away from the ventricle (2). b, DCX+ cells in the EC stream 
clusters at birth are DLX2+COUPTFII+ at distal, middle, and proximal distances 
from the tLV. Cells can be observed sending processes out of the dense cell 
clusters toward the EC (arrow). c, In the same section as b, the lateral wall of the 
tLV contains large collections of DCX+DLX2+COUPTFII+ cells. d, At 7 months of 
age, individual DCX+DLX2+ cells are found ventrally to the tLV (arrows). e, At  
7 months the EC stream contains DCX+DLX2+TBR1– cells (arrows). f, At birth, the 
macaque temporal lobe V-SVZ contains cell clusters with DCX+DLX2+ cells that 
are COUPTFII– (arrowheads), and COUPTFII+ (arrows). g, At 7 months the EC 

contains DCX+DLX2+TBR1– cells (arrows). h, In the EC at 38 GW, DCX+ cells can be 
observed that co-express the cortical excitatory neuron transcription factor 
TBR1. These cells typically had a rounded morphology (arrows) and lacked 
migratory features. i,j, Quantifications of marker co-expression by cells in the 
EC stream and in the EC between birth and 11 months for DCX, PSA-NCAM, and 
COUPTFII (i) or in the EC stream for DCX, PSA-NCAM, and DLX2 ( j). Scale bars: 
1 mm (a), 100 µm (a insets 1 and 2, b top row, c top, e top and middle left, f left 
overview and inset overviews 1 and 2, g left), 50 µm (b bottom row, c bottom,  
d top, h), 20 µm (f insets), 10 µm (a bottom right insets, d bottom, e right, bottom, 
and bottom right insets, g insets i and ii). Abbreviations: BLA basolateral 
amygdala; EC: entorhinal cortex; HP: hippocampus; tLV: temporal lobe lateral 
ventricle.
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Extended Data Fig. 6 | See next page for caption.



Extended Data Fig. 6 | The EC stream forms between 22 and 27 GW.  
a–d, Anatomically matched coronal sections of the medial temporal lobe at  
the rostral tip of the uncus of the hippocampus across ages. At 18 GW (a),  
Ki-67+SOX2+ cells line the walls of the temporal lobe ventricle (same section 
level shown in (ii) in Extended Data Fig. 8c), and the medial wall facing the EC 
and hippocampus has fewer of these cells and no anatomical features separating 
the hippocampus and EC. At this age, there is a slight tissue protrusion of the 
hippocampus in the lateral direction towards the ventricle, a feature that 
becomes rapidly more prominent in the next weeks. At 22 GW (b), the 
hippocampus and surrounding tissue have all grown larger and a seam has begun 
to form between the hippocampus and EC. At this age, there is no heightened 
accumulation of Ki-67+ SOX2+ or DCX+ cells within this region. At 27 GW (c), this 

region has formed a higher concentration of Ki-67+SOX2+ cells as well as DCX+ 
cell clusters indicating that the EC stream has formed by 27 GW. At 38 GW (d), 
the density of both the Ki-67+ SOX2+ cells and the DCX+ cell clusters is increased, 
with many of both populations present within the EC stream extending from 
the medioventral tLV to the EC. e, Map of the location of Ki-67+SOX2– (yellow) 
and Ki-67+SOX2+ (magenta) cells surrounding the tLV at 38 GW. Most Ki-67+ cells 
at this age are SOX2+, and are found in the paralaminar nucleus of the amygdala 
(PL) (1), the lateral V-SVZ (2), and in the EC stream (3). Scale bars: 1 mm (a–e all 
left panel overviews), 100 µm (a–d right panel overviews, e 1–3), 20 µm (a right 
insets). Abbreviations: BLA basolateral amygdala; EC: entorhinal cortex;  
HP: hippocampus; oSVZ: outer subventricular zone; PL: paralaminar nucleus; 
tLV: temporal lobe lateral ventricle; V-SVZ: ventricular–subventricular zone.
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Extended Data Fig. 7 | See next page for caption.



Extended Data Fig. 7 | Clusters of dividing progenitors and immature 
neurons persist along the walls of the temporal lobe at birth. a, Maps of 
coronal sections of the temporal lobe lateral ventricle (tLV) indicating Ki-67+ 
cells (green dots), the V-SVZ region (grey), blood vessels (BV, red), and DCX+  
cell clusters (cyan). Sections are spaced by 4 mm along the rostral-caudal axis 
beginning at the anterior/ventral uncus of the hippocampus (i), extending 
across the rostral dentate gyrus (DG) (v), and more caudally across the DG  
(ix, xiii). The three inset regions are (1) remnants of the CGE along the dorsolateral 
wall of the tLV, (2), the most lateral extension of the tLV, and (3) the EC stream.  
b, Dividing Ki-67+ cells expressing MCM2 are present along the lateral extension 
of the tLV in the temporal lobe in the V-SVZ. Sections are spaced by 1 mm.  
c, A stream of DCX+ neurons wraps around the lateral extension of the tLV (1) 

and is present near Ki-67+COUPTFII+ cells (arrows) (2) which are a subset of the 
Ki-67+ population in the lateral wall at birth. d, A subset of Ki-67+ cells in the EC 
stream express COUPTFII (arrows) shown at level (i). e, Sections stained for  
Ki-67 and MCM2 in the CGE-remnant region in sections adjacent to one in main 
Fig. 5e showing cell clusters within the V-SVZ (arrows). Scale bars: 1 mm (a top 
row, d maps, e map), 500 µm (a insets 1,2 and 3), 100 µm (b i–xiii overviews,  
d top right i and v overviews, e top right ix and x overviews and bottom insets), 
50 µm (b i–xiii insets, c, d i, v top right insets and i insets 1–3). Abbreviations: 
BLA: basolateral amygdala; CGE: caudal ganglionic eminence; DG: dentate 
gyrus; EC: entorhinal cortex; HP: hippocampus; ProS: prosubiculum; Sub: 
subiculum; tCd: tail of the caudate nucleus; tLV: temporal lobe lateral ventricle; 
V-SVZ: ventricular–subventricular zone.
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Extended Data Fig. 8 | At 18 GW, the temporal lobe ventricle is surrounded 
by dividing progenitors in the CGE and DCX+DLX2+COUPTFII+ neurons 
extending toward the EC. a,b, Diagrams of coronal (a) and horizontal  
(b) sections of the anterior temporal lobe at 18 GW showing the location of  
the CGE relative to the ventricle and EC. c,d, Immunostaining for Ki-67+SOX2+ 
progenitors and DCX+ young neurons in sections corresponding to those 
diagrammed in a,b. (Note: level ii corresponds to Extended Data Fig. 6a and 
level iii corresponds to Fig. 3a.) e,f, Immunostaining of sections immediately 
adjacent to those in c,d for SP8, COUPTFII and PROX1. g, On the ventral wall of 
the temporal lobe ventricle, many Ki-67+ cells expressing vimentin and HOPX 
are present in the V-SVZ and oSVZ. Similar cells are observed more dorsally 
along the lateral wall, in the CGE. h,i, The same region in g facing the EC contains 

Ki-67+SOX2+ cells mixed with DCX+ neurons (h), the vast majority of which are 
DLX2+ (i). j, Immunostaining of a section adjacent to the middle section in the 
coronal series (a) reveals a mixed population of COUPTFII+ and COUPTFII– cells 
expressing DLX2 along the ventricle facing the EC (1) and within the EC (2).  
Scale bars: 2 mm (a, b), 1 mm (c–f, j left panel), 100 µm (g left overview, right 
CGE overview, h left panel, i left panel, j 1 and 2 left panels), 50 µm (g 1, 2, CGE 
right panel, h 1, 2, i right panel), 10 µm ( j 1, two right panels, 2 right panel). 
Abbreviations: BLA: basolateral amygdala; CGE: caudal ganglionic eminence; 
DG: dentate gyrus; EC: entorhinal cortex; HP: hippocampus; oSVZ: outer 
subventricular zone; tLV: temporal lobe lateral ventricle; V-SVZ: ventricular–
subventricular zone.
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Extended Data Fig. 9 | At 22 GW, the CGE contains Ki-67+SOX2+ progenitors 
and many SP8+, COUPTFII+ and PROX1+ cells. a, Diagrams of coronal sections 
of one hemisphere of the human brain at 22 GW at one anterior and one posterior 
level of the CGE. Red boxes indicate inset locations of immunostaining for  
Ki-67+SOX2+ cells. Immature DCX+ neurons are present in clusters between the 
Ki-67+SOX2+ cells (i-vi). In the ventral V-SVZ, fewer Ki-67+SOX2+ cells are visible 
(vii-ix). b, Diagrams of coronal sections at three cross-sections across the 
temporal lobe and immunostains for SP8, COUPTFII, and PROX1 at each  
level showing that each marker is highly expressed throughout the CGE.  
c, Ultrastructure of a migratory young neuron at 22 GW in the temporal lobe CGE. 
This cell has a classical localization of the Golgi (green arrow) and centrosome 
(magenta arrowhead) in the leading process filled with microtubules and 

displays an adherens junction (magenta arrow). Immunogold labelling for DCX 
reveals processes filled with microtubules at this age. d, Immunostaining of the 
22-GW human temporal lobe at the level of the anterior hippocampus. Insets 
show higher magnification of SCGN+ cells densely clustered near the ventral 
extension of the temporal lobe lateral ventricle and extending into the EC. 
Scale bars: 2 mm (a maps, b all panels), 500 µm (a left immunostaining 
overviews, d), 100 µm (d inset), 20 µm (a right panels i-ix), 1 µm (c top left), 
200 nm (c top right, bottom panels). Abbreviations: BLA: basolateral amygdala; 
CGE: caudal ganglionic eminence; EC: entorhinal cortex; HP: hippocampus; 
oSVZ: outer subventricular zone; tLV temporal lobe lateral ventricle; V-SVZ: 
ventricular–subventricular zone.



Extended Data Fig. 10 | Composition of the entire snRNA-seq dataset.  
a, All cells from the merged dataset, coloured by the main cell types. b–e, UMAP 
plots showing (b) donor age, (c) individual samples, (d) regions of origin, and 

(e) nuclear fraction (fraction of reads containing intronic regions). f, Heat map 
of the top upregulated protein-coding DE genes for each cell type in b. Clusters 
are ordered by the results of hierarchical clustering.



Article

Extended Data Fig. 11 | Composition of the snRNA-seq interneuron 
maturation dataset. a–e, All cells from the interneuron maturation dataset. 
UMAP plots showing (a) results of unsupervised clustering, (b) their sample 
identifiers, (c) the distribution of cells from the EC stream, (d) distribution of 
cells from the embryonic EC at 23 GW, and (e) the calculated pseudotime. f, Heat 
map of top DE genes that are broadly expressed (>70% of cells) in each of the 

clusters identified in (a). g–j, Feature plots highlighting expression of key genes. 
Expression of genes associated with (g) dividing cells (TOP2A) and immature 
neurons (DCX, SOX4, SOX11, and SCGN); (h) interneuron origins (PROX1 and 
NR2F2 highly co-expressed in CGE-derived interneurons, LHX6 in MGE-derived 
neurons); (i) common CGE-derived interneuron subpopulations; and ( j) mature 
neuron synaptic communication.



Extended Data Fig. 12 | WGCNA analysis of inhibitory-neuron maturation. 
a, WGCNA revealed five modules of genes that are highly co-expressed. The 
most connected genes for each module are listed and their eigengene values,  
a proxy for the combined gene expression within each module is shown in 

UMAP plots. b,c, Eigengene for each module plotted against pseudotime, with 
individual cells coloured by (b) donor age and (c) region of origin. d, Violin 
plots showing the distribution of eigengene across different regions and ages.



Article

Extended Data Fig. 13 | Spatial transcriptomic label transfer reveals 
superficial- and deep-layer LAMP5+ neurons. a–g, A subset of the interneuron 
maturation dataset consisting of (a) only maturing CGE-derived LAMP5+ cells 
(Im. CGE-2 and LAMP5+). UMAP plots showing the (b) region of origin, (c) donor 
age, (d) cluster number, (e) spatial transcriptomic label transfer result and  
(f) inferred layer identities of LAMP5+ cells in our dataset. g, Module scores for 
superficial- and deep-layer LAMP5+ cells based on the top 10 DE genes between 
the two subpopulations. h, Module scores for each of the cells in a–g, colored 
by their inferred layer identities as in f. i, Heat map showing the top 25 most DE 

genes between superficial- (top panel) and deep-layer (bottom panel) cells. 
Cells were split by sample origin (first annotation row on top of heat map) and 
layer identity (second row). In each column, cells were ordered by pseudotime 
(third row) and donor age information is also shown (fourth row). Among 
immature LAMP5+ neurons derived from the EC stream (leftmost column), cells 
had a mixed expression of genes associated with superficial and deep layers, 
with some cells starting to express some markers such as NCAM2, PLD5, 
NR2F2-AS1 and ROBO2.



Extended Data Fig. 14 | The EC stream supplies CR+ and RELN+ interneurons 
to the EC. a–c, At birth, only a few individual DCX+RELN+ neurons (arrow) are 
present in the EC stream (a), whereas the ventral wall of the tLV contains multiple 
chains of DCX+RELN+COUPTFII+ neurons (b), location of inset shown in Fig. 6m. 
Some DCX+RELN+COUPTFII+ neurons are observed in the DCX+ chains 
wrapping around the lateral edge of the tLV (c). d, At 7 months of age, DCX+RELN+ 
cells are present in some dense clusters within the EC stream. e, Examples of 
DCX+RELN+COUPTFII+ cells in the EC at 11 months of age (arrows). f, Examples of 
of RELN+COUPTFII+ cells in the upper layers of the EC at 2 years of age. g, 38 GW 
coronal section with high magnification insets of DCX+CR+TBR1– cells (arrows) 
in the EC stream clusters and EC (1–4). These cells are detectable in the EC stream 
at distal (1), middle (2), and proximal (3) levels relative to the medioventral  
tLV where the stream breaks away from the ventricle. Many additional 
DCX+CR+TBR1– cells (arrows) are present in the EC (4) at birth, at the putative 
termini of the stream. h, At birth the EC contains DCX+CR+COUPTFII+ cells. i, At 
2 years of age the vast majority of CR+ neurons in the EC co-express COUPTFII 
(inset). These cells display multiple morphologies including unipolar, bipolar, 
and multipolar. Scale bars: 1 mm (g left), 100 µm (g 1–3 top, h left, i left, a left,  
b left, c top left, d left, e left), 50 µm (g 4 top, a right insets, b right insets,  
c bottom and right insets, d right insets, e right, f), 10 µm (g 1–4 bottom, h right, 
i right). Abbreviations: EC: entorhinal cortex; HP: hippocampus; tLV temporal 
lobe lateral ventricle.
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