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Abstract

The human cortex contains inhibitory interneurons derived from the medial ganglionic eminence 

(MGE), a germinal zone in the embryonic ventral forebrain. How this germinal zone generates 

sufficient interneurons for the human brain remains unclear. We found that the human MGE 

(hMGE) contains nests of proliferative neuroblasts with ultrastructural and transcriptomic features 

that distinguish them from other progenitors in the hMGE. When dissociated hMGE cells 

are transplanted into the neonatal mouse brain, they reform into nests containing proliferating 

neuroblasts that generate young neurons that migrate extensively into the mouse forebrain and 

mature into different subtypes of functional interneurons. Together, these results indicate that the 

nest organization and sustained proliferation of neuroblasts in the hMGE provide a mechanism for 

the extended production of interneurons for the human forebrain.

Graphical Abstract

Nests of DCX+ cells in the ventral prenatal brain. Schematic of a coronal view of the 

embryonic human forebrain showing the medial ganglionic eminence (MGE, green), with nests of 

DCX+ cells (DENs, green). Nestin+ progenitor cells (blue) are present within the VZ and iSVZ 
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and are intercalated in the oSVZ (where DENs reside). The initial segment of the oSVZ contains 

palisades of nestin+ progenitors referred to as type I clusters (light blue cells) around DENs. In 

the outer part of the oSVZ, DENs transition to chains of migrating DCX+ cells; surrounding 

nestin+ progenitors are arranged into groups of cells referred to as type II clusters (white cells). In 

addition to proliferation of nestin+ progenitors, cell division is present among DCX+ cells within 

DENs, suggesting multiple progenitor states for the generation of MGE-derived interneurons in 

the human forebrain.

Abstract

INTRODUCTION: Balance between excitatory and inhibitory neuron (interneuron) populations 

in the cortex promotes normal brain function. Interneurons are primarily generated in the medial, 

caudal, and lateral ganglionic eminences (MGE, CGE, and LGE) of the ventral embryonic 

forebrain; these subregions give rise to distinct interneuron subpopulations. In rodents, the MGE 

generates cortical interneurons, the parvalbumin+ (PV+) and somatostatin+ (SST+) subtypes that 

connect with excitatory neurons to regulate their activity. Defects in interneuron production have 

been implicated in neurodevelopmental and psychiatric disorders including autism, epilepsy, and 

schizophrenia.

RATIONALE: How does the human MGE (hMGE) produce the number of interneurons required 

to populate the forebrain? The hMGE contains progenitor clusters distinct from what has been 

observed in the rodent MGE and other germinal zones of the human brain. This cytoarchitecture 

could be the key to understanding interneuron neurogenesis. We investigated the cellular and 

molecular properties of different compartments within the developing hMGE, from 14 gestational 

weeks (GW) to 39 GW (term), to study their contribution to the production of inhibitory 

interneurons. We developed a xenotransplantation assay to follow the migration and maturation of 

the human interneurons derived from this germinal region.

RESULTS: Within the hMGE, densely packed aggregates (nests) of doublecortin+ (DCX+) and 

LHX6+ cells were surrounded by nestin+ progenitor cells and their processes. These DCX+ cell–

enriched nests (DENs) were observed in the hMGE but not in the adjacent LGE. We found that 

cells within DENs expressed molecular markers associated with young neurons, such as DCX, 

and polysialylated neural cell adhesion molecule (PSA-NCAM). A subpopulation also expressed 

Ki-67, a marker of proliferation; therefore, we refer to these cells as neuroblasts. A fraction 

of DCX+ cells inside DENs expressed SOX2 and E2F1, transcription factors associated with 

progenitor and proliferative properties. More than 20% of DCX+ cells in the hMGE were dividing, 

specifically within DENs. Proliferating neuroblasts in DENs persisted in the hMGE throughout 

prenatal human brain development. The division of DCX+ cells was confirmed by transmission 

electron microscopy and time-lapse microscopy. Electron microscopy revealed adhesion contacts 

between cells within DENs, providing multiple sites to anchor DEN cells together. Neuroblasts 

within DENs express PCDH19, and nestin+ progenitors surrounding DENs express PCDH10; 

these findings suggest a role for differential cell adhesion in DEN formation and maintenance. 

When transplanted into the neonatal mouse brain, dissociated hMGE cells reformed DENs 

containing proliferative DCX+ cells, similar to DENs observed in the prenatal human brain. 

This suggests that DENs are generated by cell-autonomous mechanisms. In addition to forming 

DENs, transplanted hMGE-derived neuroblasts generated young neurons that migrated extensively 

into cortical and subcortical regions in the host mouse brain. One year after transplantation, 
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these neuroblasts had differentiated into distinct γ-aminobutyric acid–expressing (GABAergic) 

interneuron subtypes, including SST+ and PV+ cells, that showed morphological and functional 

maturation.

CONCLUSION: The hMGE harbors DENs, where cells expressing early neuronal markers 

continue to divide and produce GABAergic interneurons. This MGE-specific arrangement of 

neuroblasts in the human brain is present until birth, supporting expanded neurogenesis for 

inhibitory neurons. Given the robust neurogenic output from this region, knowledge of the 

mechanisms underlying cortical interneuron production in the hMGE will provide insights into 

the cell types and developmental periods that are most vulnerable to genetic or environmental 

insults.

A proper balance between glutamatergic excitatory neurons and γ-aminobutyric acid 

(GABA)–expressing inhibitory neurons (GABAergic interneurons) is central to brain 

function. Deficits in GABAergic interneurons have been implicated in neurodevelopmental 

and psychiatric disorders including autism, epilepsy, and schizophrenia (1–3). GABAergic 

cortical interneurons are primarily born in germinal zones of the embryonic ventral 

forebrain, including the medial and caudal ganglionic eminences (MGE and CGE) (4). 

Young interneurons born in the ganglionic eminences then undertake an extensive migration 

to reach the cortex and many other forebrain regions (5–7). After completing their migration, 

young neurons mature into different subtypes, including MGE-derived PV+ (parvalbumin-

positive) and SST+ (somatostatin-positive) interneurons, that are required for normal cortical 

rhythms and cognitive function (8, 9). It remains unclear how the human MGE (hMGE) 

generates sufficient interneurons to meet the demand of the larger gyrencephalic cortex.

The hMGE can be delineated by the expression of transcription factor NKX2-1 (NK2 

homeobox 1) (10, 11). An initial analysis of the hMGE described two types of nestin+ 

progenitor clusters around DCX+ (doublecortin-positive) and LHX6+ (LIM homeobox 6–

positive) cells. Type I clusters contain nestin+ progenitor cell bodies and fibers located in the 

inner part of the outer subventricular zone (oSVZ), whereas type II progenitor clusters in the 

outer part of the oSVZ surround streams of DCX+/LHX6+ migrating young neurons (10). 

Here, we show that these aggregates of DCX+/LHX6+ cells in the hMGE, which we refer to 

as DCX+ cell–enriched nests (DENs), contain actively proliferating neuroblasts that persist 

until birth. Our data further suggest that hMGE cells can reform DENs in a xenograft model 

and are a source of GABAergic neurons in the developing human brain.

Nests of DCX+ cells in the human MGE

We analyzed the hMGE between 14 and 39 gestational weeks (GW) (Fig. 1A and table S1). 

Using NKX2-1 staining to delineate the hMGE, we found that the size of hMGE increased 

between 14 and 22 GW (Fig. 1B). By 34 and 39 GW, the MGE became smaller but was 

still discernible as a wedge-shaped NKX2-1+ structure next to the ventricular wall (Fig. 1B). 

By cross-referencing NKX2-1 expression patterns and magnetic resonance imaging (MRI) 

of the human GE (12, 13), we found that the volume of the hMGE increased from 18 to 22 

GW and decreased at 33 GW (Fig. 1, D and E). Next, we evaluated the expression of LHX6, 

a transcription factor activated by NKX2-1 that is necessary for subtype specification and 

migration of hMGE-derived interneurons (14, 15). Similar to NKX2-1, LHX6 expression 
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was detected in the hMGE from 14 to 39 GW (fig. S1A). LHX6+ cells were organized 

into tight cellular aggregates, or nests (fig. S1, B and C). The majority of LHX6+ cells 

expressed DCX and PSA-NCAM (polysialylated neural cell adhesion molecule), another 

marker found in young migratory neurons (figs. S1C and S2C). Confocal imaging showed 

that radial glia fibers stained with nestin or vimentin encased DCX+ cells within the hMGE, 

a relationship that persisted from 14 to 39 GW (Fig. 1C and fig. S2, A and B). To better 

understand the configuration of these DCX+ nests (DENs), we performed serial coronal and 

axial (horizontal) mapping of the hMGE at 22 GW. Quantification of DEN size showed no 

change along the rostral-caudal (coronal) axis but a progressive increase in DEN size along 

the dorsal to ventral (axial) planes (Fig. 1, F and G). The average area of a DEN in coronal 

sections decreased by 53% between 14 and 39 GW (Fig. 1E).

A second germinal zone of the ventral telencephalon is the lateral ganglionic eminence 

(LGE) that sits immediately dorsal to the MGE. Work in rodents has shown that the 

LGE is a source of GABAergic projection neurons for the striatum and of interneurons 

for the olfactory bulb (16). In contrast to the hMGE, DCX+ cells in the hLGE were 

homogeneously distributed and showed no evidence of DEN formation (fig. S2B). The 

above results indicate that during a period of hMGE expansion and heightened neurogenesis, 

young DCX+/LHX6+ neurons become tightly packed into DENs surrounded by bundles of 

nestin+ and vimentin+ cells and fibers (type I clusters) in the first and early second trimester 

of hMGE development (10). DENs decreased in area with age, although they were still 

present at 39 GW. The persistent presence of DENs in the hMGE during an extended period 

of prenatal development suggests that this organization is fundamental to the production of 

inhibitory neurons in the human brain.

The majority of DCX+ cells within DENs appear destined to become GABAergic 

interneurons, as analysis at 14 and 39 GW showed that these cells expressed DLX2 (distal-

less homeobox 2) (17, 18) (fig. S3A). In contrast to DLX2, ASCL1 (achaete-scute family 

BHLH transcription factor 1), frequently found in intermediate progenitors, was detected in 

SOX2+ progenitors outside DENs (fig. S3B). Consistently, DEN cells also expressed GABA 

protein and glutamate decarboxylase (GAD1) transcripts (fig. S3, C and D). These results 

further suggest that DCX+ cells within DENs are early GABAergic interneurons.

Ultrastructural and transcriptomic features define DENs

We next used transmission electron microscopy (TEM) to analyze the hMGE at 14, 17, and 

23 GW. DENs were identified as nests of cells separated by bundles of radial glia fibers 

(Fig. 2, A and C). Cells within the DENs had a small nucleus with dark nucleoplasm, 

heterochromatin clumps, scarce cytoplasm with many free ribosomes, and frequent small 

adherens junctions (<200 nm in length) (Fig. 2, D to G), features seen in young neurons 

(19, 20). Immunogold TEM staining confirmed that cells in DENs were DCX+ (Fig. 2, H 

and I). In addition to the DEN cells, we identified ventricle-contacting radial glia (vRG) 

and other progenitor cells in the iSVZ and oSVZ (table S2). vRG contacted the ventricle 

through thin apical expansions that had apical junctions and a primary cilium. Their nuclei 

were elongated and irregular and frequently had nuclear envelope chromatin sheets (21, 

22) (fig. S4, A to D). In the iSVZ, progenitor cells had more rounded nuclei than vRG 
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and a higher number of heterochromatin clumps. iSVZ progenitors lacked apical junctions, 

indicating that they were not part of the ventricular epithelium (fig. S4, E and F). Prominent 

bundles of stacked radial glia expansions rich in intermediate filaments and microtubules 

were noted in oSVZ at all ages studied (Fig. 2, A to C, and fig. S4, L to O). These 

bundles correspond to type I clusters of radial glia fibers previously described (10) and 

contain an interspersed third type of progenitor cell with fewer intermediate filaments and 

a morphology that resembles outer-radial glia-like cells (fig. S4, H to K). MGE cells, 

including cells within DENs, at all ages studied had a cytoplasmic cylindrical structure that 

we refer to as ribosomal barrels, containing membrane lamellae with ribosomes lining the 

inner side (fig. S4, P and Q). The function of ribosomal barrels, or lamellae, is unknown.

On the basis of this cell classification scheme, we used tiled high-resolution TEM images 

to reconstruct the cellular composition of the hMGE at 14, 17, and 23 GW (Fig. 2, A to 

C). These reconstructions revealed the location of DENs and their consolidation with age. 

Mitoses were frequent in the VZ and iSVZ, and within and around DENs, at the three 

gestational ages studied (Fig. 2, A to C, and fig. S4, R to T). At 14 GW, we noted that the 

majority of mitoses were associated with radial glia bundles, but by 17 and 23 GW, mitotic 

figures were among DEN cells (Fig. 2 and fig. S4, fuchsia). Using immunogold staining at 

22 GW, we confirmed that mitoses within DENs were DCX+ (Fig. 2, H to J). These results 

suggested that a subpopulation of DEN cells were proliferative between 14 and 23 GW (Fig. 

2, J and K). By 23 GW, cells in DENs closer to the VZ had thin interdigitated expansions 

oriented in all directions (Fig. 2, D and E). In contrast, DEN cells located farther away from 

the ventricle (~900 μm) had more polyribosomes and mitochondria, and their expansions 

were thicker and longer; this may reflect a higher degree of differentiation and activation of 

the migratory stage away from the MGE (Fig. 2, F and G, and table S2).

The organization of progenitor cells in the hMGE, which differs from that of neighboring 

hLGE, suggests that the pattern of gene expression responsible for DEN formation may 

be specific to the MGE. Using public microdissected hLGE and hMGE transcriptomic 

data (23), we performed gene coexpression analysis (24) from 17, 18, 23, and 23.5 GW 

samples (fig. S5A). This analysis revealed a group of genes highly correlated in their 

expression in the hMGE at all ages studied (the sienna3 module; fig. S5B). This module 

included genes implicated in neuronal stem cell population maintenance, regulation of 

cell-substrate adhesion, homophilic cell adhesion, and extracellular matrix organization. 

The expression of all these genes decreased with gestational age. Among the top genes 

in the sienna3 module, there were several cell adhesion–related nonclustered protocadherin 

genes (PCDH17, PCDH10). Immunostaining at 22 GW showed that PCDH10+ cells were 

located almost exclusively outside DENs. In the 22 GW hLGE, PCDH10+ was widely 

distributed, interspersed between DCX+ cells (fig. S5C). Another protocadherin gene found 

in this module, PCDH19, showed robust and extensive expression in the 22 GW hMGE that 

colocalized with DCX+ cells within DENs (fig. S5D); PCDH19+ cells were not detected in 

the hLGE (fig. S5D).

In addition to the sienna3 module, a second module (greenyellow) enriched in the hMGE 

contained genes implicated in regulating the cell cycle, DNA replication, and mitotic nuclear 

division (fig. S5E). The gene expression differences within this module between the hMGE 
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and hLGE increased with age. Immunostains showed that E2F1 (E2F transcription factor 

1), a top gene in this module, was enriched as punctate staining in the 22 GW hMGE, but 

not in hLGE. E2F1 staining frequently overlapped with DCX staining. Unlike DCX+ cells 

in the hMGE that frequently expressed E2F1, DCX+ cells in hLGE were E2F1− (fig. S5F). 

Together with the presence of mitosis in DCX+ cells (Fig. 2, H to J), these results suggest 

that a subpopulation of DCX+ neuroblasts in DENs have proliferative capacity.

Proliferating DCX+ cells within DENs

To further characterize the proliferation of cells within DENs, we performed immunostains 

for Ki-67, a protein expressed in dividing cells. Proliferating neuroblasts (DCX+/Ki-67+ 

cells) were detected in both the hMGE and hLGE from 14 to 39 GW (Fig. 3A). In the 

hMGE, DCX+ cells were primarily located within DENs (Fig. 3B and fig. S6B) and a 

substantial fraction of all dividing (Ki-67+) cells in the hMGE were DCX+ (31% at 14 GW, 

21% at 17 GW, and 24% at 23 GW). The proportion of DCX+ cells in DENs that were 

Ki-67+ remained at 20 to 25% from 14 to 34 GW and dropped to ~5% at 39 GW (Fig. 3B). 

Ki-67+ cells were observed both in the center and close to the edge of DENs. Similarly, 

~20% of the DCX+ cells in the hLGE were Ki-67+ at 14 and 17 GW, but these proportions 

in the LGE decreased to ~3% between 17 and 22 GW; by 22 GW, DCX+/Ki-67+ cells were 

rare in the hLGE (Fig. 3C).

Using SOX2 as a marker for undifferentiated progenitor cells (25, 26), we found that 

the majority of SOX2+ cells were located outside DENs (fig. S6, A and C), consistent 

with previous observations (10). However, a subpopulation of DCX+ cells in DENs also 

expressed SOX2, and more than 50% of these DCX+/SOX2+ cells were Ki-67+ (Fig. 3D, 

arrows). DCX+/SOX2+/Ki-67+ or DCX+/SOX2+/Ki-67− cells could still be detected in the 

hMGE at 39 GW (Fig. 3, E and F, and fig. S6B), but these cells were rarely observed 

outside DENs from 14 to 34 GW (fig. S6A). The hLGE contained fewer DCX+/SOX2+ 

cells than the hMGE. Consistent with the above data, DCX+/SOX2+ cells in the hLGE 

could be observed at 14 and 17 GW (Fig. 3, E and F), but their numbers dropped between 

17 and 23 GW and there were very few at 34 and 39 GW (Fig. 3, E and F). Like the 

DCX+/SOX2+ cells, a number of SOX2+ progenitors were Ki-67+ in both the hMGE and 

hLGE. The number of SOX2+/Ki-67+ progenitors decreased earlier in the hLGE (by 23 GW) 

than in the hMGE (34 GW) (fig. S6C). To validate the proliferative properties of DCX+ 

cells, we infected 18 GW hMGE slice cultures with CMV-GFP adenovirus (adenovirus 

expressing green fluorescent protein under a CMV promoter) to label cells and used time-

lapse confocal imaging to follow proliferative behavior during 72 hours (fig. S7A). Dividing 

cells displaying interkinetic migration in the VZ (movie S1), but more than half (56%) 

of the observed mitoses (n = 122) occurred deeper in the hMGE in the iSVZ and oSVZ. 

Among these divisions, we noted cells that showed mitotic somatic translocation typical of 

outer radial glia progenitor cells (27). We also observed cells with processes after division 

that corresponded to DCX+ cells in post hoc immunostaining (fig. S7, B and C, and movie 

S2). Quantification of the cellular populations in the slices showed that 27% of DCX+ 

cells in hMGE cultures expressed Ki-67, similar to what was observed in the postmortem 

quantifications (Fig. 3B). Taken together, our results indicate that a subpopulation of DCX+ 

neuroblasts in the hMGE continues to proliferate within DENs.
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Transplanted hMGE cells recapitulate DEN features

We next investigated whether hMGE development could be recapitulated by 

xenotransplantation (7, 28). We dissected the hMGE from 14 to 16 GW samples and 

transplanted the dissociated hMGE cells into the cortex of immunosuppressed recipient 

animals. Transplanted cells, identified by the expression of human nuclear antigen (HNA), 

were analyzed at 45, 90, and 365 days after transplant (DAT). At 45 and 90 DAT 

(corresponding to hMGE cells at ~21 GW and 26 GW, respectively), transplanted cells 

formed large masses of densely packed HNA+ cells around the injection site (Fig. 4B); 

HNA+ cells expressed NKX2-1 at 45 DAT (86%) and 90 DAT (94%) (Fig. 4C and fig. 

S8D), but not SP8 or COUP transcription factor 2 (COUPTFII), associated with LGE and 

CGE, respectively (fig. S8, A to C). These results supported the ability of the transplanted 

hMGE cells to maintain their regional identity. At 45 DAT, HNA+ cells became organized 

into nests of DCX+ cells encased by vimentin+ radial glial fibers and cells, similar to the 

DEN architecture found in the intact hMGE in vivo (Fig. 4D). HNA+/DCX+ DENs were 

also identified at 90 DAT, but these were smaller and had fewer cells (Fig. 4E and fig. S9A).

The ability of the transplanted hMGE progenitors to organize as DENs (Fig. 4D and 

fig. S9A) raised the possibility that the transplant-derived DCX+ nests retain proliferative 

activity as observed in vivo. We quantified the proportion of all HNA+ transplant-derived 

cells that were Ki-67+. Within the transplant mass, we found that 23% of all HNA+ cells 

were Ki-67+ at 45 DAT, dropping to 3.5% by 90 DAT (fig. S10, A to C). By 365 DAT, 

no HNA+/Ki-67+ cells were present (fig. S10B). Of all HNA+/DCX+ cells in the transplant 

mass at 45 DAT, 19% were Ki-67+, similar to the 20 to 25% of DCX+ cells that were in the 

cell cycle in the post mortem DENs at 17 to 22 GW (fig. S10D). Among the Ki-67+/HNA+ 

cells, about half (58%) were DCX+ at 45 DAT. However, HNA+/DCX+ cells that migrated 

outside the transplant were Ki-67−, which suggests that as hMGE-derived young neurons 

become migratory, they stop dividing.

To further characterize the cellular composition close to the transplant site, we performed 

immunostains for DCX and SOX2. At 45 DAT, ~35% of HNA+ cells were DCX+/SOX2+, 

~45% were DCX+/SOX2−, and ~20% were DCX−/SOX2+ (n = 4) (Fig. 4, E and F). By 

90 DAT, the majority of SOX2+ cells were no longer DCX+ (n = 2). DCX+/SOX2+ cells 

made up 36.6% of the HNA+;Ki-67+ population at 45 DAT and 13.2% at 90 DAT (Fig. 4, 

G and H). As observed in vivo, a fraction of the Ki-67+ cells within the transplant mass 

were DCX+/SOX2− (~10%) at 45 and 90 DAT. By 365 DAT, most of the transplant mass 

disappeared, and the remaining HNA+ cells did not express DCX or Ki-67 (Fig. 4H). Taken 

together, these results indicate that hMGE progenitor cells transplanted into the mouse brain 

grew into a mass of cells that mimicked the composition and self-organization of the hMGE, 

including the formation of DENs.

Transplanted hMGE cells display properties of interneurons

We noted that at 45 DAT, HNA+/DCX+ cells were dispersing away from DENs and the 

transplant site (Fig. 5A); the majority of these cells had a migratory morphology. More 

than 99% of the dispersing hMGE cells at 45 and 90 DAT were DCX+ (99.1% and 99.4%, 
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respectively), but at both these ages, the majority of HNA+/DCX+ cells were NKX2-1−, 

consistent with the down-regulation of this transcription factor in migrating GABAergic 

interneurons (29). HNA+/DCX+ cells were observed as far as 3 mm from the transplant site 

at 45 and 90 DAT, respectively (fig. S9B). From these results, we infer that hMGE-derived 

transplanted cells are migratory in the brain of juvenile mice. To study this migratory 

behavior, we infected 14 GW hMGE-dissociated cells with lentiviruses that expressed GFP 

under the control of DLX1/2 (distal-less homeobox 1/2) enhancer (i12b-GFP lentivirus) and 

transplanted these cells into the neonatal mouse cortex. GFP+ hMGE cells were recorded at 

21 DAT in organotypic slices prepared for time-lapse microscopy (Fig. 5C). Individual GFP+ 

cells had a migratory behavior similar to that observed in mouse cortical interneurons (30), 

including extension of a leading process (frequently bifurcated) and nucleokinesis. Cells 

outside the transplant moved at an average speed of 21 μm/hour (Fig. 5C). We also noted 

movements of cells within the transplant (movie S3), but the high cell density prevented us 

from precisely following the movement of individual cells and determining their migratory 

behavior.

By 90 DAT, HNA+ cells were observed leaving the injection site as DCX+ chains (Fig. 5, 

D and E), and individual DCX+ cells were found dispersed into many regions of the mouse 

brain including the hippocampus, amygdala, corpus callosum, striatum, septum, olfactory 

bulb, and piriform cortex (fig. S11). Relative to 45 DAT, most of the hMGE-derived cells at 

90 DAT exhibited a more complex neuronal morphology with increased branch number and 

length (Fig. 5, A and B, and fig. S11). At 90 DAT, a subpopulation of the DCX+/HNA+ cells 

expressed GABA (Fig. 5E), but these cells were negative for the mature neuronal marker 

NeuN. By 210 DAT, the expression of DCX was reduced (fig. S12, A and B); a fraction of 

hMGE-derived cells were NeuN+ and several expressed the interneuron subtype marker SST 

(fig. S12C), which suggested that these cells had begun their differentiation (fig. S12C). By 

365 DAT, most HNA+/NeuN+ cells expressed GABA, with many expressing SST and some 

rare cells expressing PV+, calbindin+, or calretinin+ (Fig. 5, F and G). Patch-clamp recording 

in slices prepared at 50 DAT showed that the majority (12/13) of GFP+ hMGE-derived cells 

had immature action potential with minimal regenerative currents. Only one recorded cell at 

50 DAT showed spiking in response to current injections (Fig. 6A, right). At 200 DAT, all 

hMGE-derived neurons (17 GFP+ cells) had mature action potentials and could be classified 

by their firing patterns into continuous adapting or burst nonadapting (Fig. 6B). By 400 

DAT, recorded GFP+ cells exhibited action potentials with stuttering patterns characteristic 

of fast-spiking GABAergic interneurons (2/6 GFP+ cells) or a continuous nonadapting 

phenotype (Fig. 6C). Synaptic input in the hMGE-derived cells was detected as early as 50 

DAT. By 200 DAT, white matter stimulation elicited evoked excitatory postsynaptic currents 

(eEPSCs) in all recorded cells (Fig. 6, M and N) indicating that hMGE-derived neurons 

were integrated into the host mouse brain. These results demonstrate that a subpopulation 

of hMGE-derived cells transplanted into the mouse brain migrates widely and matures into 

functional interneuron subtypes that receive synaptic input.

Discussion

Our results reveal that the hMGE is organized into nests of DCX+ cells (DENs) 

containing proliferative neuroblasts (Fig. 7). DENs are surrounded by nestin+ progenitors, an 
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arrangement not observed in the rodent MGE (5, 31, 32) or in other germinal zones of the 

human forebrain, including the LGE or the pallium (10). DENs are also not apparent in the 

human CGE (10), another major source of cortical interneurons (11, 33, 34). Furthermore, 

transplantation of hMGE cells into the rodent brain formed DENs containing proliferative 

DCX+ cells and gave rise to GABAergic interneuron subtypes. These results suggest that 

DENs are formed by cell-autonomous mechanisms and give rise to highly migratory cells 

that differentiate into GABAergic interneurons.

Do DCX+/SOX2+ cells represent an intermediate or transient amplifying progenitor state? 

SOX2 is a transcription factor present in stem cells and is necessary for their progression 

to neural fates. Yet SOX2 also functions to maintain proliferation (35–37). Therefore, the 

presence of SOX2 could maintain a proliferative state in a subpopulation of DCX+ cells 

that are already committed to become inhibitory interneurons expressing GABA (DLX2+). 

It remains unknown how SOX2 expression is maintained in a subset of DCX+ cells within 

the hMGE. Nor is it known whether these cells divide symmetrically to amplify their 

population, or divide asymmetrically to retain a population of less differentiated progenitors. 

Proliferation in the hMGE was also highlighted by the expression of E2F1 among DCX+ 

cells within the DENs (fig. S3). The E2F family is involved in regulating the cell cycle 

(38–40) and could also function in maintaining the proliferative properties of DCX+ cells in 

DENs.

Work in the rodent brain has shown that the MGE is also an important source of 

oligodendrocytes (41, 42). We found large numbers of OLIG2+ cells in the hMGE, but 

these cells were found outside the DENs from 15 to 39 GW (fig. S3, E and F). We also 

observed a pronounced expansion of oligodendrocyte progenitors from hMGE transplants 

at 210 and 365 DAT (fig. S9C). Oligodendrocyte progenitor cells continue to divide after 

they leave the MGE (43); this suggests that unlike interneuron precursor proliferation, which 

seems to be closely linked to DENs, oligodendrocyte amplification can occur outside the 

MGE.

How are DENs formed? Electron microscopy revealed frequent adhesion contacts between 

cells within DENs, providing multiple sites to anchor DEN cells together. Our data also 

showed that cells within DENs express PCDH19, whereas nestin+ progenitors surrounding 

DENs express PCDH10, suggesting a role for differential cell adhesion in the formation 

and maintenance of DENs. Mutations in PCDH19 have been causally linked to epilepsy in 

females with mental retardation (EFMR), whereas variants of human PCDH10 have been 

associated with autism (44).

The diversity of interneurons has evolved across species, including the presence of unique 

interneuron subtypes in humans and a reallocation of interneuron subtypes in primate 

brains (45, 46). Previous work has suggested that distinct ventrodorsal levels of the mouse 

MGE generate different subtypes of cortical interneurons (47). We found that the size 

of DENs within the MGE, and the proportion of the MGE occupied by DENs, varies 

depending on the dorsoventral level (Fig. 1). DENs in different regions of the hMGE may 

represent expansion of different subtypes of interneurons. The presence of a distinctive 

neurogenic niche with spatially discrete nests of proliferating DCX+ cells could contribute 
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to differences in interneuron populations across organisms. Discovering the mechanisms 

underlying cortical interneuron production in the hMGE will also provide insight into the 

cell types and developmental periods that are vulnerable to genetic or environmental insults.

Methods summary

We studied human MGE samples from 14 to 39 gestational weeks. Tissues were collected 

with previous patient consent according to institutional ethical regulations of the University 

of California San Francisco Committee on Human Research. Histological sections were 

generated from human MGE tissues for immunohistochemistry and in situ hybridization 

to identify young neurons, progenitor cells, and molecular markers for proliferation, 

intermediate progenitor states, and transcription factors associated with the ganglionic 

eminences. To determine the MGE volume and changes through gestational stages, 

we performed volumetric measurements of hMGE in MRI and combined them with 

immunohistochemical and immunofluorescence staining. We used transmission electron 

microscopy to perform an ultrastructural analysis of the cellular composition of the 

hMGE and identification of DEN cells at 14, 17, and 23 GW. To identify DCX+ cells 

and nestin radial glial fibers under TEM, we performed immunogold staining against 

these markers. To identify the MGE pattern of gene expression compared to LGE, we 

performed transcriptomic analysis on publicly available gene expression data of the human 

ganglionic eminences from the Allen Institute. Analyses were on laser-microdissected CNS 

bulk tissue from four prenatal human brains at 17 to 23 GW. (23). Unsupervised gene 

coexpression module detection and identification of region-specific modules revealed genes 

associated with the MGE that were validated in the human tissue sections. To determine the 

proliferative capacity of the human MGE ex vivo, we generated organotypic slice cultures 

from the human MGE that were infected with CMV-GFP adenovirus and imaged for 3 

days using time-lapse confocal imaging. We performed xenograft experiments transplanting 

human MGE cells into immunocompromised neonatal mice and analyzed brains at 45, 

90, 210, and 400 days after transplantation. Transplanted brains were used for histological 

analysis and to generate live tissue sections for migration assays and electrophysiology 

experiments.
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Fig. 1. hMGE organization in the prenatal and perinatal brain.
(A) Lateral views (top) and coronal cross sections (bottom) of the prenatal human brain 

at 14, 21, and 33 GW. Dashed lines indicate the locations where the coronal sections are 

made; arrowheads indicate the location of human ganglionic eminences located next to the 

lateral walls of the lateral ventricles. (B) Immunohistochemical stains for NKX2-1 in the 

hMGE at 14, 18, 22, 34, and 39 GW. NKX2-1 shows a robust expression from 14 to 22 

GW. Despite the decrease in hMGE size at 34 GW, NKX2-1 expression remains high. At 

39 GW, NKX2-1 expression in the hMGE is reduced to a thin slit along the subventricular 

zone. (C) Confocal images of the hMGE from 14 to 39 GW reveal the unique organization 

of dense DCX+ nests that intermix with nestin+ fibers. (D) MRI images of prenatal hMGE 

(highlighted in red) on the axial, coronal, and sagittal planes at 18, 22, and 33 GW. Three-

dimensional (3D) reconstruction highlights the position of the hMGE in relationship to 

the lateral ventricle (LV) at the respective ages. (E) Top: Quantification of hMGE volume 

relative to total brain volume by MRI images at 18, 22, and 33 GW. By cross-referencing 

NKX2-1 expression patterns and MRI images of human GE, we found that hMGE volume 

increased from 115 + 15 mm3 at 18 GW to 158 + 13 mm3 at 22 GW, then decreased to 88 + 

3 mm3 at 33 GW. Data are means ± SD; n = 10 each gestational age. Bottom: Quantification 

of the size of DEN in hMGE on the coronal planes shows the progressive reduction in 

size from 14 to 39 GW. The average area of a DEN in coronal sections decreased from 

6053 + 452 μm2 at 14 GW to 4052 + 242 μm2 at 22 GW, and dropped further to 2870 + 
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360 μm2 39 GW. The number of DENs for each gestational age is included in parentheses. 

(F) Schematic diagrams highlighting DENs (dark green) in hMGE (light green) in 22 GW 

prenatal brain at the coronal plane (top) and axial plane (bottom) relatively similar sizes of 

DCX+ nests. The adjacent hLGE is shaded light gray. The positions of the hMGE indicated 

on the coronal plane are from anterior (position 0.0) to posterior (position 5.4). On the axial 

plane, the positions of the hMGE are from top (position 3.1) to bottom (position 9.0). Scale 

bars, 500 μm (G) Top: Quantification of DEN size in the hMGE at 22 GW shows similar 

sizes from anterior to posterior on the coronal plane. Bottom: DEN size appears to become 

progressively larger from top to bottom on the axial plane.
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Fig. 2. Ultrastructural characteristics of DENs in the hMGE.
(A to C) Schematics of 14, 17, and 23 GW hMGE in coronal sections used to map identified 

cell types in TEM ultrathin section micrographs. Ventricular radial glia (vRG) (dark blue), 

intermediate progenitors (cyan), mitoses (orange), DEN cells (green), outer subventricular 

zone (oSVZ) progenitors (purple), and blood vessels (gray) were identified by ultrastructural 

characteristics (table S2 and fig. S4). (D) DEN cells close to the lateral ventricle in (C) 

showed scarce cytoplasm and thin interdigitated expansions oriented in all directions (DEN 

cell cytoplasm outlined in green). (E) High magnification of DEN cell expansions showing 

frequent small adherens junctions (white arrows). (F and G) DEN cells deep into the 

hMGE showing long cell expansions rich in mitochondria and microtubules (black arrows). 

Note that contacts through small adherens junctions were frequent (white arrows). (H to 
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J) Immunogold TEM of DCX+ cells within DENs in 22 GW hMGE. Note that DCX-Au+ 

cells show scarce cytoplasm and small adherens junctions (white arrows). DCX-Au+ mitotic 

figures inside DENs were also observed. (K) Mitotic figure within DEN in (C). Scale bars, 

0.5 mm [(A) to (C)], 2 μm [(D), (F), and (H)], 500 nm [(E), (G), and (I)], 1 μm [(J) and (K)].
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Fig. 3. DCX+ cells proliferate in the human ganglionic eminences.
(A) Left: Confocal image of a coronal section of 17 GW hMGE and hLGE immunostained 

with DCX (green) and Ki-67 (red). Dashed line highlights the boundary that separates the 

hLGE and hMGE; arrows indicate streams of DCX+ cells migrating away from DENs at the 

edge of the hMGE. Right: Higher magnifications of DENs in the boxed area in the left panel 

(top row) where many DCX+ cells show positive staining for Ki-67 (bottom row); arrowhead 

points to a DCX+/Ki-67+ cell in DENs. (B and C) Quantification of DCX+/Ki-67+ cells 

and DCX+/Ki-67− cells in hMGE (B) and hLGE (C) at 14, 17, 22, 25, 27, 34, and 39 GW. 

DCX+/Ki-67+ cells and DCX+/Ki-67− cells are presented as cell density (number of cells 

per mm2) (left panels); in addition, DCX+/Ki-67+ cells are presented as the percentage of 

DCX+ cells (right panels). Data are means ± SEM. (D) Confocal images of hMGE at 14 
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GW immunostained with DCX, Ki-67, and SOX2 antibodies. Arrows in the merged panel 

and individual channels highlight DCX+/SOX2+/Ki-67+ cells; arrowhead indicates a DCX−/

SOX2+/Ki-67+ cell within DENs. (E and F) Quantifications DCX+/SOX2−, DCX+/SOX2+, 

and DCX−/SOX2+ progenitors (E) and DCX+/SOX2+ progenitors that are still in the cell 

cycle (Ki-67+ already exited cell cycle (Ki-67−) (F) in hMGE and hLGE at 14, 17, 24, 34, 

and 39 GW. Data are means ± SEM and are presented as cell density (number of cells per 

mm2).
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Fig. 4. Transplanted hMGE cells recapitulate DEN organization and proliferation.
(A) Schematic of hMGE transplantation surgery. (B) Coronal section indicating injection 

site of HNA+ cells (white) at 45 DAT. Dashed lines delimit cortical layers; cc, corpus 

callosum. (C) HNA+ cells at the injection site at 45 DAT express DCX and NKX2.1. 

The transplant (boxed area of the leftmost panel) is shown at higher magnification. (D) 

Transplanted hMGE cells form dense DCX+ nests encased by VIM+ radial glia fibers at 

the site of injection at 45 DAT. The transplant (boxed area of the leftmost panel) is shown 

at higher magnification. Many VIM+ and DCX+ cells are Ki-67+. (E) HNA+ (blue) cells 

at injection sites express DCX and SOX2 at 45, 90, and 365 DAT. (F) Quantification of 

proportion of total HNA+ cells at the injection site (45 DAT, n = 4; 90 DAT, n = 2; 365 DAT, 

n = 3) that are DCX+ (green), SOX2+ (purple), or DCX+/SOX2+ (cyan). Data are means 

± SEM. (G) High magnification of DCX+, SOX2+, and Ki-67+ cells in DENs at 45 DAT. 

(H) Quantification of proportion of HNA+/Ki-67+ cells at the injection site (45 DAT, n = 4; 
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90 DAT, n = 2; 365 DAT, n = 3) that are DCX+ (green), SOX2+ (purple), or DCX+/SOX2+ 

(cyan). Data are means ± SEM. Scale bars, 500 mm [(B) and leftmost panel in (C) to (E)], 

50 μm [other panels in (C) to (E)], 10 μm (G).
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Fig. 5. Transplanted hMGE cells display migratory and functional interneuronal features.
(A) Neurolucida tracings of DCX+ transplanted hMGE at 45 and 90 DAT (four cells shown 

per time point). (B) Quantification of the length (left) and total number (center) of DCX-

positive processes at 45 and 90 DAT. Right graph shows quantification of the number of 

DCX+ branching nodes per transplanted cell analyzed at 45 or 90 DAT. For all graphs, n = 

22 cells per animal for both 45 and 90 DAT; ****P < 0.0001. (C) Left: Sequential images 

of time-lapse confocal microscopy showing two example sets (red and yellow arrows) of 

GFP+ transplanted hMGE cells at 21 DAT. Right: Proportion of GFP-positive transplanted 

hMGE cells (total 395 cells) analyzed for speed (left) and total distance traveled (right). (D) 

Confocal image of transplanted mouse cortex at 90 DAT showing dispersal of HNA+DCX+ 

cells. Inset shows boxed area at higher magnification. (E) Top: Injection site at 90 DAT 
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contains cells that coexpress DCX, GABA, and HNA. Bottom: Transplanted hMGE cells 

away from the injection site also coexpress DCX and GABA (arrows). (F) Examples of 

transplanted hMGE cells at 365 DAT that express NeuN (green) and HNA (blue) either with 

SST (red, arrowheads in top panel) or PV (red, arrowhead in bottom panel). (G) Examples 

of transplanted hMGE cells at 365 DAT that express NeuN, calbindin (CB+, arrowhead 

in top), and calretinin (CR+, arrowhead in bottom). Scale bars, 50 μm [(A), (C) (leftmost 

panel), (E)], 25 μm [(C) (upper and lower rows)], 10 μm [(D) (inset), (F), (G)].
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Fig. 6. Physiological parameters of hMGE cells after transplantation.
(A) hMGE cells at 50 DAT demonstrate immature action potentials with either minimal 

regenerative current (left) or a few short/broad action potentials (right). (B) hMGE cells at 

200 DAT have regenerative action potentials (17/17 tested) that occur in one of two distinct 

temporal patterns, either burst nonadapting nonfast spiking (left) or continuous adapting 

(right). (C) hMGE cells at 400 DAT have action potentials in either a stuttering pattern (left) 

characteristic of fast-spiking interneurons or a continuous nonadapting phenotype (right). 

(D and E) Passive physiological properties changed over maturation with a significant 

hyperpolarization of resting membrane potential [(D), P < 10−18 by one-way analysis of 

variance (ANOVA)] and a significant decrease in input resistance [(E), P < 10−10 by 

one-way ANOVA]. (F to I) Active membrane properties were not assessed in 50 DAT 

transplant-derived cells because they almost uniformly did not fire action potentials. There 

were no significant changes to the action potential threshold (F) or width (G), the action 

potential after hyperpolarization (AHP) depth (H), or the maximal firing rate [(I), by two-

sample Kolmogorov-Smirnov test]. (J) All cells recorded had clearly identifiable EPSCs 

at 50 DAT, but sEPSC frequency increased significantly at 200 and 400 DAT (P = 0.038 

by one-way ANOVA). (K and L) sEPSC amplitude also increased upon maturation (P < 

10−5 by one-way ANOVA) (K), whereas rise time decreased (L) (P < 10−6 by one-way 
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ANOVA). (M and N) EPSCs evoked by deep white matter stimulation >500 μm from the 

recorded soma (M) demonstrate small eEPSCs (20 sequential traces at minimal stimulation 

amplitude) in all cells in which extracellular stimulation was attempted (N). *P < 0.05, **P 
< 0.01, ***P < 0.001.
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Fig. 7. The developing hMGE contains multiple layers of proliferating nestin+ progenitors and 
DCX+ neuroblasts.
Left: Schematic overview of hMGE showing organization of progenitor regions (red) 

surrounding DCX+ cells (green regions). Right: Higher magnification of the boxed area at 

left. DCX+ cells (green) are organized into DENs surrounded by nestin+/SOX2+ progenitors 

(illustrated in different shades of blue to white). Cell proliferation was observed among 

DCX+ cells in DENs until the end of gestation (see text). Nestin+/SOX2+ progenitors are 

also proliferative and are found within the VZ, the inner SVZ (iSVZ), and around DENs 

in the outer SVZ (oSVZ). Nestin+ progenitors and fibers surround DENs and are organized 

into tight bundles, previously identified as type I clusters (10) (light blue cells) in the initial 

segment of the oSVZ. In the outer part of the oSVZ, DENs transition to chains of migrating 

cells, and nestin+ progenitor cells are arranged as type II clusters (10). [Illustration by Noel 

Sirivansanti]
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