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SUMMARY
Neuronal subtype generation in the mammalian central nervous system is governed by competing genetic
programs. The medial ganglionic eminence (MGE) produces two major cortical interneuron (IN) populations,
somatostatin (Sst) and parvalbumin (Pvalb), which develop on different timelines. The extent to which
external signals influence these identities remains unclear. Pvalb-positive INs are crucial for cortical circuit
regulation but challenging to model in vitro. We grafted mouse MGE progenitors into diverse 2D and 3D
co-culture systems, including mouse and human cortical, MGE, and thalamic models. Strikingly, only 3D hu-
man corticogenesis models promoted efficient, non-autonomous Pvalb differentiation, characterized by
upregulation of Pvalbmaturationmarkers, downregulation of Sst-specificmarkers, and the formation of peri-
neuronal nets. Additionally, lineage-traced postmitotic Sst-positive INs upregulated Pvalb when grafted onto
human cortical models. These findings reveal unexpected fate plasticity in MGE-derived INs, suggesting that
their identities can be dynamically shaped by the environment.
INTRODUCTION

The cerebral cortex contains both excitatory projection neurons

(PNs) and inhibitory interneurons (INs). While the mechanisms

underlying the generation and maintenance of this neuronal di-

versity remain incompletely understood, recent cell atlas studies

reveal a significantly greater diversity of neurons in the adult cor-

tex compared to the prenatal stage.1,2 This suggests that

external cues during migration and maturation may play a key

role in shaping neuronal identity.1–7 During embryonic develop-

ment, PNs and INs originate from distinct progenitor pools:

PNs are generated locally in the ventricular zone of the devel-

oping telencephalon, while INs migrate long distances from the

medial and caudal ganglionic eminences (MGE and CGE) and

the preoptic area (POA) to reach their final cortical destina-

tions.8–11 Upon reaching the cortex, INs integrate into local cir-

cuits by forming connections with PNs.

Several studies underscore the critical role of extrinsic cues in

shaping IN development,12 influencing migration and lamina-

tion,13,14 synaptic wiring,15,16 morphological and electrophysio-

logical maturation,13,17 and survival.18–20 However, the extent
iScience 28, 112295, A
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to which external signals specify IN subtypes remains an open

question.20–24 For example, findings in a Fezf2-knockout mouse

model, where subcerebral PNs are replaced by callosal PNs,25

reveal a fate switch between two subclasses of Pvalb-positive

INs.20 Remarkably, even after migration and initial synaptic wir-

ing with PNs, Pvalb/Fzd6-positive INs lose their molecular sub-

class identity and instead acquire the identity of Pvalb/

Slc39a8-positive INs.20 This suggests that extrinsic signals can

influence IN fate well beyond early developmental stages.

Previous studies onMGE-derived INprogenitors have identified

distinct spatial and temporal origins for different IN subtypes.26–28

For instance, Sst-positive INs are primarily generated early from

dorsal MGE progenitors, whereas Pvalb-positive INs are mainly

produced later from ventral MGE progenitors.26,27,29 The tran-

scription factor Mef2c has been implicated in early postmitotic

MGE-derived INs destined to become Pvalb INs, indicating that

early molecular programs guide subtype specification.30,31 How-

ever, single-cell RNA sequencing of the developing mouse brain

shows that IN progenitors from different ganglionic eminences

share similar transcriptional profiles, which diverge later during

differentiation.2,30–33 Furthermore, in contrast to PN subtypes,
pril 18, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
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which follow similar maturation timelines,34 MGE-derived IN sub-

types exhibit distinct maturation trajectories: Sst-positive INs are

specified and incorporated into circuits early in development,21,35

whereas Pvalb-positive INs mature later during postnatal life.36–38

Notably, sensory input plays a critical role in postnatal Pvalb IN

maturation,36 raising the possibility that early environmental

cues may trigger distinct genetic programs that further diversify

MGE-derived IN subtypes.

Grafting studies have been pivotal in uncovering the role of

developmental cues in various biological processes.39 For

instance, heterochronic transplantation experiments have

shown that MGE-derived INs play an intrinsic role in the matura-

tion of cortical circuits.40,41 Interspecies chimeric models pro-

vide additional insights into how intrinsic and extrinsic factors

regulate neuronal maturation rates.42–45 Thesemodels are espe-

cially valuable because they modify both developmental timing

(heterochrony) and gene expression patterns. Human brain

development, for example, occurs over a much longer time

frame than that of rodents,46 and many genes have evolved to

exhibit different expression patterns across species, even

though the underlying cell types are conserved.47,48 Differences

in timing and gene expression in these interspecies models may

help identify novel environmental factors that influence cell fate

specification and maturation.49,50

Using mouse and human 2D co-culture and 3D organotypic

and organoid models, we demonstrate that the cortical environ-

ment influences not only the timing of MGE IN specification but

also the final molecular identity of developing INs. Remarkably,

when mouse MGE cells are grafted onto 3D human cortical tis-

sue—both primary organotypic cultures and cortical organo-

ids—they rapidly differentiate a population mainly comprised

of Pvalb-positive INs weeks earlier than in typical development.

Additionally, we show that a subset of lineage-traced, postmi-

totic Sst-positive INs can be induced to upregulate Pvalb in the

3D human cortical environment. These findings reveal the plas-

ticity of MGE-derived IN fate, demonstrate the critical influence

of environmental factors in refining neuronal identity, and high-

light in vitro conditions that promote efficient differentiation of

mouse Pvalb INs.

RESULTS

Absence of pre-specification in unsupervised clustering
of IN lineage
To assess the degree of neuronal subtype specification within

MGE-derived populations during embryonic development, we

analyzed single-cell gene expression data from the developing

mouse telencephalon (E13 to P10, see method details).6,31,51–54

Our analysis revealed six postmitotic clusters of INs originating

from Nkx2.1-expressing regions in the MGE and ventromedial

forebrain (VMF), including three clusters giving rise to striatal

INs and Npy-expressing cortical INs, which indicate early diver-

sification within some MGE-derived populations (Figures 1A and

1B). However, only a single cluster was identified for the majority

of cortical Pvalb and Sst INs. Cells within this cluster expressed

key markers like Lhx6, Maf, and Sst, but did not express Pvalb

and could not be divided into distinct Pvalb or Sst subtypes at

this developmental stage. In addition, the genes ErbB4, essential
2 iScience 28, 112295, April 18, 2025
for tangential migration to the cortex, and Mef2c, involved in

maturation, were expressed by the entire cluster at this stage

(Figure 1C), though these genes later exhibit selective reduction

in Sst and enrichment in Pvalb INs.30,31,55 Although subtle signa-

tures of pre-specification may already be visible in supervised

analyses of embryonic cells anchored to adult datasets,2,3,31,33

these findings highlight that distinct transcriptomic Pvalb sub-

types are not apparent by unsupervised clustering.

Human cortical environment induces rapid upregulation
of Pvalb in mouse MGE-derived INs
Previous studies have demonstrated the successful grafting of

mouse neuronal progenitors into organotypic brain slices of

rats, showing that xenografted mouse neurons can integrate

into a host from a different species.56–58 These models have

helped clarify cell-cell interactions and the extrinsic regulation

of neuronal migration.56 However, because of the relatively

similar developmental timelines between these species, the

question of whether a heterochronic environment can influence

cell fate remains unexplored.

To investigate whether the host environment can influence the

identity of neuronal progenitors, we grafted mouse E13.5 MGE-

derived IN progenitors onto organotypic cultures of human and

mouse embryonic cortex (Figures 2A–2C and S2). The donor

MGE cells were from the Nkx2.1-Cre mouse line, which specif-

ically targets MGE/POA neuronal progenitors and their descen-

dants.59 We crossed these with the Ai14 mouse line, which con-

tains a floxed td-Tomato reporter gene in the ROSA26 locus.60

The identity of the differentiated mouse INs was determined

via immunohistochemistry. Remarkably, the grafted mouse

MGE progenitors exhibited distinct fates depending on the

host species. Specifically, when grafted onto E14.5 wild-type

(WT) mouse brain organotypic slices, 27.00 ± 3.94% of cells

differentiated into Sst-positive INs at 7 days post-graft (DPG),

while 72.99 ± 3.94% of the cells were immunonegative for both

Sst and Pvalb (Figure 2D). Across three grafting batches, none

of the cells were Pvalb-positive (Figure 2D), consistent with the

fact that Pvalb is not typically upregulated in mice until the third

postnatal week. In contrast, when mouse MGE progenitors were

grafted onto human gestational week (GW) 22 primary cortical

slices (from three different donors), 82.94 ± 11.60% of the INs

were Pvalb-positive, with 16.81 ± 13.29% remaining double-

negative at 7 DPG (Figure 2D). Notably, none of the grafted INs

were Sst-positive alone, and only 0.98 ± 1.69% co-expressed

both Pvalb and Sst (Figure 2D).

Importantly, while human MGE-derived INs migrate into the

cortex before GW22, resident human INs do not express Pvalb

until postnatal stages.61–63 Consistent with this, we did not

detect Pvalb expression in human cells within our organotypic

cultures, although Sst-positive INs in the host tissue were readily

observed (Figures 2B and 2C). To verify the functionality of the

Pvalb antibody, we performed immunostaining on postmortem

samples ranging fromGW39 to 57 years old. Pvalb was detected

in the GW39 striatum and in older cortical samples, but not in the

GW39 cortex, consistent with its developmental absence (Fig-

ure S1). This confirms that the lack of Pvalb in GW22 organotypic

cultures is due to the developmental stage, not an issue with

antibody specificity.



Figure 1. Early diversity of MGE and VMF-derived interneurons

(A) Single-cell transcriptomic analysis identifies six distinct classes of postmitotic interneurons derived from the MGE and VMF, characterized by the expression

of Gad1, Gad2, Dlx genes, Lhx6, and Nkx2.1. Cells are color-coded by cluster in a UMAP representation of the single-cell transcriptomes.

(B) Classification of INs based on their region of origin.

(C) Expression of key marker genes defining each cluster, plotted on the UMAP. Notably, Pvalb expression was absent across all analyzed cells.
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To further investigate the observed species-dependent differ-

ences in Pvalb induction and minimize potential imaging biases,

we conducted an additional experiment in which unlabeled WT

IN progenitors were grafted onto GW21.6–23 cortical slices

from three individuals (Figures 2E and S3). We distinguished

mouse and human cells post hoc by immunostaining for human

nuclear antigen (HNA), which specifically recognizes human, but

not mouse, nuclei. At 7 DPG, we detected Pvalb-positive INs, all

of which were HNA-negative. Notably, Pvalb upregulation

occurred at 7 DPG, equivalent tomouse postnatal day 0, demon-

strating that the human cortical environment not only induces

Pvalb expression in mouse cells but does so at an accelerated

rate, three weeks earlier than it would occur in vivo.
Long-term chimeric models reveal integration of mouse
INs in human cortical organoids
We next investigated whether grafting mouse INs onto human

cortical organoids could recapitulate the Pvalb induction

observed after grafting into human organotypic slice cultures.

Since organotypic cultures are typically limited to about one

week,64,65 we hypothesized that chimeric induced pluripotent

stem cell (iPSC)-derived cortical organoids would allow for

long-term analysis of the host environment’s influence.66,67 To

create a long-term chimeric model, we grafted mouse E13.5

MGE progenitors and early postmitotic INs onto human cortical

organoids (Figure 3A). Previous studies have demonstrated

that deep-layer PNs are crucial for the proper migration of
iScience 28, 112295, April 18, 2025 3



Figure 2. Host-dependent differentiation of mouse MGE progenitors

Grafting of mouse MGE progenitors onto mouse and human cortical organotypic cultures generate different IN populations at 7 DPG.

(A) Schematic of the experimental design. E13.5 mouse MGE cells were dissociated and grafted onto either GW22 human or E14.5 mouse cortical organotypic

cultures to examine IN differentiation at 7 days DPG.

(B) Representative image of a GW22 human cortical slice grafted with E13.5 td-Tomato-labeled mouse INs, 7 DPG. Scale bar, 100 mm.

(C) Grafting onto E14.5 mouse organotypic cultures predominantly generates Sst-positive INs, while grafting onto GW22 human organotypic cultures primarily

induces the differentiation of Pvalb-positive INs. Scale bar, 10 mm.

(legend continued on next page)
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MGE-derived INs into the cortex during embryonic develop-

ment.14 Thus, we used 6-8 week-old human cortical organoids

as hosts, corresponding to the peak period of deep-layer PN

neurogenesis (roughly equivalent to the end of first trimester

and early second trimester in human fetal development).68

To evaluate whether mouse INs can migrate within the human

organoid hosts, we conducted live imaging of chimeric organo-

ids at 1 DPG, capturing hourly observations for 24 h. Consistent

with prior in vivo and in vitro studies,69,70 we observed that

mouse cells exhibited high migratory activity within the human

cortical organoids. The grafted mouse cells displayed explor-

atory behavior, neurite branching, and nucleokinesis typical of

migrating INs from the MGE (Figure 3B). This indicates that

mouse INs can identify the appropriate substrate and signals

within the human cortical environment to support their migration.

To assess the final positioning of the grafted INs, we employed

light-sheet microscopy to visualize whole organoids at 5 WPG

(weeks post-graft) (equivalent to P42 in mouse in vivo develop-

ment), after IN migration and development were complete. We

cleared the tissue before imaging to ensure comprehensive visu-

alization of the entire organoid. Our analysis showed that the

grafted mouse INs migrated throughout much of the organoid

(Figure 3C); however, most were localized at the periphery (Fig-

ure 3C). In organoids, newborn PNs tend to localize at the pe-

riphery, while the center often forms a necrotic core.71 Several

hypotheses could explain the peripheral localization of the

grafted INs: (1) the INs may be attracted to the periphery, where

the majority of excitatory PNs reside, similar to MGE cell migra-

tion in vivo14; (2) INs might be unable to penetrate the organoid

core; or (3) INs that migrate to the coremay not survive. To differ-

entiate between these possibilities, we used rare organoids in

which PNs differentiate internally within the core. After grafting

mouse INs onto these organoids and performing immunostain-

ing for the pan-neuronal marker Map2 at 5WPG, we consistently

found INs near Map2-positive clusters, irrespective of their loca-

tion (Figures 3D and S4A). Notably, Map2-negative regions were

largely devoid of mouse INs, even in peripheral areas (Figures 3D

and S4A). Together, these observations suggest that grafted

mouse INs preferentially localize in areas containing PNs.

Previous studies using monosynaptic tracing of human stem

cell-derived PNs grafted into mouse hosts have shown that

mouse INs can form functional synapses with human cortical

PNs.72 This suggests that in our grafting paradigm, mouse INs

might integrate into human organoids. To test this, we examined

the integration of grafted INs into human cortical organoids using

genetic, molecular, and physiological approaches. First, we

used the Ai34 reporter line, which contains a floxed synaptophy-

sin (Syp)-td-Tomato fusion gene inserted into the ROSA26 lo-

cus.73 Since Syp is a presynaptic vesicle membrane protein,

expression of the fusion gene correlates with synapse forma-

tion.73 At 5 WPG, we detected strong fusion gene expression

throughout the grafted INs, indicating active synapse formation
(D) Quantification of IN populations across mouse and human host environments

and *** = p < 0.001. Error bars represent the standard error of the mean (SEM). n

onto mouse organotypic slices.

(E) Grafting of unlabeled MGE progenitors allows unbiased identification of Pval

adjacent human cells. Scale bars, 100 mm for the low magnification image and 1
(Figure 3E). In complementary experiments, we immunostained

grafted Nkx2.1-Cre::Ai14 cells for the excitatory postsynaptic

marker Psd95 at 5 WPG (Figures 3F and S4B). Since human

PNs are the sole source of excitatory synapses in the organoids,

the presence of PSD95 in grafted INs indicates that the mouse

INs were receiving synaptic input from human PNs.

We next asked whether the grafted INs exhibited spontaneous

activity, a characteristic observed across the central nervous

system even in early circuit development.74 Using calcium imag-

ing, we explored the activity of grafted INs, leveraging the Ai96

mouse line, which carries the genetically encoded calcium indi-

cator GCaMP6s floxed in the ROSA26 locus.75 We crossed

these mice withNkx2.1-Cre mice and allowed the INs to develop

for 4 months post-graft (MPG). Calcium imaging in MGE-derived

INs, especially Pvalb-positive INs, is challenging due to Pvalb’s

role as a slow calcium buffer, which dampens calcium transients

and complicates imaging.76 Therefore, we concentrated our

analysis on axodendritic processes, which serve as effective

readouts of synaptic integration.77 At baseline, without external

stimuli, we observed strong calcium transients in the axoden-

dritic processes (Figures 3G and S4C), suggesting spontaneous

activity in grafted INs.

Finally, to evaluate the impact of mouse IN integration into hu-

man PN networks, we conducted calcium imaging in organoids

grafted withNkx2.1-Cre::Ai14 cells at 5WPG. Control organoids,

generated from the same batches, were not grafted with mouse

INs. To label PNs, we utilized the Fluo-8 AM dye, which can be

incorporated into both human andmouse neurons. In grafted or-

ganoids, we focused specifically on tdTomato-negative cells to

target human PNs. Compared to non-grafted controls, which

displayed minimal activity, the grafted organoids exhibited

robust synchronous neuronal activity (Figures 3H, S4D, and

S4E; Videos S1 and S2), as expected in networks containing

active Pvalb-positive INs.78,79 Altogether, these results show

that grafted mouse INs successfully integrate into human PN

networks within chimeric organoid models.

Human cortical organoids recapitulate the accelerated
Pvalb expression observed in organotypic cultures
To investigate whether human cortical organoids could recapit-

ulate the accelerated Pvalb expression seen in organotypic cul-

tures, we first analyzed the identity of INs at 2 DPG (equivalent to

E15.5 inmouse in vivo development), a stagewhen the cells were

still migratory (Figure 3B). Strikingly, approximately 50% of

grafted INs were already positive for Pvalb at this early time point

(Figures 4A and S5) (49.51 ± 6.11% Pvalb-positive, 0% Sst-pos-

itive, 0.40 ± 0.70% Pvalb and Sst double-positive, and 50.07 ±

6.67% double-negative).

We next examined the identity of grafted INs at later stages.

Immunostaining for Pvalb and Sst at 7 DPG (equivalent to P0

in mouse in vivo development) revealed that 66.56 ± 4.38% of

grafted INs expressed Pvalb (Figures 4B and S6), similar to
. Unpaired parametric Student’s t test without Welch’s correction: ** = p < 0.01

= 535 for cells grafted onto human organotypic slices and 264 for cells grafted

b-positive INs. White arrows denote mouse nuclei, and yellow arrows point to

0 mm for the high magnification images. See also Figures S1–S3.

iScience 28, 112295, April 18, 2025 5



Figure 3. Development of long-term chimeric organoid models

(A) Experimental design: The MGE from mouse embryos at E13.5 is microdissected and grafted onto human organoids that are 6–8 weeks old.

(B) IN migration at 1 DPG: Longitudinal live imaging captures a representative migratory IN over a 24-h period. The cell soma’s position 1 h after the experiment

starts is marked for reference.

(C) Lightsheet imaging of a grafted organoid. SYTO 16 dye labels all nuclei within the organoid.

(legend continued on next page)
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what we observed inmouse INs grafted onto humanGW22 orga-

notypic cultures (Figure 4C, p > 0.05). Notably, no cells ex-

pressed Sst alone; however, there was a modest but statistically

significant increase in double-positive (Pvalb and Sst) cells

compared to those grafted onto primary human organotypic cul-

tures (Figure 4C, primary human = 0.98 ± 1.69%, organoid =

9.57 ± 4.29%; p < 0.05). The remaining 23.86 ± 8.67% of INs

were negative for both markers, a proportion comparable to

that seen in grafts onto organotypic slices (Figure 4C,

p > 0.05). By 28 DPG (equivalent to P35 in mouse in vivo devel-

opment), the percentage of Pvalb-positive INs had increased to

95.83 ± 7.22%, with no Sst-positive or double-positive cells

(4.16 ± 7.21% double-negative) (Figure 4D). These findings indi-

cate a progressive acquisition of the Pvalb expression in INs at a

faster rate and higher proportion than expected during normal

mouse development (Figure 4E), suggesting that the 3D human

cortical tissue provides extrinsic cues that drive the fate of

MGE progenitors.

To independently validate these results, we grafted INs from

Pvalb-Cre mice80 crossed with Ai14 reporter mice. Normally,

Pvalb expression in these mice is not detectable until at least

three weeks postnatally.37 However, when these Pvalb-

Cre::Ai14 INs were grafted onto human cortical organoids, we

observed robust td-Tomato expression at 7 DPG, confirmed

by immunostaining (Figure S7A). This independent approach

further supports the accelerated Pvalb expression induced by

the human cortical environment.

To assess whether this rapid Pvalb induction is specific to the

human cortical environment or can be triggered by any 3D orga-

noid context, we grafted genetically labeled mouse MGE cells

onto mouse 3D organoid cultures. We generated mouse primary

organoids by dissociating E14.5 mouse cortices and culturing

them in neuronal differentiation media,81 which produces

cortical neurons of both upper and deep layer identities

(Figures S7B and S7C). In these cultures, only 1.01 ± 0.43% of

grafted INs were Pvalb-positive at 7 DPG. In contrast, 20.91 ±

1.61% of the grafted INs expressed Sst, while 78.07 ± 1.93% re-

mained negative for both markers (Figures 4F and 4G). These re-

sults closely resembled those obtained from grafts onto primary

mouse organotypic cultures (Figures 2D and S7D), suggesting

that the mouse cortical environment does not induce acceler-

ated Pvalb expression in mouse MGE cells.

At 28 DPG, a time equivalent to the peak of Pvalb expression

in vivo (�P35), we found that only 0.95 ± 1.65% of grafted INs in

mouse organoids expressed Pvalb (p > 0.05 compared to 7

DPG). However, 28.97 ± 4.18% of the cells were Sst-positive,
(D) INs localize to neuronal regions: grafted INs migrate toward neuronal region

organoid. Scale bar, 100 mm. Bottom: comparison of Map2-poor and Map2-rich

(E) Synaptic marker expression at 5 WPG: The Nkx2.1-Cre::Ai34 mouse line reve

presynaptic vesicles. Scale bar, 10 mm.

(F) Postsynaptic excitatory marker Psd95 puncta are detected in grafted INs (labe

Scale bar, 10 mm.

(G) Calcium imaging at 4 MPG: using the Nkx2.1-Cre::Ai96 mouse line, axoden

rectangles). Scale bar, 10 mm.

(H) Calcium imaging at 5 WPG: using the Fluo-8 AM dye, we labeled both mouse

organoids. Right: calcium transients in tdTomato-negative cells within grafted o

Figure S4 and Videos S1 and S2.
and 67.30 ± 1.09% remained double-negative (p < 0.01

compared to 7 DPG; Figures S7E and S7F) (Figure 4H).

Importantly, the Pvalb identity is retained in grafted INs at 2

MPG, a time point equivalent to adulthood in mice (Figure S7G).

These results, combined with the differences in IN identities be-

tween mouse and human organoids and the progressive acqui-

sition of Pvalb in human hosts (Figures 4E and S7F), suggest that

environmental cues play a critical role in shaping IN identity.

3D human environment promotes additional features of
Pvalb identity in mouse INs
Pvalb and Sst are terminal markers of distinct IN subtypes. Due

to the differences in their developmental timelines, additional

markers distinguishing these fates have been identified. Notably,

the transcription factors Mef2c and Nr2f2 (also known as Coup-

TF2) play crucial roles.Mef2c, a marker of neuronal maturation68

(Figure S8), is thought to identify early Pvalb-fated INs.30,31 In

contrast, Nr2f2 promotes Sst identity and suppresses Pvalb

fate within the MGE.82 To investigate these markers, we quanti-

fied the percentages of Mef2c-positive and Nr2f2-positive INs at

7 DPG.

Before analyzing the organoids, we validated the Mef2c anti-

body, which had not been tested in neuronal tissue. We per-

formed immunostaining in the developing cortex at embryonic

day 15.5 (E15.5), focusing on the excitatory cortical lineage as

an independent and well characterized system. In this lineage,

Mef2c labels maturing neurons and is absent in progenitors

and newborn neurons2,5,68 (Figure S8A). In our validation, we

find that Mef2c was excluded from Mki67-positive progenitors

in the ventricular and subventricular zones but colocalized with

Bcl11b (also known as Ctip2)-positive, maturing deep-layer

PNs in the cortical plate (Figures S8B–S8D). These observations

confirmed the specificity of the Mef2c antibody.

We then examined the grafted organoids and found that

90.38 ± 8.99% of mouse MGE-derived INs grafted onto human

organoids upregulated Mef2c at 7 DPG (Figures 5A and S8E).

This result aligns with the observed upregulation of Pvalb in

INs within human 3D cultures. Conversely, no Mef2c-positive

INs were found in grafts onto mouse organoids (p < 0.0001)

(Figure 5A). In contrast, 25.26 ± 2.19% of INs grafted onto

human organoids were Nr2f2-positive, whereas 90.09 ±

1.50% of INs in mouse organoids expressed Nr2f2

(p < 0.0001) (Figure 5B).

MGE-derived cells express ErbB4 as they migrate to the cor-

tex, but in mature cortical circuits, ErbB4 is retained exclusively

in Pvalb INs, not Sst INs.55 Immunostaining for ErbB4 at 7 DPG
s of the organoid, marked by Map2 expression. Top: A whole section of the

regions. Scale bar, 25 mm.

als strong Syp presence in grafted INs at 5 WPG, indicating the formation of

led with Nkx2.1-Cre::Ai14) at 5 WPG, suggesting afferent excitatory synapses.

dritic calcium transients are observed in grafted INs (highlighted by magenta

and human neurons. Left: calcium transients observed in non-grafted control

rganoids. Each colored line represents a distinct region of interest. See also
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Figure 4. Organoid models recapitulate species-specific biases in Pvalb and Sst expression in grafted INs
(A–E) Grafting of mouse INs onto human organoids: (A) Representative image and quantification of grafted INs onto human organoids at 2 DPG. White arrow

indicates a Pvalb-positive mouse IN. Scale bar, 10 mm. n = 250 cells. Yellow arrows indicate Pvalb-negative mouse INs. (B) Representative image and quan-

tification of grafted INs at 7 DPG. Scale bar, 10 mm. n = 277 cells. The white arrow indicates a Pvalb-positivemouse IN, and themagenta arrow indicates an IN that

did not express td-Tomato, likely representing a neuron that failed to recombine the td-Tomato gene. (C) Comparison of cell types generated at 7 DPG between

primary human host cultures (gray) and human organoids (black). Data from Figures 2B and 4B are included. n = 535 for cells grafted onto human organotypic

(legend continued on next page)
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again revealed species-specific differences: 55.45 ± 7.49% of

INs grafted onto human organoids expressed ErbB4, while

only 4.95 ± 1.76% of INs grafted onto mouse organoids were

positive for this marker (p < 0.001) (Figure 5C).

Previous studies showed that a subset of Pvalb-positive INs

also express Bdnf,83,84 while no other IN subtype is known to

produce Bdnf. Bdnf regulates the maturation of Pvalb INs.85

Cortical organoids rarely express this gene,67,68,86 and our orga-

noid protocol does not add exogenous Bdnf (see method de-

tails). We therefore performed immunostaining for Bdnf and

HNA in human cortical organoid containing mouse IN at 8

WPG to distinguish the species of the Bdnf expressing cells.

We found extensive Bdnf expression in grafted organoids, but

only in HNA-negative (mouse) cells, confirming that the Bdnf-ex-

pressing cells were of mouse origin (Figure 5D).

Next, we analyzed perineuronal nets (PNNs), extracellular

matrix structures that preferentially ensheath Pvalb INs, facil-

itating their maturation and regulating circuit plasticity.87

PNNs are influenced by surrounding neurons, including

PNs and Pvalb-negative INs.88 Col19A1, a gene involved in

PNN regulation, is highly expressed in mature neurons of

cortical organoids68 and in developing deep-layer PNs in the

human prefrontal cortex.5 The earliest detectable PNNs

in the mouse cortex typically emerge around postnatal days

7–10 and continue developing until 4–5 weeks of age.89 To

assess PNN formation around grafted INs, we used

biotin-conjugated Wisteria floribunda agglutinin (WFA), a spe-

cific marker that binds N-acetylgalactosamines in PNNs.

Remarkably, we observed the initial appearance of PNNs as

early as 2 DPG, which corresponds to E15.5 in mouse devel-

opment (Figure S9A). Over time, PNN formation around the

grafted INs progressively increased, culminating in robust

WFA labeling by 5 WPG (Figures 5E and S9). These findings

suggest that the human organoid environment effectively sup-

ports the maturation and integration of PNNs around

grafted INs.

Finally, we measured the soma size of grafted INs in both

mouse and human hosts, as neuronal size is often correlated

with identity.16 Pvalb-positive INs are among the largest IN sub-

types in the cortex.90,91 We observed that INs grafted onto

mouse organoids had an average soma area of 128.33 ±

65.90 mm2, whereas those grafted onto human organoids were

significantly larger, with an average soma size of 207.33 ±

39.03 mm2 (Figure 5F). This is consistent with previous measure-

ments of mouse IN populations.91

In conclusion, alongside the upregulation of Pvalb, Mef2c,

ErbB4, and Bdnf, the downregulation of Nr2f2 and Sst, the as-

sembly of PNNs, and the increase in cell size, our data indicate

that the 3D human cortical environment induces multiple fea-

tures of Pvalb identity in mouse-derived INs.
slices and n = 277 for cells grafted onto human organoids. (D) Representative imag

10 mm. n = 166 cells. (E) Progressive acquisition of Pvalb expression in INs over

(F–H) Grafting of mouse INs onto mouse organoids: (F) Representative image a

100 mm for the lowmagnification images and 20 mm for the high magnification ima

versus human (black) organoid hosts at 7 DPG. Data from Figures 4B and 4F. n = 2

organoids. (H) Representative image and quantification of grafted INs onto mous

Student’s t test without Welch’s correction: * = p < 0.05; *** = p < 0.001; **** = p
Human 3D cortical environment is necessary for Pvalb
induction in mouse INs
To determine whether the 3D cortical environment is not only

sufficient but also necessary for instructing Pvalb fate in MGE

progenitor short-term graft models, we co-cultured mouse

MGE progenitors with dissociated cortical cells from E14.5

mice and GW22 human hosts in a 2D setting. After 7 days in cul-

ture (DIC), we analyzed the identity of the grafted cells using im-

munostaining. Unlike the 3D human environment in organotypic

or organoid cultures, no Pvalb-positive INs were observed in

these 2D co-cultures. Furthermore, Sst expression varied de-

pending on the condition: co-culturing with mouse cortical cells

resulted in 25.85 ± 4.93% Sst-positive INs, while co-culturing

with human cortical cells led to a 1.7-fold increase, with

40.61 ± 4.94% Sst-positive INs (p < 0.01) (Figure 6A).

Given that the 2D co-culture with human cortical cells pro-

duced a higher proportion of Sst-positive INs, we questioned

whether this increase was driven by direct cell-to-cell interac-

tions or diffusible signals. To explore this, we cultured mouse

MGE progenitors in media conditioned by primary human

cortical cells grown in 2D. After 7 DIC, the percentage of Sst-

positive INs was similar between cells grown in conditioned me-

dia and those co-cultured directly with primary human cells

(37.49 ± 5.08% Sst-positive INs, p > 0.05) (Figures 6B and

S10). This suggests that the Sst induction observed in 2D co-cul-

tures was mediated by diffusible factors in the media.

We then examined whether the specification of Pvalb-positive

INs in our chimeric grafts required a cortical environment, or if

Pvalb could be upregulated in other 3D human brain contexts.

To address this, we grafted mouse MGE INs onto human MGE

and thalamic organoids. MGE organoids served as a control

for matching the regional identity of the INs’ birthplace, while

thalamic organoids represented a nearby region where MGE-

derived INs typically do not migrate92 (Figures S11A and

S11B). The outcomesweremarkedly different: at 7 DPG, grafting

mouse MGE INs onto human MGE organoids resulted in 51.78 ±

3.03% Sst-positive INs, with no cells expressing Pvalb alone.

However, 1.07 ± 1.87% of the cells co-expressed both Pvalb

and Sst (Figures 6C, 6D, S11C, and S11D). In contrast, most

INs grafted onto thalamic organoids died shortly after grafting

(Figure 6C). Together, these findings indicate that the 3D human

cortical environment is essential for the early induction of Pvalb

markers in grafted mouse INs.

Human INs do not upregulate Pvalb shortly after being
grafted onto human cortical organoids
Given the rapid upregulation of Pvalb observed in mouse INs

grafted onto human cortical organoids, we next investigated

whether grafting human INs would produce a similar effect. Pre-

vious studies involving the fusion of cortical and ventral
e and quantification of grafted INs onto human organoids at 28 DPG. Scale bar,

time in human organoid hosts.

nd quantification of grafted INs onto mouse organoids at 7 DPG. Scale bars,

ges. n = 189 cells. (G) Comparison of IN populations generated in mouse (gray)

77 cells for grafts onto human organoids and n = 189 cells for grafts ontomouse

e organoids at 28 DPG. Scale bar, 20 mm. n = 248 cells. Unpaired parametric

< 0.0001. Error bars represent SEM. See also Figures S5–S7.
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Figure 5. Human cortical organoids influence multiple aspects of Pvalb IN identity

(A) Representative images and quantification of Mef2c expression in INs grafted into mouse and human organoids at 7 DPG. Scale bar, 10 mm. n = 282 cells for

grafts onto mouse organoids and n = 252 cells for grafts onto human organoids.

(B) Representative images and quantification of Nr2f2 expression in INs grafted into mouse and human organoids at 7 DPG. Scale bar, 10 mm. n = 189 cells for

grafts onto mouse organoids and n = 327 cells for grafts onto human organoids.

(C) Representative images and quantification of ErbB4 expression in INs grafted onto mouse and human organoids at 7 DPG. Scale bar, 10 mm. n = 254 cells for

grafts onto mouse organoids and n = 208 cells for grafts onto human organoids.

(D) Representative image showing Bdnf and HNA staining in human organoids at 8 WPG. Scale bars, 250 mm for the low magnification image and 10 mm for the

high magnification images. All Bdnf-positive cells were HNA-negative, indicating they were not of human origin. n = 323 cells.

(E) Labeling of PNNs with biotinylated WFA in human organoids at 5 WPG. Scale bar, 10 mm.

(F) Comparison of the soma size of INs grafted into mouse versus human organoid hosts. n = 107 cells for grafts onto mouse organoids and n = 118 for grafts onto

human organoids. Unpaired parametric Student’s t test without Welch’s correction: *** = p < 0.001; **** = p < 0.0001. Error bars represent SEM. See also

Figures S8 and S9.
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organoids reported Pvalb upregulation only after several months

in co-culture and at low efficiency.93,94 This delayed response

may be attributed to the slower developmental timeline of human

INs or to missing conditions during iPSC-derived IN induction

that could bias differentiation away from a Pvalb identity.

To minimize potential biases in iPSC induction, we grafted pri-

mary IN progenitors microdissected from the MGE of three

different GW18-19 donors onto human cortical organoids (Fig-

ure S12A). GW18-19 represents the peak of IN neurogenesis in

the human MGE.95 The grafted cells were labeled using an
10 iScience 28, 112295, April 18, 2025
adenovirus expressing eGFP under the CMVpromoter. Immuno-

labeling of grafted cells 7 DPG revealed that 99.87 ± 0.34% of

eGFP+ cells were negative for both Sst and Pvalb (Figures

S12B and S12C). Instead, the cells were positive for the neuronal

progenitor marker Nestin32 (Figure S12D), indicating that the

grafted human cells remained undifferentiated. Although we

cannot rule out Pvalb upregulation at later time points, we

conclude that the early (< 7 DPG) upregulation of Pvalb is spe-

cific to mouse INs. This aligns with recent findings indicating

that human MGE-derived INs require at least 3–4 months in



Figure 6. Non-3D human cortical models do not instruct Pvalb fate

(A) Representative images and quantification of INs co-cultured with primary mouse and human cortical cells. Scale bar, 20 mm. n = 364 cells for co-cultures with

mouse cells and n = 437 cells for co-cultures with human cells. No Pvalb-positive INs were observed at 7 DIC.

(B) Representative images and quantification of INs cultured in media conditioned by primary human cortical cells at 7 DIC. Scale bar, 20 mm. Human co-culture

results are the same as in 6A. n = 437 cells for co-cultures with human cells and n = 212 cells for conditioned media.

(legend continued on next page)
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co-culture with PNs to upregulate Pvalb,94,96 a timeline still more

rapid than that of human development (Figure S1).

Non-cell-autonomous regulation of Pvalb fate
We next investigated whether non-cell-autonomous factors

could influence Pvalb fate acquisition. We first focused on modi-

fying the media composition, specifically the removal of fetal

bovine serum (FBS), which is known to contain a complex

mixture of nutrients that activate various signaling pathways,

including those essential for neuronal maturation.97–99 We hy-

pothesized that removing FBS from the differentiation protocol

might affect maturation, including the induction of Pvalb in

graftedmouse INs. To explore this, we generated human cortical

organoids under FBS-free conditions and grafted them with

mouse INs (see method details). At 45 DIC, we confirmed the

presence of corticofugal and early-born callosal PNs in these or-

ganoids (Figure S13). We analyzed the identity of the INs at 14

DPG (Figures S14 and 15). Notably, while these INs expressed

several markers associated with Pvalb identity, including

Mef2c, ErbB4, and the recently identified Cox6A2,100 they main-

tained an immature phenotype and did not express Pvalb itself

(Figures S14B–S14F).

FBS regulates numerous pathways, including the mammalian

target of rapamycin (mTOR) pathway,101 which has been impli-

cated in the specification of Pvalb-positive INs.19,91,102–106 Spe-

cifically, activation of the mTOR pathway, such as through the

knockout of its upstream inhibitor Tsc1 in MGE-derived INs,

has been shown to modestly but significantly increase the num-

ber of Pvalb-positive INs in themouse brain.91 In addition, mTOR

has been shown to mediate PN-Pvalb IN connectivity.103 There-

fore, we next assessed the mTOR pathway’s role in Pvalb fate

acquisition. We hypothesized that inhibiting mTOR activity with

high concentrations (250 nM) of rapamycin would reduce the

number of Pvalb-expressing INs in human cortical organoids.

To test this, organoids cultured under the original conditions

(with FBS) were treated with rapamycin for 14 days starting on

the day of grafting, while control organoids received vehicle

treatment (Figure 7A). mTOR activity was assessed by immuno-

staining for phosphorylated ribosomal protein S6 (pS6), a down-

stream marker of mTOR signaling and a well-established indica-

tor of Pvalb fate in MGE-derived INs.91 In the control group,

90.00 ± 8.82% of grafted INs were pS6-positive at 14 days

post-grafting (DPG) (Figure 7B), consistent with earlier results

(Figures 4 and 5). Surprisingly, 85.78 ± 12.84% of rapamycin-

treated grafted INs also showed pS6 positivity (p > 0.01) (Fig-

ure 7B), indicating that phosphorylation of S6 in grafted MGE-

derived INs was resistant to rapamycin inhibition.

Typically, ERK/Mapk activity is low in INs compared to

PNs.107 The rapamycin-resistant pS6 expression observed in

the grafted INs could potentially result from upregulation of

the ERK/Mapk pathway.108,109 Prior studies have shown that

hyperactivation of ERK/Mapk in the MGE selectively reduces
(C) Representative images of INs grafted onto cortical, MGE, and thalamic organ

(D) Representative images and quantification of INs grafted into human MGE org

were observed. Scale bar, 10 mm. n = 202 cells. Unpaired parametric Student’s t te

Figures S10–S12.
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Pvalb-positive INs while leaving Sst-positive INs unaffected.107

To explore this possibility, we quantified phosphorylated ERK1/

2 (pERK) levels in both control and rapamycin-treated organoids

at 14 DPG. The overall percentage of INs expressing pERK was

low and did not differ significantly between control and rapamy-

cin-treated groups (11.69 ± 4.36% in controls vs. 14.04 ± 4.35%

in rapamycin-treated organoids, p > 0.05) (Figure S16A). These

findings suggest that the observed pS6 expression is not due to

aberrant ERK/Mapk activation following rapamycin treatment.

The developing human cortex is known to have highmTOR ac-

tivity in the PN lineage,5,110 a pattern also observed in organoid

models.68,110 Consistent with our previous work,68,110 we found

that rapamycin treatment nearly eliminated pS6 expression in

the host cells, with only 1.82 ± 1.34% of rapamycin-treated cells

showing pS6 positivity, compared to 31.39 ± 9.39% in controls

(p < 0.01) (Figure S16B). It is well established that mTOR inhibi-

tion in the PN lineage affects the morphology and connectivity of

postmitotic PNs.111–113 This differential response—grafted INs

being resistant to rapamycin while host PNs were sensitive—al-

lowed us to examine the impact of PN lineage manipulation on

the acquisition of Pvalb fate in grafted INs. At 14 DPG (equivalent

to P21 in mouse in vivo development), 71.66 ± 2.91% of grafted

INs in control organoids were Pvalb-positive, consistent with our

earlier observation of progressive Pvalb fate acquisition (Fig-

ure 4E). However, in rapamycin-treated organoids, only 7.69 ±

6.67% of grafted INs expressed Pvalb (p < 0.001), with 84.62 ±

13.34% of INs negative for both Pvalb and Sst (Figure 7C). These

results suggest that mTOR inhibition in PNs significantly influ-

ences Pvalb specification in INs.

Lastly, while pS6 is the most common readout of mTOR acti-

vation, rapamycin may also target alternative mTOR-depen-

dent pathways. For example, mTOR regulates 4E-BP2 inde-

pendently of pS6 activation.114 Although 4E-BP2 is essential

for proper Pvalb IN function,104 its role in Pvalb IN fate specifi-

cation remains unclear. Notably, deleting 4E-BP2 in MGE pro-

genitors or INs does not alter neuronal subtype distribution in

the brain.104 To investigate mTOR’s role in Pvalb induction via

non-cell-autonomous mechanisms, we treated human cortical

organoids with 250 nM rapamycin for 7 days before grafting

and discontinued treatment upon IN grafting (Figures S17A

and S17B). This treatment abolished pS6 expression in nearly

all cells (Figure S17B). Consistent with prior studies,115 pS6

expression began to recover within 2 days of rapamycin with-

drawal (Figure S17B), prompting us to focus on 2 DPG as a crit-

ical timeline for assessing mTOR’s influence on fate specifica-

tion. Under these conditions, 94.99 ± 6.88%of grafted INs were

negative for both Pvalb and Sst, while 4.22 ± 5.76% upregu-

lated Sst, and only 0.79 ± 1.25% upregulated Pvalb

(Figures S17C–S17E). These findings suggest that Pvalb fate

specification observed in our model is predominantly governed

by non-cell-autonomousmechanisms dependent onmTOR ac-

tivity in host cells.
oids. MAP2, a pan-neuronal marker, is used for reference. Scale bar, 10 mm.

anoids at 7 DPG. Notably, additional Sst-positive cells from the host organoid

st withoutWelch’s correction: ** = p < 0.01. Error bars represent SEM. See also



Figure 7. Inhibition of the mTOR pathway in PNs reduces Pvalb specification

(A) Experimental design: Chimeric cortical organoids were treated with either 250 nM Rapamycin or a vehicle (control) starting at the time of grafting and

continuing for 14 days.

(B) Representative images and quantification of phosphorylated ribosomal protein S6 (pS6) in both control and rapamycin-treated organoids at 14 DPG. White

arrows indicate INs positive for both td-Tomato and pS6. Scale bar, 10 mm. n = 245 cells for control organoids and n = 342 cells for rapamycin-treated organoids.

(C) Comparison of IN subtypes in control versus Rapamycin-treated organoids. Scale bar, 10 mm. n = 182 for control organoids and n = 210 for rapamycin-treated

organoids. Unpaired parametric Student’s t test without Welch’s correction: ** = p < 0.01; *** = p < 0.001. Error bars represent SEM. See also Figures S13–S17.
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Early postmitotic Sst-positive INs can be induced to
upregulate Pvalb
In vivo lineage reprogramming experiments in mouse cortical

PNs have shown a progressive loss of fate plasticity as neurons

develop and mature, with a sharp decline shortly after neurons

become postmitotic.16,116–118 However, whether similar mecha-

nisms to preserve cell fate occur in INs and whether thesemech-

anisms are intrinsic and universal throughout the central nervous
system remains unclear.119 To address this, we asked whether

postmitotic, lineage-traced Sst-positive INs could be induced

to upregulate Pvalb after grafting into a human cortical organoid.

We utilized the well-characterized Sst-Cre mouse, which ex-

presses Cre recombinase specifically in postmitotic Sst INs

with minimal leakage into other IN subtypes.91,120 By crossing

this mouse with the Ai14 reporter mouse, we were able to label

postmitotic Sst INs during embryonic development.91,120 We
iScience 28, 112295, April 18, 2025 13



Figure 8. Induction of Pvalb in early postmitotic Sst-positive INs

(A) Experimental design: The entire ventral telencephalon was dissected, dissociated into single cells, and grafted onto human brain organoids.

(B) Representative image and quantification from an EdU incorporation assay, showing the postmitotic state of grafted INs. Scale bar, 25 mm. n = 332 cells.

(C) Representative image and quantification of the identity of grafted INs at 14 DPG in human organoids. Scale bar, 10 mm. n = 199 cells. See also Figure S18.
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modified our protocol to enrich this population (Figure 8A): (1)

Dissections were performed at E14.5, when Sst-positive INs

have acquired their identity26; and (2) as postmitotic INs are high-

ly migratory, we dissected the entire ventral telencephalon to ac-

count for migrating INs en route to the cortex.

To confirm the postmitotic state of the grafted cells, we treated

them with 5-ethynyl-20-deoxyuridine (EdU) immediately after

grafting and for 2 days. EdU, a thymidine analog, is incorporated

into the DNA of dividing cells. Analysis of EdU incorporation at 14

DPGconfirmed that only 2.31 ± 3.05%of grafted cells were EdU-

positive, indicating that the vast majority of Sst-Cre::Ai14 cells

were postmitotic at the time of grafting (Figure 8B).

Next, we performed immunostaining for Pvalb and Sst at 14

DPG (Figures 8C, 8D, and S18A). We observed that only about

one-third (29.28 ± 13.99%) of the grafted Sst-Cre::Ai14 INs

were positive for Sst alone (Figure 8C). Conversely, half of the

grafted INs were immunopositive for Pvalb, with 24.89 ±

6.18%positive for Pvalb alone, and 30.51 ± 10.79%double-pos-

itive for both Pvalb and Sst (Figure 8C). In contrast, when grafted

into mouse organoids, most INs (66.13 ± 3.17%; p < 0.001) pre-

served their Sst-positive identity, indicating maintenance of cell

fate. Pvalb expression was infrequent, with only 0.92 ± 0.82%

of cells being Pvalb-positive and 0.38 ± 0.66% exhibiting both

Pvalb and Sst expression. The remaining cells (28.90 ± 3.10%)

were double-negative (Figures S18B and S18C). These results
14 iScience 28, 112295, April 18, 2025
contrast sharply with those obtained using Nkx2.1-Cre::Ai14

progenitors, which predominantly gave rise to Pvalb+ INs, with

minimal overlap between the two markers (Figures 9A and 9B).

Considering the distinct populations of Sst-positive and Pvalb-

positive INs generated when Nkx2.1-Cre::Ai14 or Sst-Cre::Ai14

donor lines are grafted into human organoid hosts (Figures 9A

and 9B), we conclude that INs exhibit a progressive restriction

in their cell fate plasticity. Remarkably, however, over half of

the grafted postmitotic Sst-positive INs were still capable of up-

regulating Pvalb, despite having already expressed Sst. Given

that leakage of the Sst-Cre mouse into Pvalb INs is less than

10%91 and that the co-localization of Pvalb and Sst is rare in

the cerebral cortex,91,121,122 these results reveal an unexpected

level of plasticity in the fate of cortical INs.

DISCUSSION

In vitro studies have offered valuable insights into the genetic

mechanisms regulating neuronal differentiation. For example,

both primary and ES-derived cortical progenitors cultured

in vitro have been shown to generate PNs in a sequential manner,

with deep-layer neurons emerging before upper-layer neurons,

closely mimicking in vivo development.123,124 Moreover, ES-

derived PNs retain their areal identity, and when grafted, they

selectively integrate into cortical regions that match their



Figure 9. Comparison of Pvalb and Sst upregulation in progenitor vs. postmitotic IN grafts at 14 DPG

(A) Schematic representation of the experimental results. Top: grafting mouse E13.5 IN progenitors and early postmitotic INs onto human cortical organoids

results in the upregulation of Pvalb in the majority of grafted cells. Bottom: graftingmouse E14.5 lineage-traced Sst INs results in INs expressing either Sst, Pvalb,

or co-expressing both markers (Sst/Pvalb double-positive). Note: In both experiments, a minority of INs were double-negative for Sst and Pvalb.

(B) Comparison of cell types generated at 14 DPG in organoids grafted with either E13.5 Nkx2.1-Cre::Ai14 (progenitor origin; same as control in Figure 7C) or

E14.5 Sst-Cre::Ai14 (postmitotic origin; same as Figure 8C) grafts. n = 182 cells for E13.5 Nkx2.1-Cre::Ai14 and n = 332 cells for E14.5 Sst-Cre::Ai14. Unpaired

parametric Student’s t test without Welch’s correction: * = p < 0.05; **** = p < 0.0001. Error bars represent SEM.
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origin.125 These observations suggest that intrinsic factors pre-

dominantly control the specification of PN subtypes. MGE

progenitors and Sst-positive INs have also been successfully

differentiated from pluripotent stem cells in both 2D and 3D cul-

tures. However, Pvalb-positive INs are observed at much lower

frequencies in vitro.3,93,94,126–134 The percentage of Pvalb-posi-

tive INs can be increased by co-culturing with PNs over

extended periods,3,93,94,126,128,129 suggesting that interactions

with PNs may contribute to Pvalb identity specification. Consis-

tent with this, we observed that grafting mouseMGE progenitors

onto human MGE organoids did not induce Pvalb expression

(Figure 6), whereas grafting them into human cortical hosts led

to a significant upregulation of Pvalb (Figures 2 and 4). These re-

sults suggest that the local environment enhances maturation of

INs and acquisition of the full phenotypic characteristics.96

Modulation of Pvalb identity has been previously observed in

heterochronic transplantation studies. However, the appearance

of Pvalb-positive cells was delayed, and the proportion of Pvalb-

positive INs was lower than expected. For example, when MGE

progenitors were grafted into the visual cortex of juvenile mice,

the majority differentiated into Sst-positive INs, with only
�30% adopting a Pvalb fate after one month.40 Grafting the

same progenitors into the adult mouse visual cortex slightly

increased the proportion of Pvalb-positive INs to �40%, while

�20% became Sst-positive.135 Notably, grafting MGE progeni-

tors into the adult hippocampus reduced Pvalb expression to

�10%, with most cells adopting an Sst fate.136 These findings

suggest two possible explanations: either a previously underap-

preciated degree of fate plasticity in MGE progenitors influenced

by the surrounding environment, or a cell-type-specific pattern

of apoptosis. Supporting the notion of environmental induction

of IN fate, previous work has shown that heterotopic transplan-

tation of early postnatal cortical INs into the hippocampus results

in approximately 37% of transplanted INs maturing into nNOS-

positive INs, a subtype rarely observed in the cerebral cortex.24

In this study, we identified environmental conditions that pro-

mote rapid and extensive differentiation of MGE progenitors into

Pvalb-positive INs. These INs developed further characteristics

of Pvalb identity, including the expression of additional molecu-

lar markers, the loss of Sst markers, an increase in soma size,

and the formation of PNNs surrounding their soma. Furthermore,

we showed that approximately 50% of lineage-traced, early
iScience 28, 112295, April 18, 2025 15
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postmitotic Sst-positive INs can upregulate Pvalb when grafted

into a human cortical environment (Figures 8 and 9). This finding

is reminiscent of the PN lineage, where overexpression of Fezf2

in early postmitotic callosal PNs induced corticofugal molecular

programs in�50%of the overexpressing cells.16,117 However, in

contrast to PNs, where Fezf2 fails to alter fate in adult neurons,117

MGE-derived postmitotic INs may retain plasticity in their differ-

entiation potential into adulthood.137 Fate plasticity has also

been suggested in other interneuron populations. For example,

sensory input has been shown to induce a neurotransmitter

switch between Sst-positive and dopaminergic interneurons in

the adult hypothalamus,138,139 and a similar transition has been

speculated to occur in primate INs.140–142 Additionally,

increased colocalization of the CGE-associated protein calbin-

din and Pvalb in humans has been proposed as a cortical

specialization.143 Recent scRNA-seq data have revealed exten-

sive colocalization of neurotransmitters in INs across species

and transcriptional similarities between cortical Pvalb and Sst

INs.144–146 However, the fast and direct transition between these

IN cell types has not been previously shown.

It is generally believed that neurons of the central nervous sys-

tem possess an intrinsic maturation clock that resists accelera-

tion by external factors, such as developmental cues or the elec-

trophysiological properties of cortical PNs.43,44,147 However, it

has been shown that Pvalb-positive IN differentiation and matu-

ration can be influenced by sensory input, neuronal activity, or

molecular signals.37,85,137,148 Our findings align with this

concept: Pvalb and other markers of this IN subtype were rapidly

upregulated in mouse MGE cells after grafting onto human orga-

noids, occurring weeks earlier than expected based on in vivo

timelines (Figures 4 and 5). These results suggest that neuronal

differentiation andmaturationmay be accelerated in certain con-

texts,50,149 at least for this particular IN subtype. Chimeric

models, such as the oneswe described here, offer powerful tools

for studying the non-cell-autonomous regulation of neuronal

development and maturation, with implications for understand-

ing neurodevelopmental processes, evolution, and disease.49

The in vitro generation of several neuronal subtypes, besides

Pvalb INs, has proven challenging. While cortical organoids

contain radial glia, which theoretically should generate all excit-

atory neurons subtypes, specific neurons like layer 4 granular

neurons and layer 5 Von Economo and Betz cells have yet to

be observed in these models.67,68,86 The differentiation of layer

4 granular neurons seems to rely on thalamic input,22,150,151

and similarly, mature excitatory input from PNs is believed to

regulate Pvalb expression in INs.18,19,152 Interestingly, in our

chimeric cultures, we observed a significant upregulation of

Pvalb in graftedmouse INs despite the immaturity of the host hu-

man PNs, with this upregulation occurring well before mature

electrophysiological activity was detected in either hu-

man132,133,153 or mouse81,154–157 3D in vitro cortical models.

This suggests that mature PN electrophysiological activity likely

did not drive Pvalb induction in these experiments. Moreover, it

seems improbable that diffusible factors alone triggered Pvalb

fate induction, as neither 2D co-culture with human PNs nor

conditioned media exposure resulted in significant Pvalb upre-

gulation (Figure 6). Interestingly, we noted a reduced proportion

of Sst-positive INs in co-culture with mouse PNs, compared to
16 iScience 28, 112295, April 18, 2025
those cultured with human PNs or exposed to conditioned me-

dia, indicating that diffusible factors may influence Sst identity

(Figure 6). However, for Pvalb upregulation, it is more plausible

that direct cell-to-cell contact within the 3D structure of human

cortical cultures was key to the rapid induction of mouse Pvalb

cells. Supporting this idea, research in 3D cerebellar develop-

ment models, including organoids158 and grafting IPSC-derived

neurons into human fetal cerebellar slices159 has demonstrated

that a human 3D architecture is crucial for the proper develop-

ment and maturation of Purkinje cells, which have long pre-

sented a challenge for in vitro modeling.

We further showed that manipulating human PNs during graft-

ing, either through FBS depletion or rapamycin treatment, signif-

icantly altered the fate of grafted mouse INs (Figure 7). The

mTOR pathway is pivotal in PN differentiation and maturation

and is tightly regulated during PN development, a process pre-

served in PSC-derived models, including 2D neurons and orga-

noids.160 In vivo, mTOR activation in PNs via Pten deletion during

development111 or adulthood112 drastically increased soma size,

dendritic length, and arborization but reduced spine density in

distal dendritic regions, suggesting impaired synaptic plasticity.

UndermTOR-inhibited conditions, we observed a striking reduc-

tion in Pvalb induction in grafted INs, indicating that mTOR activ-

ity in PNs is crucial for their interactions with maturing INs. These

results suggest that coordinated cell-to-cell contacts between

PNs and maturing INs can drive the differentiation of Pvalb-pos-

itive INs.

In summary, we present a chimeric cortical organoid model

that accelerates mouse IN differentiation and significantly in-

creases the proportion of Pvalb-positive cells under in vitro con-

ditions. While the factors driving the rapid differentiation of

mouse MGE cells into Pvalb INs within human cortical tissue

remain unclear, our findings, alongside those of others,20,94,96

suggest that interactions with PNs are critical for inducing this

identity. The optimal co-culture conditions for efficiently differen-

tiating human Pvalb INs, however, remain to be determined.

Nevertheless, the chimeric culture system described here offers

a platform for exploring the mechanisms of IN differentiation and

maturation. It also highlights the potential of 3D organoid models

for generating neuronal subtypes that have been challenging to

study in vitro.

Limitations of the study
The chimeric models used in this study, including primary orga-

notypic cultures and brain organoids, provide valuable insights

into IN differentiation. However, these in vitro systems are inher-

ently artificial and do not fully replicate the complexity of the

in vivo brain. Furthermore, we previously demonstrated that

cellular stress within brain organoids can impair neuronal differ-

entiation.161 Recent machine learning analyses have also shown

that such impairment predominantly affects the transition from

radial glia to early PNs, while ventral precursors and INs in orga-

noids exhibit relatively higher fidelity.162 Notably, label transfer

from primary fetal tissue to organoids has accurately assigned

IN fate across multiple organoid lines.162

An alternative hypothesis for the enrichment of Pvalb-positive

INs in our chimeric models is that it may result from selective

apoptosis of Sst-positive INs. In a separate study, Fezf2
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knockout mice demonstrated that Sst-positive INs undergo se-

lective cell death in response to the absence of subcerebral

PNs.20 However, several lines of evidence suggest that selective

cell death is unlikely to account for the Pvalb-positive enrichment

observed in our models. First, host human organotypic cultures

and organoids still contain Sst-positive INs that coexist with

grafted mouse INs (Figure 2B). Second, in our experiments

involving the grafting of lineage-traced mouse Sst INs, approxi-

mately 50% of the cells grafted onto human organoids retained

the Sst marker by 14 DPG. (Figure 8C). Finally, in our grafted

IN progenitors, we observed Pvalb upregulation as early as 2

DPG (Figure 4A), indicating that the enrichment of Pvalb-positive

cells ismore likely driven by the selective induction of this identity

rather than the loss of Sst-positive cells.

This study focused on the extrinsic control of IN identity but

does not exclude the role of species-specific intrinsic mecha-

nisms in IN responses to signals inducing Pvalb-positive iden-

tity. While PNs exhibit distinct area- and species-specific fea-

tures, MGE-derived INs are considered evolutionarily

conserved.163 Transcriptomic profiling of the adult human,

monkey, and mouse cortex highlights Pvalb-positive INs as

one of the most conserved neuronal subtypes.47 Conserved

transcriptional programs governing MGE-derived IN diversity

have also been observed across mammals during embryonic

and early postnatal stages.6,31,33,53,164 Differential timing in

gene expression networks may explain, at least in part, the

varying graft responses of mouse and human INs. Species dif-

ferences in mitochondrial metabolism, associated with

neuronal maturation and differentiation timing, are an inter-

esting area of further focus.165–167 Accelerating mitochondrial

metabolism in human PNs has been shown to enhance genetic

networks tied to maturation,166 but whether this applies across

neuronal subtypes remains unknown. Pvalb-positive INs, with

their high excitatory drive and rapid action potential generation,

have higher metabolic demands.168 The mitochondrial biogen-

esis protein PGC-1a is crucial for Pvalb induction in INs169 and

its deficiency affects synchronous GABAergic release and the

expression of several Pvalb-enriched markers.79 PGC-1a is

known to be activity-dependent, yet grafting in human organo-

ids occurs before the onset of strong activity.132,133,153 Despite

this, human organoids experience significant metabolic

stress,161 which could alter mitochondrial biogenesis.170 Since

external cues and intrinsic responses are not mutually exclu-

sive, future studies using chimeric models to manipulate PNs

and INs separately could clarify species-specific signal re-

sponses and IN specification. Additionally, allotransplantation

into mouse organoids, which exhibit faster activity than human

hosts, could provide insights into activity-dependent Pvalb

upregulation.154–157
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Fibronectin Millipore Sigma Cat#: DLW354008
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GlutaMAX Supplement Thermo Fisher Scientific Cat#: 35050061

Heparin sodium salt Millipore Sigma Cat#: H3149

Hoechst 33342 Thermo Fisher Scientific Cat#: 62249

IWR1-ε Cayman Chemical Cat#: 13659

Laminin Millipore Sigma Cat#: L2020
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Sodium Pyruvate Millipore Sigma Cat#: S8636

SYTO 16 Thermo Fisher Scientific Cat#: S7578

Urea Millipore Sigma Cat#: U5378

Critical commercial assays

10X Chromium Single Cell 30 reagent kit V3 10X Genomics Cat#: PN-1000092

Click-iT Plus EdU Cell Proliferation

Kit for Imaging�
Thermo Fisher Scientific Cat#: C10640

Papain Dissociation System Worthington Cat#: LK003150

Deposited data

Raw and analyzed single cell

RNA sequencing data

This paper NCBI GEO: GSE278531

Human reference genome

NCBI build 38, GRCh38

Genome Reference Consortium https://www.ncbi.nlm.nih.gov/grc/human

Mouse reference genome

NCBI build 39, GRCm39/mm39

Genome Reference Consortium https://www.ncbi.nlm.nih.gov/grc/mouse

10x Genomics E18 mouse

cortex example dataset

10X Genomics NCBI GEO: GSE93421

Embryonic and perinatal mouse interneurons Loo et al. 201952 NCBI GEO: GSE123335

Embryonic mouse interneurons La Manno et al. 202153 NCBI SRA: PRJNA637987

Embryonic mouse interneurons Mayer et al. 201831 NCBI GEO: GSE104158

Postnatal mouse interneurons Zeisel et al. 201854 NCBI SRA: SRP135960

Experimental models: Cell lines

H2B.-1323.4 Matsumoto et al. 2013171 RRID: CVCL_0G84

H28126 Romero et al. 2015172 N/A

WTC-11 Miyaoka et al. 2014173 RRID: CVCL_Y803
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HES-3 NKX2.1GFP/w Goulburn et al. 2011174 RRID: CVCL_A5HB

Experimental models: Organisms/strains

Mouse: Ai14 B6;129S6-Gt(ROSA)

26Sortm14(CAG-tdTomato)Hze/J

The Jackson Laboratory Cat#: 007908

Mouse: Ai34 B6;129S-Gt(ROSA)

26Sortm34.1(CAG-Syp/tdTomato)Hze/J

The Jackson Laboratory Cat#: 012570

Mouse: Ai96 B6J.Cg-Gt(ROSA)

26Sortm96(CAG-GCaMP6s)Hze/MwarJ

The Jackson Laboratory Cat#: 028866

Mouse: C57BL/6 Charles River Cat#: 027

Mouse: Nkx2.1-Cre (C57BL/6J-Tg

(Nkx2-1-cre)2Sand/J

The Jackson Laboratory Cat#: 008661

Mouse: Pvalb-Cre B6.129P2-

Pvalbtm1(cre)Arbr/J

The Jackson Laboratory Cat#: 017320

Mouse: Sst-Cre Ssttm2.1(cre)Zjh/J The Jackson Laboratory Cat#: 13044

Software and algorithms

Prism 9.3.1 GraphPad Software RRID:SCR_002798

Kallisto 0.46.2 https://pachterlab.github.io/

kallisto/about

RRID:SCR_016582

CellBender 0.2.0 https://github.com/

broadinstitute/CellBender

RRID: SCR_025990

Scrublet 0.2.2 https://github.com/

swolock/scrublet

RRID: SCR_018098

Scanpy 1.8 https://github.com/

theislab/scanpy

RRID: SCR_018139

Cell Ranger 5 10X Genomics RRID: SCR_017344

SIMS https://sc-sims-app.streamlit.app/ RRID: SCR_025787

ImageJ 2.3.0 National Institutes of Health RRID:SCR_003070

VirtualDub https://www.virtualdub.org RRID: SCR_026123

Imaris 9.2 Leica Microsystems RRID: SCR_007370

Leica Application Suite X Leica Microsystems RRID:SCR_013673

Other

Air-liquid interface on hydrophilic

polytetrafluoroethylene cell culture inserts

Millipore Sigma Cat#: PICM0RG50

Basal Medium Eagle Millipore Sigma Cat#: B9638

BrainPhys Neuronal Medium Stem Cell Technologies Cat#: 05790

Dulbecco’s Modified Eagle Medium:

Nutrient Mixture F-12 with GlutaMAX

Thermo Fisher Scientific Cat#: 10565018

Fetal Bovine Serum Millipore Sigma Cat#: F2442

Glasgow Minimum Essential Medium Thermo Fisher Scientific Cat#: 11710035

Hanks’ Balanced Salt Solution Millipore Sigma Cat#: H8264

Hyclone characterized fetal bovine serum Cytova Cat#: SH30071.03

Knockout Serum Replacement Thermo Fisher Scientific Cat#: 10828028

Leibovitz’s L-15 Medium Thermo Fisher Scientific Cat#: 11415064

mFreSR Medium Stem Cell Technologies Cat#: 05855

Neurobasal A Medium Thermo Fisher Scientific Cat#: 10888022

Neurobasal Medium Thermo Fisher Scientific Cat#: 21103049

ReLeSR Passaging Reagent Stem Cell Technologies Cat#: 05872

StemFlex Medium Thermo Fisher Scientific Cat#: A3349401
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Live primary human cortical tissue collection
All primary fetal tissues were collected and processed under UCSF Gamete, Embryo, and Stem Cell Research Committee (GESCR)

approval (Protocol #10–05113). Informed patient consent was obtained for all samples, with collection strictly adhering to legal and

institutional ethical guidelines. All tissue samples were de-identified, and no sex or ancestry information was recorded. Second-

trimester samples were obtained from surgical procedures. In compliance with legal and ethical regulations, investigators did not

interfere with the surgery.

A total of nine samples were used in this study:

- Three GW22 samples were used to obtain cortical sections for grafting td-Tomato-positive mouse INs.

- Three GW21.6–23 samples were used for grafting unlabeled mouse INs onto cortical sections.

- Three GW18–19 samples were used for human MGE progenitor grafting.

For cortical sections, only samples with an intact cerebral cortex were selected. For human MGE grafting, samples were chosen

when at least one entire brain hemisphere was intact, allowing for clear anatomical identification of the MGEs.

Brain tissue was immediately transported in ice-cold artificial cerebrospinal fluid (ACSF) composed of 125 mM sodium chloride

(Millipore Sigma #S9888), 2.5 mM potassium chloride (Millipore Sigma #P3911), 1 mM magnesium chloride (Millipore Sigma

#M8266), 2 mM calcium chloride (Millipore Sigma #C4901), 1.25 mM sodium phosphate monobasic (Millipore Sigma #71505),

25 mM sodium bicarbonate (Millipore Sigma #S5761), and 25 mM D-(+)-glucose (Millipore Sigma #G8270). Before use, this solution

was bubbled with 95% O2 and 5% CO2. All tissue was used within 5 hours of collection.

Upon arrival at the lab, meninges were removed, and the tissue was either processed for organotypic culture or dissociated into

cells, as detailed below. Occasionally, tissue with distinguishable MGEs was dissected, sectioned, and cryopreserved for future ex-

periments. Freezing media included Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 with GlutaMAX (Thermo Fisher Sci-

entific # 10565018), N-2 Supplement (Thermo Fisher Scientific # 17502048), B-27 Supplement (Thermo Fisher Scientific # 17504044),

20 ng/mL Human FGF-basic (Thermo Fisher Scientific # PHG0261), 20 ng/mL Recombinant Human EGF (R&D Systems # 236-EG),

20 mg/mL Human Insulin (Santa Cruz Biotechnology # sc-360248), 5 ng/mL human BDNF (Millipore Sigma # SRP3014), 10 mM Rho

Kinase Inhibitor (Y-27632) (Tocris # 1254), 1.6 g/L D-(+)-glucose (Millipore Sigma # G8270), and 10% Dimethyl Sulfoxide (Cell

Signaling Technology #1 2611).

Postmortem primary human cortical tissue collection
Deidentified human specimens were collected postmortem with prior patient consent, following the ethical guidelines of the UCSF

Committee on Human Research (Protocol # 10-02693). The postmortem interval (PMI) was less than 24 hours. All tissue samples

were de-identified, and no sex or ancestry information was recorded. Specimens were evaluated by a neuropathologist and cate-

gorized as control samples. A total of four samples were used in this study, based on tissue availability:

- One GW39 sample.

- One 6 weeks post-birth sample.

- One 6 years old sample.

- One 57 years old sample.

The tissue was coronally sectioned, and when possible, one hemisphere was cut axially. One-millimeter blocks were fixed in 4%

paraformaldehyde (PFA) (Thermo Fisher Scientific #28908) for two days, then cryoprotected in a 30% sucrose gradient (Millipore

Sigma #S8501). The tissuewas embedded in Tissue-TekO.C.T. Compound (Sakura # 4583), cryosectioned at 30 mmusing a cryostat

(Leica Biosystems # CM3050), and mounted on glass slides.

Mouse lines and husbandry
All mouse experiments were conducted in compliance with UCSF Institutional Animals Care and Use Committee guidelines (Protocol

# AN178775-02). The mouse lines used were previously described: Nkx2.1-Cre (C57BL/6J-Tg(Nkx2-1-cre)2Sand/J59 The Jackson

Laboratory #008661), Sst-Cre (Ssttm2.1(cre)Zjh/J120; The Jackson Laboratory #13044), Pvalb-Cre (B6.129P2-Pvalbtm1(cre)Arbr/

J80; The Jackson Laboratory \# 017320), Ai14 (B6;129S6-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J60; The Jackson Laboratory

#007908), Ai34 (B6;129S-Gt(ROSA)26Sortm34.1(CAG-Syp/tdTomato)Hze/J73; The Jackson Laboratory #012570), and Ai96

(B6J.Cg-Gt(ROSA)26Sortm96(CAG-GCaMP6s)Hze/MwarJ75; The Jackson Laboratory #028866). Mice were of the C57BL/6J back-

ground, and developmental staging was calculated with the plug date as E0.5. The experiments were done in mouse embryos, and

therefore no sex information was recorded.

Cell lines
We used three previously described iPSC lines: H2B.-1323.4 (female; RRID: CVCL_0G84),171 H28126 (male),172 and WTC-11 (male,

Asian; RRID: CVCL_Y803).173 Additionally, we employed the human embryonic stem cell (hESC) line HES-3 NKX2.1GFP/w (female;
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RRID: CVCL_A5HB).174 The cell lines were not authenticated. Mycoplasma testing by MycoAlert (Lonza # LT07-318) confirmed lack

of contamination.

METHOD DETAILS

Pluripotent stem cells maintenance
Pluripotent stem cells were cultured in StemFlexMedium (Thermo Fisher Scientific #A3349401) with Penicillin/Streptomycin (Thermo

Fisher Scientific #15140122). Cell passaging was done using ReLeSR (StemCell Technologies #05872), following themanufacturer’s

instructions. Cells were cryopreserved in mFreSR medium (Stem Cell Technologies #05855).

Culture of human and mouse organotypic cortical sections
Preparation of ACSF and tissue collection

Fresh ACSF was prepared prior to tissue collection. The composition of ACSF included 125 mM sodium chloride (Millipore Sigma #

S9888), 2.5 mM potassium chloride (Millipore Sigma # P3911), 1 mMmagnesium chloride (Millipore Sigma # M8266), 2 mM calcium

chloride (Millipore Sigma # C4901), 1.25 mM sodium phosphate monobasic (Millipore Sigma # 71505), 25 mM sodium bicarbonate

(Millipore Sigma # S5761), and 25 mM D-(+)-glucose (Millipore Sigma # G8270). The solution was continuously bubbled with a gas

mixture of 95% O2 and 5% CO2 to maintain optimal oxygenation and pH balance.

Tissue embedding and sectioning

After collection, tissue was stored in ACSF before embedding in 3% low-gelling agarose (Millipore Sigma # A9414). The embedded

tissue was sectioned at 300 mM using a vibratome (Leica).

Slice culture at the air-liquid interface

Slices were cultured at the air-liquid interface on hydrophilic polytetrafluoroethylene cell culture inserts (Millipore Sigma #

PICM0RG50) in a medium containing 32%Hanks’ Balanced Salt Solution (Millipore Sigma # H8264), 60%Basal Medium Eagle (Milli-

pore Sigma # B9638), 5% Fetal Bovine Serum (Millipore Sigma # F2442), 1% D-(+)-glucose (Millipore Sigma # G8270), 1X N2 Sup-

plement, and 100 U/mL Penicillin/Streptomycin. The medium was replenished every 2-3 days to maintain slice viability.

Human cortical organoids generation
iPSC aggregation and early differentiation

To generate human cortical organoids, we followed a modified version of our previously established protocol.68 iPSCs were disso-

ciated into single cells and reaggregated at a density of 10,000 cells per aggregate in lipidure-coated 96-well V-bottom plates, using

100 mL of StemFlex Medium supplemented with 10 mM Rho Kinase Inhibitor (Y-27632, Tocris # 1254) on Day -1.

Cortical induction

On Day 0, the medium was replaced with cortical differentiation medium containing Glasgow Minimum Essential Medium (Thermo

Fisher Scientific # 11710035), 20% Knockout Serum Replacement (Thermo Fisher Scientific # 10828028), 0.1 mM MEM Non-

Essential Amino Acids (Thermo Fisher Scientific # 11140050), 1 mM Sodium Pyruvate (Millipore Sigma # S8636), 0.1 mM

2-Mercaptoethanol (Millipore Sigma # M3148), and 100 U/mL Penicillin/Streptomycin. The medium was further supplemented

with 20 mM Rho Kinase Inhibitor (Y-27632, Days 0-6), 3 mM WNT Inhibitor (IWR1-ε, Cayman Chemical # 13659, Days 0-18), and

5 mM TGF-Beta Inhibitor (SB431542, Tocris # 1614, Days 0-18). Media changes occurred on Days 3, 6, and subsequently every

2-3 days until Day 18.

Neuronal differentiation and maintenance

OnDay 18, organoids were transferred to ultra-low adhesion plates (Millipore Sigma #CLS3471) and placed on an orbital shaker at 90

revolutions per minute in neuronal differentiation medium. This medium contained Dulbecco’s Modified Eagle Medium: Nutrient

Mixture F-12 with GlutaMAX (Thermo Fisher Scientific # 10565018), 10% (v/v) Hyclone characterized fetal bovine serum (Cytova #

SH30071.03), 1X N-2 Supplement (Thermo Fisher Scientific # 17502048), 1X Chemically Defined Lipid Concentrate (Thermo Fisher

Scientific # 11905031), and 100 U/mL Penicillin/Streptomycin. Media was changed every 2-3 days.

From Day 35 onward, neuronal differentiation medium was supplemented with 5 mg/mL Heparin sodium salt (Millipore Sigma #

H3149) and 0.5% v/v Matrigel Growth Factor Reduced (GFR) Basement Membrane Matrix (Corning # 354230).

For scRNA-seq experiments, we removed fetal bovine serum from this media.

Neuronal maturation

From Day 70, organoids were cultured in neuronal maturation media containing BrainPhys Neuronal Medium (Stem Cell Technolo-

gies # 05790), 10% (v/v) Hyclone characterized fetal bovine serum, 1X N-2 Supplement, 1X Chemically Defined Lipid Concentrate

(Thermo Fisher Scientific # 11905031), 1X B-27 Supplement (Thermo Fisher Scientific # 17504044), 100 U/mL Penicillin/

Streptomycin, and 1% v/v Matrigel GFR.

Human MGE organoids generation
ESC aggregation and early differentiation

MGEorganoids were generated following amodified version of a previously published protocol.93 The ESC line HES-3 NKX2.1GFP/w

was dissociated and reaggregated at a density of 10,000 cells per well in lipidure-coated 96-well V-bottom plates. The cells were
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cultured in StemFlex medium supplemented with Rho Kinase Inhibitor Y-27632 on Day -1. On Day 0, the medium was replaced with

Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 with GlutaMAX, containing 20% (v/v) Knockout Serum Replacement,

1 mMMEMNon-Essential Amino Acids, 0.1mM2-Mercaptoethanol, and 100 U/mL Penicillin/Streptomycin. Themediumwas further

supplemented with 5 mM dorsomorphin (Millipore Sigma # P5499), 10 mM TGF-beta inhibitor SB431542, and 10 mM Rho Kinase In-

hibitor Y-27632. Medium changes occurred on Days 2 and 4, with the Rho Kinase Inhibitor omitted from the subsequent changes.

Neuronal differentiation and maintenance

OnDay 6, the organoids were transferred to neuronal differentiationmedium, which comprised Neurobasal Amedium (Thermo Fisher

Scientific # 10888022), 1X B-27 supplement minus Vitamin A (Thermo Fisher Scientific # 12587010), 1X GlutaMAX supplement

(Thermo Fisher Scientific # 35050061), and 100 U/mL Penicillin/Streptomycin. The medium was replaced every 2-3 days. On Day

18, organoids were moved to ultra-low adhesion plates and cultured on an orbital shaker at 90 revolutions per minute.

Neuronal differentiation mediumwas supplemented with small molecules as follows: FromDays 6 to 11, 20 ng/mLHuman Recom-

binant EGF (R&D Systems # 236-EG), 20 ng/mL Human FGF-basic (FGF-2/bFGF) Recombinant Protein (Thermo Fisher Scientific #

PHG0261), and 3 mMWNT inhibitor IWR1-εwere included. On Days 12-15, the medium also contained 100 nMSHH pathway agonist

Smoothened Agonist (SAG) HCl (Selleckchem # S7779) and 100 nM retinoic acid (Millipore Sigma # R2625). From Days 16 to 24,

retinoic acid was removed, and 100 nM allopregnanolone (Cayman Chemicals # 16930) was added. After Day 25, no small molecules

were included in the medium.

Human thalamic organoids generation
iPSC aggregation and early differentiation

Thalamic organoids were generated following a previously described protocol.175 Briefly, iPSCs were clump dissociated into ultra-

low attachment 6-well plates and cultured for 8 days in Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 with GlutaMAX,

supplemented with 15% (v/v) Knockout Serum Replacement, 1 mM MEM Non-Essential Amino Acids, 0.1 mM 2-Mercaptoethanol,

100 U/mLPenicillin/Streptomycin, 10 mMSB431542, 100 nMLDN193189 dihydrochloride (Tocris # 6053), and 4 mg/mL human insulin

(Santa Cruz Biotechnology # sc-360248). The medium was replaced every other day.

Neuronal induction

On day 9, the plates were placed on a shaker operating at 90 rpm, and the organoids were cultured for an additional 8 days in

patterning medium, which consisted of Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 with GlutaMAX, supplemented

with 15% Dextrose (Millipore Sigma # PHR1000), 0.1 mM 2-Mercaptoethanol, 1X N2 Supplement, 2X B-27 Supplement minus

Vitamin A, 30 ng/mL recombinant human BMP7 (R&D Systems # 354-BP), 1 mM PD325901 (Millipore Sigma # PZ0162), and

100 U/mL Penicillin/Streptomycin. The medium was replaced every other day.

Neuronal differentiation and maintenance

From Day 17 onward, the organoids were cultured in differentiation medium composed of a 1:1 mix of Neurobasal Medium (Thermo

Fisher Scientific # 21103049) and Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 with GlutaMAX, supplemented with 2X

B-27 Supplement, 1X N2 Supplement, 0.1 mM MEM Non-Essential Amino Acids, 100 U/mL Penicillin/Streptomycin, and 50 mM

2-Mercaptoethanol. The medium was replaced every other day.

Mouse cortical organoids generation
Mouse E14.5 cortices were carefully dissected and chopped into small pieces. The tissue was then dissociated using the Worthing-

ton Papain Dissociation System (Worthington # LK003150) according to the manufacturer’s instructions. An enzyme solution was

prepared by resuspending 20 units of papain per mL, along with 1 mML-cysteine and 0.5 mMEDTA in Earle’s Balanced Salt Solution

(EBSS). This enzyme solution was activated by incubating at 37�C for 30 minutes.

Following activation, 200 units of DNase I per mLwere added. The chopped tissue was then transferred into the papain and DNase

I solution and incubated at 37�Cwhile shaking at 90 rpm for an additional 30 minutes. The tissue wasmechanically dissociated using

flamed glass Pasteur pipets (Fisher Scientific # 13-678-6B) and washed in 1X PBS containing 0.1%Bovine Serum Albumin (Millipore

Sigma # A3311), followed by centrifugation at 300 rcf for 3 minutes.

The resulting cell suspension was resuspended and aggregated at a density of 10,000 cells per well in lipidure-coated 96-well

V-bottom plates. The cortical organoid differentiation medium consisted of Dulbecco’s Modified Eagle Medium: 10% (v/v) Hyclone

characterized fetal bovine serum, Nutrient Mixture F-12 with GlutaMAX supplement, 1X N-2 Supplement, 1X Chemically Defined

Lipid Concentrate, 5 mg/mL Heparin sodium salt, and 1% v/v Matrigel Growth Factor Reduced (GFR) Basement Membrane Matrix,

LDEV-free, along with 100 U/mL Penicillin/Streptomycin. The medium was changed every 2-3 days.

After 10 days in culture, the organoids were transferred to neuronal maturation media, which contained BrainPhys Neuronal Me-

dium, 10% (v/v) Hyclone characterized fetal bovine serum, 1X N-2 Supplement, 1X Chemically Defined Lipid Concentrate, 1X B-27

Supplement, 100 U/mL Penicillin/Streptomycin, and 1% v/v Matrigel Growth Factor Reduced (GFR) Basement Membrane Matrix,

LDEV-free. At this stage, the organoids were cultured in ultra-low adhesion plates (Millipore Sigma # CLS3471) on an orbital shaker

at 90 revolutions per minute.
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Dissociation and 2D culture of primary human and mouse cortical neurons
Prior to tissue dissociation, glass-bottom cell culture plates (NEST # 801006) were coated overnight at 37�Cwith a 0.1%Poly-L-orni-

thine solution (Millipore Sigma # P4957). The plates were then washed three times with sterile water. Following this, they were coated

overnight at 37�C with a mixture of 5 mg/mL Laminin (Millipore Sigma # L2020) and 1 mg/mL Fibronectin (Millipore Sigma #

DLW354008) resuspended in PBS.

Mouse E14.5 cortices and human GW22 cortices were dissected and chopped into small pieces. The cortices were then disso-

ciated using the Worthington Papain Dissociation System (for details, see the section on mouse cortical organoids generation).

The resuspended cells were plated at a concentration of 100,000 cells per well. Cells were cultured in cortical organoid differentiation

medium, which consisted of Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 with GlutaMAX, 10% (v/v) Hyclone charac-

terized fetal bovine serum, 1X N-2 Supplement, 1X Chemically Defined Lipid Concentrate, 5 mg/mL Heparin sodium salt from porcine

intestinal mucosa, and 1% v/vMatrigel Growth Factor Reduced (GFR) BasementMembraneMatrix, LDEV-free, along with 100 U/mL

Penicillin/Streptomycin. The medium was changed every 2-3 days.

Dissociation and infection of human MGEs
Cryopreserved GW18-19 human MGE tissue stocks were thawed in warm Leibovitz’s L-15 Medium (Thermo Fisher Scientific #

11415064). Following thawing, the cells were dissociated using theWorthington Papain Dissociation System (for details, see the sec-

tion on mouse cortical organoids generation). The cells were then concentrated by centrifugation at 300 g for 2 minutes and resus-

pended in warm cortical differentiation media. The cells were infected for 1 hour with an eGFP adenovirus (Vector Biolabs # 1060),

which ubiquitously expresses eGFP under theCMVpromoter, at a titer of 1 x 10̂ 7 PFU/ml. After infection, the cells were washed once

in warm cortical differentiation media and resuspended in the same media at a concentration of 1,000 cells/ml for immediate grafting

onto organoids (for details, see the section on grafting of MGE-cIN progenitors and Sst-positive INs). eGFP expression was detect-

able as early as 12 hours post-infection, with strong expression observed 48 hours post-infection.

Grafting of MGE-cIN progenitors and Sst-positive INs
E13.5 MGE tissue was microdissected and transferred to ice-cold Leibovitz’s L-15 Medium (Thermo Fisher Scientific # 11415064)

supplemented with 180 mg/mL DNase I (Millipore Sigma # 69182). The tissue was mechanically dissociated on ice by pipetting using

a P1000 micropipette. Dissociated cells were concentrated by centrifugation for 4 minutes at 300 rcf.

For organoid grafting, the organoids were transferred to individual wells of lipidure-coated 96-well V-bottom plates. A total of

200 mL of fresh cortical organoid neuronal differentiation medium was added, consisting of Dulbecco’s Modified Eagle Medium:

Nutrient Mixture F-12 with GlutaMAX, 10% (v/v) Hyclone characterized fetal bovine serum, 1X N-2 Supplement, 1X Chemically

Defined Lipid Concentrate (Thermo Fisher Scientific # 11905031), 5 mg/mL Heparin sodium salt from porcine intestinal mucosa,

and 1% v/v Matrigel Growth Factor Reduced (GFR) Basement Membrane Matrix, LDEV-free, along with 100 U/mL Penicillin/

Streptomycin. Human organoids were 6-8 weeks old at the time of grafting, while mouse organoids had been cultured for 2 weeks

prior. We then added 50,000 MGE cells to each well and incubated the organoids for 24 hours at 37�C. Following this incubation, the

organoids were carefully transferred to ultra-low-attachment tissue culture plates and incubated on an orbital shaker at 90 rpm at

37�C. The medium was changed every 2-3 days.

For grafting onto human and mouse organotypic cultures, cells were resuspended at a concentration of 1,000 cells/mL. The cell

concentrate was then pipetted directly onto the organotypic cultures to facilitate integration.

For co-culture with 2D cortical neurons, 1,000 cells were added to each well of the cortical cultures.

For grafting postmitotic neurons, all ganglionic eminences of Sst-Cre::Ai14 mice at E14.5 were microdissected and dissociated.

During microdissection, efforts were made to remove the ventricular zone as thoroughly as possible.

mTOR inhibition
All experiments utilized 250 nM rapamycin (Millipore Sigma # R8781). experimental organoids, rapamycin was incorporated into the

media. Control experiments received media without rapamycin. The medium was changed every 2-3 days.

Immunohistochemistry and confocal imaging
Organoids were collected and fixed in 4% paraformaldehyde PFA (Thermo Fisher Scientific # 28908) and cryopreserved in 30% su-

crose (Millipore Sigma # S8501). They were embedded in a solution containing 50% Tissue-Tek O.C.T. Compound (Sakura # 4583)

and 50% 30% sucrose dissolved in 1X phosphate-buffered saline (PBS) at pH 7.4 (Thermo Fisher Scientific # 70011044). Sections

were cut to 12 mm using a cryostat (Leica Biosystems # CM3050) and mounted directly onto glass slides. Following three washes of

10 minutes in 1X PBS, the sections were incubated in a blocking solution consisting of 5% v/v donkey serum (Millipore Sigma #

D9663), 2% w/v gelatin (Millipore Sigma # G9391), and 0.1% Triton X-100 (Millipore Sigma # X100) for 1 hour. Primary antibodies

were incubated overnight at 4�C, followed by three washes for 30 minutes and incubation with secondary antibodies for 90 minutes

at room temperature. The sections were then washed three times for 30 minutes in PBS, followed by a final wash in sterile water for

10 minutes.

Whole human andmouse organotypic sections were fixedwith 4%PFA for 2 hours at room temperature and subsequently washed

in PBS at 4�C overnight. Blocking was conducted for one day at 4�C. Primary antibody incubation occurred for 3 days at 4�C,
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followed by three washes in PBS, each lasting 2 hours. Secondary antibody incubation was also for 3 days at 4�C, followed by similar

washing procedures.

For human postmortem tissue, mounted slides were defrosted at 4�C for 24 hours and then equilibrated to room temperature for 3

hours. Antigen retrieval was performed using a solution containing 10 mM trisodium citrate dihydrate (Millipore Sigma # S1804) and

0.05% Tween 20 (Millipore Sigma # P1379) at pH 6.0, heated to 95�C for 10minutes. Samples were washed with TNT buffer (100mM

Tris-HCl [Thermo Fisher Scientific # 15567027], 150 mM sodium chloride [Millipore Sigma # S9888], and 0.1% Tween 20) for 10 mi-

nutes, repeated three times, then incubated with 1% hydrogen peroxide (Millipore Sigma # H1009) in PBS for 2 hours. Slides were

blocked for 2 hours with TNB solution (100mMTris-HCl, 150mM sodium chloride, and 0.36%w/v bovine serum albumin [BSA] [Milli-

pore Sigma # A2153]). Primary antibodies were incubated overnight at 4�C. The following day, slides were washed three times in TNT

buffer. Biotinylated secondary antibodies diluted in TNB were added for 2.5 hours at room temperature. Sections were then incu-

bated with 1:200 streptavidin-horseradish peroxidase (Millipore Sigma # RABHRP3) in TNB for 30 minutes, followed by a

4-minute incubation with tyramide-conjugated fluorophores. The dilutions and order of the used fluorophores were as follows:

Cy5 at 1:50. In cases where tyramide was not used, Alexa-conjugated secondary antibodies were employed along with biotinylated

secondaries.

Primary antibodies used

d Rabbit anti-Bdnf (Abcam # ab108319; RRID: AB_10862052; 1:100)

d Rat anti-Bcl11b (Abcam # ab18465; RRID: AB_2064130; 1:100)

d Rabbit anti-Cox6A2 (Novus Biologicals # NBP1-31112; RRID: AB_2085447; 1:100)

d Mouse anti-ErbB4 (Thermo Fisher Scientific # MA5-12888; RRID: AB_10986112; 1:100)

d Rabbit anti-Gbx2 (Proteintech # 21639-1-AP; RRID: AB_2878896; 1:250)

d Goat anti-eGFP (Abcam # ab6658; RRID: AB_305631; 1:100)

d Mouse anti-HNA (Millipore Sigma # MAB1281; RRID: AB_94090; 1:100)

d Rabbit anti-Map2 (Proteintech # 17490-1-AP; RRID: AB_2137880; 1:100)

d Rabbit anti-MAPK (ERK1/2) phosphorylated (T202/Y204) (Cell Signaling # 9101; RRID: AB_331646; 1:100)

d Rabbit anti-Mef2c (Abcam # ab227085; RRID: AB_3080861; 1:250)

d Mouse anti-Mki67 (BD Biosciences # 550609; RRID: AB_393778; 1:600)

d Mouse anti-Nestin (Thermo Fisher Scientific # MA1-110; RRDI: AB_2536821; 1:1000)

d Rabbit anti-Nkx2.1 (Abcam # ab76013; RRID: AB_1310784; 1:100)

d Mouse anti-Nr2f2 (R&D Systems # PP-H7147-00; RRID: AB_2155627; 1:100)

d Rabbit anti-Pvalb (Swant # PV27; RRID: AB_2631173; 1:250)

d Rabbit anti-Psd95 (Thermo Fisher Scientific # 51-6900; RRID: AB_2533914; 1:100)

d Chicken anti-Rbfox3 (NeuN) (Millipore Sigma # ABN91; RRID: AB_11205760; 1:200)

d Chicken anti-RFP (Rockland Immunochemicals # 600-901-379; RRID: AB_10704808; 1:100)

d Rabbit anti-S6 phosphorylated (pS6) (S235/236) (Cell Signaling # 2211; RRID: AB_331679; 1:100)

d Mouse anti-Satb2 (Abcam # ab51502; RRID: AB_882455; 1:100)

d Mouse anti-Sox2 (Santa Cruz Biotechnology # sc-365823; RRID: AB_10842165; 1:500)

d Mouse anti-Sst (Santa Cruz Biotechnology # sc55565; RRID: AB_831726; 1:100)

d Mouse anti-Tcf7l2 (Millipore Sigma # 05-511; RRID: AB_309772; 1:250)

Secondary antibodies

Secondary antibodies were from the Alexa series (Thermo Fisher Scientific), used at a dilution of 1:250. Additionally, biotin-conju-

gated WFA (Vector Laboratories # B-1355-2; RRID: AB_2336874; 1:200) was visualized using Alexa 488-conjugated streptavidin

(Thermo Fisher Scientific # S11223; 1:500). Nuclear counterstaining was performed using 300 nM DAPI (4’,6-Diamidino-2-Phenyl-

indole, dihydrochloride) (Thermo Fisher # D1306).

Antigen retrieval

Only the Bdnf antibody required antigen retrieval, achieved by incubating the slides at 95�C for 20 minutes in the antigen retrieval

solution (10 mM trisodium citrate dihydrate and 0.05% Tween 20 at pH 6.0) prior to blocking.

Confocal imaging

Imaging was conducted using an inverted confocal microscope (Leica CTR 6500) with Leica Application Suite X software (Leica;

RRID: SCR_013673). Images were processed using ImageJ 2.3.0 software (NIH; RRID: SCR_003070), while overlays and quantifi-

cations were performed using Adobe Photoshop version 2020 (Adobe; RRID: SCR_014199).

Whole organoid immunostaining, clearing, and lightsheet imaging
Organoids were fixed at room temperature for 45 minutes in 4% paraformaldehyde. After fixation, they were washed three times in

PBS and stored at 4�C. For whole-organoid immunostaining and tissue clearing, the organoids were blocked for 24 hours at room

temperature in PBS supplemented with 0.2% gelatin and 0.5% Triton X-100 (Millipore Sigma # X100) (PBSGT). Samples were then

incubated with primary antibodies for 7 days at 37�Cwith agitation at 70 rpm in PBSGT supplemented with 1 mg/ml saponin (Quillaja

sp; Millipore Sigma # S4521) (PBSGTS).
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Following primary antibody incubation, samples were washed six times in PBSGT over the course of one day at room temperature.

For nuclear staining, we utilized SYTO 16 green fluorescent dye (Thermo Fisher Scientific # S7578). Secondary and nuclear staining

was performed for 1 day at 37�Cwith agitation at 70 rpm in PBSGTS. Samples were then washed six times in PBSGT over the course

of one day at room temperature.

Whole organoid clearing was performed using ScaleCUBIC-1 solution as described by Susaki et al. (2015).176 Briefly, the solution

contained 25% wt urea (Millipore Sigma # U5378), 25% wt N,N,N’,N’-Tetrakis(2-hydroxypropyl)ethylenediamine (Tokyo Chemical

Industry # T0781), and 15% Triton X-100 dissolved in distilled water. Organoids were incubated in ScaleCUBIC-1 solution overnight

at room temperature with agitation at 90 rpm. Whole organoid imaging was performed using a custom-made lattice light sheet mi-

croscope (UCSF Biological Imaging Development Center), and images were deconvoluted using the Richardson-Lucy algorithm. Im-

age processing was carried out using Imaris 9.2 software (Bitplane).

EdU (5-Ethynyl-20-deoxyuridine) labeling
EdU labeling was performed using the Click-iT Plus EdU Cell Proliferation Kit for Imaging� (Thermo Fisher Scientific # C10640),

adapting the manufacturer’s instructions for tissue slides. Briefly, grafted organoids were treated with 10 mM EdU from the moment

of grafting for 48 hours. Organoids were then transferred to media without EdU, and the media was replaced every other day

throughout the experiments. After fixation and sectioning (as described in the immunohistochemistry and confocal imaging section),

organoid sections were washed twice for 3minutes eachwith 3%bovine serum albumin (BSA) (Millipore Sigma # A2153) dissolved in

PBS. The tissue was then permeabilized for 20 minutes using 0.5% Triton X-100 (Millipore Sigma # X100) diluted in PBS, followed by

two 3-minute washes in 3% BSA diluted in PBS. Following permeabilization, the tissue was incubated for 30 minutes in a solution

containing 88% Click-iT� Reaction Buffer, 2% copper protectant, 0.0024% Alexa Fluor� picolyl azide, and 10% reaction buffer ad-

ditive. The tissue was then washed twice in 3% BSA. Nuclear counterstaining was performed using 300 nM DAPI.

Single cell transcriptomics analysis of existing datasets
Public datasets frommousemodels were analyzed, including E13.5 and E14.5 ganglionic eminences and P10 subcortex,31 as well as

three samples from the 10X Genomics E18 mouse cortex dataset comprising 1.3 million cells, and E14 and neonatal cortex and sub-

cortex data.52 These datasets were downloaded as raw FASTQ or BAM files, which were subsequently converted to FASTQ format.

Gene quantification was performed using Kallisto (version 0.46.2; RRID: SCR_016582; https://pachterlab.github.io/kallisto/)177 with

Mus musculus ENSEMBL release 100 transcript annotations.

The Kallisto-Bus outputmatrix files, encompassing both introns and exons, were processed using CellBender (version 0.2.0; RRID:

SCR_025990; https://github.com/broadinstitute/CellBender) to filter out likely ambient RNA. Only droplets with a probability greater

than 0.99 of being cells were retained for analysis. Droplets that detected fewer than 600 genes, or had more than 40% ribosomal or

15% mitochondrial reads, were excluded from the dataset. Doublets were identified and removed using Scrublet (version 0.2.2;

https://github.com/swolock/scrublet; RRID: SCR_018098) with a threshold parameter set to 0.5.

Using Scanpy (version 1.8; https://github.com/theislab/scanpy; RRID: SCR_018139), counts in droplets were read-depth normal-

ized, log-transformed, and expression values for each gene were scaled across all cells. Principal component analysis (PCA) was

performed on the 6000most variable genes, followed by balanced K-nearest neighbors mapping, UMAP projection, and Leiden clus-

tering.178 Clusters exhibiting high expression levels of Gad1, Gad2, and Dlx genes, along with Lhx6 and Nkx2.1, were included in the

analysis. The term ‘‘VMF’’ refers to ventromedial forebrain regions, including the septum, preoptic area, and preoptic hypothalamus.

Fluorescent-activated cell sorting experiments
Grafted organoids were dissociated into single-cell suspensions using the Worthington Papain Dissociation System (Worthington #

LK003150) following the manufacturer’s instructions. To minimize RNA degradation, 3,500 units/ml of RNase Inhibitor was added.

We processed 10 grafted organoids individually.

After dissociation, the cells were washed twice with PBS and resuspended in PBS supplemented with 1% ultrapure bovine serum

albumin (Thermo Fisher Scientific # AM2618) and 4,900 units/ml of RNase Inhibitor. The samples were kept on ice until sorting. FACS

was performed using a BD FACSAria Fusion Flow Cytometer with a 130 mm nozzle. Prior to sorting, the samples were incubated with

Hoechst 33342 (Thermo Fisher Scientific # 62249). Gating was as follows: Forward and side scatter were used to identify individual

cells, while Hoechst 33342 stained nuclei to confirm cell identity. Subsequently, td-Tomato-positive cells were selected for sorting.

Each dissociated organoid was sorted separately, and the sorted cells were pooled for single-cell RNA sequencing.

Single-cell RNA library preparation and sequencing
A total of 75,000 FACS-purified td-Tomato-positive events (putative cells) were used for this experiment. Immediately after sorting,

libraries were prepared using the 10X Chromium Single Cell 30 reagent kit V3 (10X Genomics # PN-1000092). Following library prep-

aration, the libraries were sequenced on Illumina HiSeq and NovaSeq platforms.

Single-cell RNA sequencing data processing
Transcriptomes were aligned to both the human (GRCh38) and mouse (GRCm39/mm39) reference genomes, integrating the td-To-

mato sequence into the mouse genome. Alignments were performed using Cell Ranger version 5 (10X Genomics;
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RRID:SCR_017344). Cells aligning to the human genome and td-Tomato-negative mouse cells were excluded, resulting in a final da-

taset of 225 td-Tomato-positive mouse cells. Subsequent analysis was carried out in Scanpy 1.10.2.179 The raw counts expression

matrix was loaded as an AnnData object, normalized by read depth, log-transformed, and scaled per gene across the dataset. Cells

with fewer than 200 detected genes and genes expressed in fewer than three cells were filtered out. The raw and processed data

have been deposited in GEO, under accession number GSE278531.

Deep learning-based cell classification
Td-Tomato-positive cells were classified using SIMS (RRID: SCR_025787), a transformer-based label transfer deep learning archi-

tecture previously validated on neuronal single-cell data.162 The SIMS model was trained on a subset of single-cell RNA expression

data with pre-annotated labels from a published dataset compilation,6 specifically focusing on MGE and cortical interneurons. This

subset included 51,402 cells and 15 cell labels. The datasets include: Publicly available E18 mouse brain from 10X Genomics (NCBI

GEO # 20GSE93421), and the datasets reported in La Manno et al., 202153 (NCBI SRA # PRJNA637987); Loo et al., 201952 (NCBI

GEO # GSE123335), Mayer et al., 201831 (NCBI GEO # GSE104158); and Zeisel et al., 201854 (NCBI SRA # SRP135960). The trained

model is accessible via the SIMS web app: https://sc-sims-app.streamlit.app/.

Soma size measurements
Tominimize potential bias in image acquisition, we reused images obtained duringmarker quantifications, selecting random sections

for analysis. Files were processed using ImageJ 2.3.0 (NIH; RRID: SCR_003070). We utilized the Z Project function to create a single-

plane image from the z-stacks, selecting Maximal Intensity as the projection type. The freehand selection tool was then employed to

delineate the area of the maximal soma size. Finally, the Measure tool was used to calculate the area of the largest soma.

Live imaging of organoids
Live imaging was conducted as previously described.180 Initially, grafted organoids were transferred to hydrophilic polytetrafluoro-

ethylene cell culture inserts (Millipore Sigma # PICM0RG50) and placed on a six-well glass-bottom tissue culture plate to facilitate

culture in an air-liquid interface. The medium for culture was cortical organoid neuronal differentiation medium, excluding Matrigel.

Organoids were incubated for 6 h at 37�C prior to imaging to allow for tissue flattening.

Imaging was performed on an inverted Leica TCS SP5 confocal microscope equipped with an on-stage incubator that maintained

a chamber atmosphere of 5%CO2, 8%O2, and balanced N2. The chamber temperature was set to 37�C. Slices were imaged contin-

uously for 24 hours using a 10X air objective (with 2X zoom) at 20-minute intervals.

Calcium imaging
Calcium imaging of mouse INs was performed using the genetically encoded calcium indicator GCaMP6s, specifically expressed in

the INs through the use of the Nkx2.1-Cre::Ai96 mouse line. Imaging was conducted on an inverted confocal microscope (Leica CTR

6500) with the Leica Application Suite X software (Leica Microsystems; RRID: SCR_013673). Images were captured at 1.2-second

intervals and processed using ImageJ 2.3.0 software (NIH; RRID: SCR_003070).

For human PNs, we utilized organoids graftedwithNkx2.1-Cre::Ai14-labeledmouse INs. Control organoids, derived from the same

batches, did not receive grafts. Before imaging, organoids were incubated at 37�C for 20 minutes in 4 mM Fluo-8 AM (Abcam,

#ab142773). Imaging was performed immediately after staining, as described above.

After acquisition, video files were initially saved in the .avi format. To improve compatibility and editing flexibility, these files were

converted to uncompressed .avi format using VirtualDub (https://www.virtualdub.org, RRID: SCR_026123). For further image pro-

cessing and analysis, the files were additionally converted to .tiff format using ImageJ 2.3.0 (NIH; RRID: SCR_003070). Regions of

interest (ROIs) were defined using the ROI Manager in ImageJ, enabling precise and comprehensive analysis across multiple regions

of the organoids. To analyze calcium imaging data, we utilized the Time-Lapse Video plugin in ImageJ, which provided detailed in-

sights into intensity-versus-time patterns, facilitating a thorough evaluation of the calcium transients.

QUANTIFICATION AND STATISTICAL ANALYSIS

Immunohistochemistry quantifications spanned R2 independent batches (3–10 organoids per batch), with multiple sections

analyzed per organoid. All cells of interest were quantified per section, and total counts per organoid were calculated by summing

cells across all sections. Total cell counts are provided in Table S1.

All statistical analyses were conducted using Prism 9.3.1 (GraphPad Software; RRID: SCR_002798). Conditions were compared

using an unpaired parametric Student’s t-test without Welch’s correction. For all conditions: * = p < 0.05; ** = p < 0.01; *** = p < 0.001;

**** = p < 0.0001.
e10 iScience 28, 112295, April 18, 2025

https://sc-sims-app.streamlit.app/
https://www.virtualdub.org/

	ISCI112295_proof_v28i4.pdf
	Fate plasticity of interneuron specification
	Introduction
	Results
	Absence of pre-specification in unsupervised clustering of IN lineage
	Human cortical environment induces rapid upregulation of Pvalb in mouse MGE-derived INs
	Long-term chimeric models reveal integration of mouse INs in human cortical organoids
	Human cortical organoids recapitulate the accelerated Pvalb expression observed in organotypic cultures
	3D human environment promotes additional features of Pvalb identity in mouse INs
	Human 3D cortical environment is necessary for Pvalb induction in mouse INs
	Human INs do not upregulate Pvalb shortly after being grafted onto human cortical organoids
	Non-cell-autonomous regulation of Pvalb fate
	Early postmitotic Sst-positive INs can be induced to upregulate Pvalb

	Discussion
	Limitations of the study

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References
	STAR★Methods
	Key resources table
	Experimental model and study participant details
	Live primary human cortical tissue collection
	Postmortem primary human cortical tissue collection
	Mouse lines and husbandry
	Cell lines

	Method details
	Pluripotent stem cells maintenance
	Culture of human and mouse organotypic cortical sections
	Preparation of ACSF and tissue collection
	Tissue embedding and sectioning
	Slice culture at the air-liquid interface

	Human cortical organoids generation
	iPSC aggregation and early differentiation
	Cortical induction
	Neuronal differentiation and maintenance
	Neuronal maturation

	Human MGE organoids generation
	ESC aggregation and early differentiation
	Neuronal differentiation and maintenance

	Human thalamic organoids generation
	iPSC aggregation and early differentiation
	Neuronal induction
	Neuronal differentiation and maintenance

	Mouse cortical organoids generation
	Dissociation and 2D culture of primary human and mouse cortical neurons
	Dissociation and infection of human MGEs
	Grafting of MGE-cIN progenitors and Sst-positive INs
	mTOR inhibition
	Immunohistochemistry and confocal imaging
	Primary antibodies used
	Secondary antibodies
	Antigen retrieval
	Confocal imaging

	Whole organoid immunostaining, clearing, and lightsheet imaging
	EdU (5-Ethynyl-2′-deoxyuridine) labeling
	Single cell transcriptomics analysis of existing datasets
	Fluorescent-activated cell sorting experiments
	Single-cell RNA library preparation and sequencing
	Single-cell RNA sequencing data processing
	Deep learning-based cell classification
	Soma size measurements
	Live imaging of organoids
	Calcium imaging

	Quantification and statistical analysis




