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SUMMARY
The mechanisms that determine distinct embryonic pallial identities remain elusive. The central role of Wnt signaling in directing

dorsal telencephalic progenitors to the isocortex or hippocampus has been elucidated. Here, we show that timely inhibition of

MAPK/ERK and BMP signaling in neuralized mouse embryonic stem cells (ESCs) specifies a cell identity characteristic of the allocortex.

Comparison of the global gene expression profiles of neural cells generated by MAPK/ERK and BMP inhibition (MiBi cells) with those

of cells from early postnatal encephalic regions reveals a pallial identity of MiBi cells, distinct from isocortical and hippocampal cells.

MiBi cells display a unique pattern of gene expression and connectivity, and share molecular and electrophysiological features with

the entorhinal cortex. Our results suggest that early changes in cell signaling can specify distinct pallial fates that are maintained

by specific neuronal lineages independent of subsequent embryonic morphogenetic interactions and can determine their functional

connectivity.
INTRODUCTION

Neuralization of mouse embryonic stem cells

(mESCs) and human induced pluripotent stem cells

(hiPSCs) has been instrumental in elucidating the

general mechanisms underlying cortical cell specifica-

tion (Kelava and Lancaster, 2016; Qian et al., 2020).

However, dissecting the mechanisms of precise specifica-

tion of distinct pallial region identities remains a

challenge.

The major pallial regions comprising 90% and 10% of

the human cortex, respectively, are the six-layer isocor-

tex (IsC) and the allocortex (Creutzfeldt, 1995), the latter

of which can be subdivided into distinct areas based on

cytoarchitectural, functional, and evolutionary classifica-

tions (Zilles, 2004). The involvement of extracellular

signaling in the commitment and patterning of dorsal

telencephalic precursors was dissected in neuralizing

mESCs and hiPSCs. Activation of MAPK/ERK signaling

in a narrow time window of differentiation, correspond-

ing to the in vivo time of specification of the anterior-

posterior axis of the IsC, can induce rostral markers of

cortical arealization in neural progenitor cells (NPCs)

derived from both mESCs and hiPSCs (Imaizumi et al.,

2018; Terrigno et al., 2018a). Wnt signaling is critical

for directing dorsal telencephalic progenitors toward a

dentate gyrus hippocampal fate (Terrigno et al., 2018b;

Yu et al., 2014). Hippocampal NPCs derived from hiPSCs
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can be differentiated into CA3 neurons in vitro (Sarkar

et al., 2018), or maintained as progenitors in an in vitro

hippocampal stem niche containing Wnt signaling and

laminin 511 (Dunville et al., 2022). However, although

isocortical and hippocampal patterning have been exten-

sively studied, little is known about the development

and acquisition of the different pallial identities that ul-

timately allow the brain to function as a whole. Here, we

show that (1) simultaneous MAPK/ERK and BMP inhibi-

tion during a narrow time interval is sufficient to specify

an allocortical identity similar to that of the entorhinal

cortex (EnC) and (2) that this fate is maintained in vitro

until full maturation of electrically active neurons.

Surprisingly, dual MAPK/ERK and BMP inhibited cells

develop global gene expression profiles, connectivity,

and electrical activity patterns in adherent cultures that

are distinct from cells with hippocampal and cortical

identities and more similar to EnC cells. Collectively,

our results suggest that the acquisition of distinct pallial

fates and connectivity patterns at later stages of develop-

ment may be specified and regulated by pathway activity

during early cortical patterning and appears to be largely

unaffected by subsequent interactions with other cell

types. Finally, we have shown that homotypic neuronal

cultures develop unique network electrophysiological ac-

tivity over time, but the repertoire of these activity pat-

terns can be modified and expanded when different

neuronal circuits are assembled in vitro.
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Figure 1. Inhibition of MAPK/ERK and
BMP signaling induces pallial identity
distinct from isocortical and hippocam-
pal identity
(A) mESC differentiation protocol. Differ-
entiation media included different combi-
nations of treatments listed in (B) (see text
for explanation of acronyms and Methods
for composition). NSC, neural stem cell.
(B) PCA of the expression levels of 12 early
pallial and extra-pallial markers evaluated
by quantitative reverse-transcription PCR
(RT-qPCR) in the different cultures at DIV11
(see Table S1; Figure S1A; n = 3 indepen-
dent experiments). PC1 and PC2 are shown
with their relative variance percentages,
mimicking the dorsal-ventral (right to left)
and rostral-caudal (bottom to top) brain
axes.
(C) RT-qPCR analysis of allocortex and en-
torhinal markers in DIV25 cultures (n = 3
independent experiments). Mean ± SEM is
shown; only comparisons against MiBi are
shown; two-way ANOVA, Dunnett’s multiple
comparison test; *p value < 0.05, **p
value < 0.01, ***p value < 0.001, ****p
value < 0.0001.
(D) Venn diagram of differentially ex-
pressed (DE) genes between entorhinal
cortex (EnC), hippocampus (Hpc), and iso-
cortex (IsC), selected for ‘‘in vivo vs. in vitro’’
analysis.
(E) Hierarchical clustering of samples and
gene expression levels that account for PCs
2 and 3 of the PCA shown in Figure S1G. R1,
R2, and R3 denote replicates. The heatmap
scale indicates the normalized Z score gene
expression level.
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RESULTS

Timely inhibition of MAPK/ERK and BMP signaling

induces a gene expression profile typical of allocortex

We induced telencephalic neuralization of mESCs by Wnt/

BMB inhibition (with 53AH and LDN193189: WiBi) from

day in vitro (DIV) 0 to DIV7 (Figure 1A). At DIV8, telence-

phalic NPCs can be further specified toward either an

isocortical or hippocampal identity by prolonged Wnt/

BMP inhibition, or by Wnt reactivation (with CHIR99021:

CHIR), respectively (Terrigno et al., 2018b). During early

development, activation/inhibition of key signaling path-

ways establishesmorphogengradients thatpattern thebrain

along the embryonic axes (frontal-caudal, dorsal-ventral,

and medial-lateral; Puelles et al., 2019). In particular, fibro-
2 Stem Cell Reports j Vol. 20 j 102387 j February 11, 2025
blast growth factor (FGF) signaling plays a critical role in

pallial frontal-caudal patterning by antagonizing the expres-

sion of the caudal patterning transcription factor COUP-TF1

(Nr2f1), which in turn specifies entorhinal identity when

overexpressed during early corticogenesis (Feng et al.,

2021). Therefore, to identify the molecular determinants of

caudal allocortex identity, we examined the effects of

MAPK/ERK (MEK) signaling inhibition, which antagonizes

FGF signaling by suppressing the expression of frontal

markers and supporting the pallial expression of COUP-TFI

(Terrigno et al., 2018a). We compared the effects of MEK in-

hibition with the effects of manipulating other signaling

pathways (Wnt, BMP, Shh, and FGF) in the time window

between DIV8 and DIV11. We examined the expression of

early forebrain markers at DIV11, an in vitro time point



Figure 2. MiBi neurons express markers of entorhinal cortex identity
(A–D) Virtual in situ hybridizations (ISHs) of sagittal mouse brain sections at P4. Cumulative expression levels of DE genes in MiBi vs. WiBi
cells (A and B) and markers of infra- and supragranular neurons (C and D) show distinct expression patterns in IsC, Hpc, and EnC (n =
number of genes).
(E) Quantification of signal from individual ISH images superimposed in (A–D). Symbols indicate the pixel intensity value of a single ISH
image, bars indicate the mean; Kruskal-Wallis test, *p value < 0.05.
(F) Enlargements of green-dashed areas in cortical regions of (A–D) showing superficial (s) and deep (d) layer expression of DE genes in
MiBi vs. WiBi cells (UP, DOWN) and between infra- and supragranular layers (Infra-, Supra-).
(G) Quantification of signal from individual ISH images superimposed in (F). Symbols indicate the ratio of pixel intensity value between
superficial and deep layer expression of each ISH image, bars indicate the mean; Kruskal-Wallis test, **q < 0.01, ***q < 0.001.
(H) ISH overlay of MiBi vs. WiBi upregulated genes with specific expression patterns in EnC layers.
(I) ISH images of P28 mouse brain sections from the Allen Brain Map showing the expression patterns of entorhinal (Nurr1, Reln, andWfs1)
and isocortical (Rorb and Cdh6) markers. Thick red lines delineate the EnC.
(J and K) RT-qPCR analysis of markers shown in (I) in vivo or in vitro (for in vivo comparison, brain regions were dissected from n = 4 mice;
for in vitro comparison, n = 3 independent experiments). Mean ± SEM is shown for both comparisons; two-way ANOVA followed by the
Benjamini, Krieger, and Yekutieli two-step linear step-up procedure for correction of multiple testing. Unless otherwise indicated,
*p value < 0.05, **p value < 0.01.

(legend continued on next page)
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comparable to the mid-embryonic stage (Terrigno et al.,

2018a). Principal component analysis (PCA) of the expres-

sion levels of 12markers differentially expressed in early em-

bryonic pallial regions (Table S1) revealed that only 4 treat-

ments generated cells with a distinct molecular identity

compared to isocortical (WiBi) andhippocampal (CHIR) cul-

tures: Shh activation (SAG), WiBi plus FGF8 activation

(WiBi/F8), MEK/Wnt inhibition (MiWi), and MEK/BMP in-

hibition (MiBi; Figures 1B and S1A). Specifically, PCA differ-

entiated cultures by mimicking the orientation of develop-

mental axes in the embryonic brain. Principal component

1 (PC1), which accounted for most of the variance (65.3%),

differentiated cultures characterized by activation of the

Shh pathway (SAG, Figure 1B, left) and expression of ventral

pallium identity genes (Dlx2, CoupTFI, and Lmo3) from cul-

tures expressing hippocampal and isocortical markers (Fig-

ure 1B, right) such as Emx2, Pax6, Lhx2, and Foxg1 (Fig-

ure S1A). Conversely, PC2 (12.6%) appeared to distinguish

the caudal-rostral identity of the pallium, as cultures charac-

terizedby inhibitionor activationof the FGFpathway (upper

and lower halves, respectively; Figure 1B) are spatially segre-

gated. Consistentwith these observations, SAG andWiBi/F8

treatments specify subpallial structures and anterior isocort-

ical neurons, respectively (Cederquist et al., 2019; Imaizumi

et al., 2018; Kim et al., 2014; Terrigno et al., 2018a). More-

over, the identity of MiWi cells appeared to be very similar

to that of WiBi cells in the PCA. Therefore, we focused on

MiBi treatment, which was able to induce a more pro-

nounced caudal cortical cell identity in NPCs (Figures 1B

and S1A). This finding aligns with studies showing that

FGF signaling activation antagonizes the transcriptionalma-

chinery supporting early caudal cortical development (Bor-

ello et al., 2008; Faedo et al., 2008; Feng et al., 2021). Given

the caudal pallial identity of MiBi cells, we analyzed the

expressionof selectedmarkers ofmoredifferentiatedallocor-

tex and EnCneurons at a later stage (DIV25) of in vitro differ-

entiation (Abellán et al., 2014; Feng et al., 2021; Puelles et al.,

2019; Ramsdenet al., 2015) These genes showedenrichment

upon MiBi treatment compared to CHIR (Kitl, Lmo3, Nrp2,

and Nr4a2) and to an even greater extent compared to

WiBi (Kitl, Lmo3, Nrp2, Nr4a2, Pou2f1, and Usf1; Figure 1C).

These results indicate that MiBi cells are different from

WiBi and CHIR cells and suggest that they share an allocort-

ical identity with CHIR cells.

To better investigate the pallial identity of MiBi cultures,

we compared DIV25 WiBi and MiBi cells with IsC, hippo-

campus (Hpc), cerebellum, and EnC frommice at post-natal

day 5, (P5), a developmentally comparable timepoint as sug-
(L and M) Immunofluorescence (IF) of MiBi and WiBi cells with Nurr1 an
antibodies (green and red staining in M); DAPI is shown as blue stain
(N) Quantification of IF-positive cells in cultures as in (L) and (M) (n =
followed by Holm-�Sı́dák correction for multiple comparisons; *p value
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gested by previous observations (Gaspard et al., 2008). The

P5 EnC and IsC showed the lowest degree of global gene

expression difference (n = 656 differentially expressed [DE]

genes, 4.4% of total gene number), followed by the EnC vs.

Hpc comparison (n = 1,499 DE genes, 10.1% of total gene

number, Figure S1B).Aspointedout ina recent study (Franjic

et al., 2020), these findingsmay be due to both the similarity

of the laminar structure present in both EnC and IsC, with

deep-layer isocortical excitatory neurons well represented

in EnC layers, and the marked heterogeneity observed

within hippocampal subregions. We selected the DE genes

among the three cortical regions (IsC, Hpc, and EnC, n =

3061) to reduce the complexity of the transcriptomic data

and to analyze the components of the PCA that account

for the positional cellular identities of the in vitro and in vivo

samples (Figures 1D and S1C–S1E; see Methods). The first

andsecondprincipal components (PC1and2)discriminated

between in vivo and in vitro samples (Figure S1F), while the

second and third components (PC2 and 3), accounting for

36.1% of the total variance, distinguished the expression

profilesof different culture conditionsandbrain regions (Fig-

ure S1G). Hierarchical clustering of genes accounting for

most of the variance of PC2 and 3 (see Methods) revealed

the presence of 3 gene clusters (Figure S1H) involved in the

regulation of different biological processes (Figure S1I). This

gene set highlighted a significant similarity between MiBi

and EnC samples, which differed from WiBi and IsC (Fig-

ure 1E). Taken together, these observations suggest that

MiBi cells have a pallial identity similar to that of EnC.

MiBi cells exhibit a molecular identity and

axonogenesis program similar to an entorhinal-like

identity

To further characterize the molecular identity and neuronal

types of MiBi cells, we focused on the DE genes (absolute

log₂ fold changeR 2) that distinguishedMiBi andWiBi cul-

tures.We analyzed the average spatial expression patterns of

those genes showing cortical expression at P5 in the Allen

Brain Map in situ hybridization (ISH) repository (https://

developingmouse.brain-map.org/). The number of upregu-

lated (MiBi-UP) and downregulated (MiBi-DOWN) genes in

MiBi cells available for this analysis was 14 and 13, respec-

tively (Figure S2A; Table S2). Some MiBi-UP genes showed a

clear enrichment in EnC compared to IsC (Crym, Hcn1,

Nos1, andPcsk2),whileotherswereexpressed inbothregions

(Fezf2 and Satb2; Figure S2A).Weperformed semi-quantifica-

tion of MiBi-UP and MiBi-DOWN gene expression in the

available ISH images (Figures 2A, 2B, and 2E). Overall,
d Tubb3 antibodies (green and red staining in L) or Reelin and Map2
ing in (L) and (M).
3 independent experiments). Mean ± SEM is shown; unpaired t test
< 0.05, ****p value < 0.0001.

https://developingmouse.brain-map.org/
https://developingmouse.brain-map.org/
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MiBi-UP genes were preferentially upregulated in EnC and

Hpc and showed differential expression compared to MiBi-

DOWN genes (Figure 2E). However, the expression of MiBi-

UP and MiBi-DOWN genes did not differ in IsC (Figure 2E),

making the enrichment of MiBi-UP genes in EnC alone

insufficient to conclusively suggest an entorhinal-like iden-

tity of MiBi cells. To gain further insight into the specificity

of MiBi-WiBi DE genes, we compared their expression with

that of markers of supra- and infragranular isocortical neu-

rons (Figures 2C and 2D; Table S2; Lodato and Arlotta,

2015).We found 8 infragranular and 10 supragranular genes

with robust signal in the Allen Brain Map ISH repository

(Figure S2A). In both EnC and Hpc, MiBi-UP genes showed

significantly higher expression levels compared to MiBi-

DOWN genes and supragranular markers (Figure 2E),

whereas no significant variation in expression levels was

observed in IsC or compared to infragranular markers.

Thus, MiBi-UP genes were generally upregulated in both

EnC and Hpc, while downregulated in supragranular layers,

with someexceptions. For example, Satb2, aMiBi-UPgene, is

a supragranular marker and is not upregulated in EnC.

Finally, MiBi-UP andMiBi-DOWN genes showed no statisti-

cal difference in the ratio of superficial to deep layermarkers

(Superficial/Deep Ratio) in the isocortical layers (Figures 2F

and 2G), although some of them showed a clear specific

expression in the EnC layers (Figure 2H). Taken together,

these observations suggest that MiBi cells have an identity

distinct from WiBi cells but similar to that of EnC cells,

although the upregulation in MiBi cultures of genes such

as Satb2 and Fezf2, which are expressed in vivo in both EnC

and IsC, could be interpreted as incomplete conversion to

an EnC identity or the acquisition of another pallial identity.

An alternative hypothesis is that early MiBi and WiBi

cultures at DIV25 may show a different degree of cell

differentiation.

To further investigate the nature of MiBi cells, we

analyzed the expression of EnC and IsC markers at a later

stage of in vitro neuronal differentiation (DIV50) and

compared their expression levels with P30 brain regions.

We found that genuine markers of EnC (Nurr1 and Wls1)

and IsC (Rorb and Cdh6; Figures 2I and 2J) are upregulated

in MiBi and WiBi cells, respectively (Figures 2K, 2L, and

2N). Furthermore, layer II of the rodent EnC is character-

ized by the presence of a mixture of excitatory pyramidal

neurons and large multipolar neurons, the latter known

as stellate cells (SCs) or fan cells (FCs) in the medial and

lateral EnC, respectively (Witter et al., 2017). Reelin, a

marker of EnC SCs/FCs, is expressed in a higher proportion

of MiBi cells compared to WiBi cultures (Figures 2M and

2N), supporting the notion of an enhanced entorhinal-

like identity of MiBi cultures. We then tested whether

MiBi treatment could activate a program of SC differentia-

tion using an SC-specific reporter. We generated a lentiviral
GFP reporter construct under the control of the SC-specific

enhancer MEC-13-53A of the Teneurin-3 (Tenm3) gene

(Figure S2G; Nair et al., 2020), which encodes a transsynap-

tic transmembrane protein involved in the establishment

of the entorhinal-hippocampal circuit (Berns et al., 2018).

Transduced MiBi cultures showed a significantly higher

proportion of cells expressing the GFP reporter compared

to other pallial and extrapallial cultures (Figures S2H and

S2I). This observation is consistent with the higher propor-

tion of cells expressing Reelin protein in MiBi cultures

(Figures 2M and 2N), suggesting that MiBi treatment may

support the differentiation of SCs.

To understand themechanisms involved in the specifica-

tion of MiBi cells and EnC cells, we analyzed the Biological

Process Gene Ontology (GO) of their DE gene sets derived

from both in vitro (MiBi vs. WiBi) and in vivo (EnC vs. IsC)

comparisons. The genes upregulated in vitro and in vivo

shared 9 of the 20 most enriched GO terms, while no com-

mon terms were found among the genes downregulated

(Figures S3A and S3B). Genes belonging to the commonup-

regulated GO terms were pooled into a unique dataset

(Table S3), on which a pairwise similarity matrix based on

gene overlap from the biological processes was generated

to create a network plot. The resulting enrichment map

of the MiBi/EnC common terms (Figure 3A) showed 4 clus-

ters grouping similar processes. We then focused on the

three most enriched terms, namely axonogenesis, positive

regulation of cell projection organization, and regulation

of membrane potential. The gene-concept network depict-

ing the gene linkage within the three terms showed that

84.4% of them were also MiBi upregulated genes (yellow

dots against gray in Figure 3B; total number of genes =

307; Table S4). These latter observations suggest that MiBi

cells share a distinct gene expression profile with the EnC

that is specifically associated with the control of neuronal

connectivity. Altogether, our data indicate that MiBi treat-

ment is capable of generating in vitroneuronal cultures that

resemble bona fide EnC neurons.

MiBi and WiBi neurons show different connectivity

patterns

The EnC and Hpc can develop unique circuit connectivity

that reflects important higher animal functions such as

memory-guided and goal-directed navigation (Issa et al.,

2024;Malone et al., 2024;Nilssen et al., 2019).Wewondered

whether we could observe a difference in terms of cellular

connectivity in our cultures. Adherent CHIR, WiBi, and

MiBi cultures matured synaptic connections with PSD95-

positive spines atDIV30, and the spinedensitywascompara-

ble among the three different culture types (Figure S4).

To compare the connectivity of MiBi and WiBi neurons,

we tested their ability to generate long-range projections

and form heterotypic connections. To this end, we
Stem Cell Reports j Vol. 20 j 102387 j February 11, 2025 5



Figure 3. MiBi neurons share with EnC neurons the activation of genes involved in axonogenesis and cell identity
(A) Enrichment map of common upregulated GO terms between MiBi and EnC (see Figure S3A). Terms common to MiBi vs. WiBi and EnC vs.
IsC were analyzed as described (see Methods). The dot size indicates the number of genes belonging to that ontology, while the color scale
indicates the false discovery rate value. The degree of similarity is proportional to the thickness of the links (shown in gray). Clusters,
which group GO terms based on similarity, are color-coded.
(B) Gene concept network of the three most enriched terms from (A) (colored arrows). Yellow dots indicate MiBi upregulated genes, while
gray dots indicate genes that are not DE. Categories are color-coded, and the dot size of the categories refers to the number of genes
belonging to that ontology.
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developed an in vitro connectivity assay in which adherent

cultureswereseeded500mmapartonglassbottomdishesus-

ing a cross-shaped 4-well insert (see Methods), and we

measured the ability of virally labeled MiBi and WiBi neu-

rons to send processes to either surrounding unlabeled

WiBi or CHIR cultures (Figures 4A–4E and S5). After

10 days in co-culture, mCherry-tagged WiBi cell processes

efficiently crossed the 500 mm gap and reached both WiBi

and CHIR untagged cultures (Figure 4B, insets D1 and 2).

However, the majority of WiBi processes that reached

CHIR cells tended to bend and failed to establish deep con-

tacts in the culture (arrows in Figure 4B, inset D2), in

contrast to those that invaded homotypic cultures (Fig-

ure 4B, inset D1). EGFP-tagged MiBi cell processes, on the

contrary, successfully invadedWiBi andCHIRuntagged cul-

tures with comparable efficiency (Figure 4C, insets D3 and

4). We quantified the total number and length of fiber

branches as well as the average branching and tortuosity

of fibers generated by WiBi or MiBi virally labeled cells

within CHIR and WiBi unlabeled cultures (Figures 4E–4I,

S5B, and S5C). This analysis was performed in defined areas

of the unlabeled cultures, opposite the labeled cultures and

away fromthe centerwherefibers fromall cultures converge

(Figures S5A–S5C; see Methods). The total branch length of

WiBi orMiBi neuronswithinWiBi cultureswas comparable,

while the total branch length ofWiBi within CHIR cultures
6 Stem Cell Reports j Vol. 20 j 102387 j February 11, 2025
was significantly lower than that of MiBi cells (Figure 4F),

confirming the different affinity of WiBi and MiBi axons

for CHIR cultures. WiBi processes within CHIR also showed

the lowest number of branches among the comparisons,

while surprisingly, MiBi processes within WiBi cultures

showed thehighest number (Figure 4G).However, the latter

observation is consistent with the average branch length

and tortuosity index of WiBi fibers, indicating that they

preferentially navigate straighter within WiBi cultures

than MiBi processes, avoiding CHIR cells (Figures 4H and

4I). Conversely,MiBi processes showedno significant differ-

ences in average branch length and tortuosity index within

CHIR or WiBi cultures, indicating a clear difference in axon

pathfinding of MiBi andWiBi neurons (Figures 4H and 4I).

Based on GO analysis, the enrichment of genes involved

in axonogenesis and cell projection shown byMiBi cultures

suggests that MiBi neurons exhibit more robust axonal

growth compared to WiBi neurons, which may contribute

to the deeper projection in CHIR cultures. To test this hy-

pothesis, we examined the normalized ratio of the density

of labeled neuronal processes in unlabeled hippocampal

cultures compared to unlabeled isocortical cultures, calcu-

lated individually for both MiBi and WiBi cultures. This

value is not affected by the absolute axonal growth rate of

thefibers and indicates thepropensity of a process to extend

within one of the two cultures. This analysis revealed that



Figure 4. Connectivity of in vitro cul-
tures
(A–D) Connectivity assay.
(A) Representative image of DIV30 cultures
labeled with EGFP (MiBi, upper right) or
mCherry (WiBi, lower left) lentiviral vec-
tors, seeded together with unlabeled CHIR
(lower right) and WiBi (upper left) cultures
in quadripartite culture inserts at DIV18
(see Methods; scale bar: 500 mm).
(B and C) Same as in (A), highlighting the
contribution of WiBi (B) or MiBi (C) fiber
connectivity.
(D) Enlargements of the areas numbered in
(B) and (D).
(E) Magnification of example regions used
for quantification and pattern analysis of
EGFP and mCherry fibers (see Methods).
Tagged skeletons of segmented cell pro-
cesses are pseudo-colored to highlight
network branches.
(F–I) Quantification of connectivity and fi-
ber parameters. Measurements are averages
of regions as shown in Figure S4 (n = 3 in-
dependent experiments). In each plot,
mean ± SEM is shown; one-way ANOVA, Tu-
key multiple comparison test; *p-value
<0.05, **p value < 0.01, ***p value < 0.001,
****p value < 0.0001; ns, not significant.
(J) Schematic of a functional assembloid
(FA) with fibers (green) connecting to the
underlying adherent culture. FAs were
generated by aggregates of DIV18 cells
(spheroids) labeled with EGFP lentivector
and seeded onto an adherent isochronic
culture (see Methods for details).

(K) Magnification of spheroid fibers in adherent culture stained for GFP and PSD95. The synapses of the spheroid fibers were visualized by
considering the positive pixels for PSD95 and GFP (yellow) and then overlaying them with GFP (magenta, see Methods; scale bar: 25 mm).
(L) Synapse quantification was performed considering positive pixels as in (K). Synapses were measured in terms of density of GFP-positive
area covered by synapses. Comparisons between images acquired fromMiBi/CHIR and CHIR/MiBi FA showed no statistical differences in terms
of synapses density (n = 4 independent experiments; 2-tailed t test, p value = 0.0879).
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MiBiprocesseswere significantly longer thanWiBiprocesses

within CHIR cultures (Figures S5D and S5E), although the

relative proportion of elongated processes did not appear

to vary between cultures (Figure S5F). Therefore, these re-

sults confirmthat theobserveddifferences in cell connectiv-

ity between MiBi and WiBi cultures are largely due to the

presence of specific molecular properties that regulate the

different axonal affinity, rather than the axonal growth

rate of MiBi andWiBi cells.

Having shown that MiBi neuronal processes can explore

and contact CHIR cells in adherent cultures, we investigated

whether this ability could also be maintained by cell aggre-

gates (spheroids). We found that functional assembloids

(FAs) could be formed when spheroids of DIV20 neurons
were seeded onto adherent isochronic cultures (Figure 4J;

see Methods). We plated virally labeled MiBi spheroids

onto adherent CHIR cultures (MiBi/CHIR) or vice versa

(CHIR/MiBi) and assessed the number of PSD95-positive

spines contacting fluorescent processes extending from the

aggregates (Figure 4K). Spheroid fibers were associated with

multiple PSD95-positive puncta in both MiBi/CHIR and

CHIR/MiBi FAs, with no significant difference in the degree

of connectivity between them (Figure 4L).

WiBi, CHIR, and MiBi neuronal cultures develop

distinct patterns of network activity

Primary cortical neurons cultured in adherence generate

neuronal networks that exhibit complex patterns of
Stem Cell Reports j Vol. 20 j 102387 j February 11, 2025 7



Figure 5. Electrophysiological and network activity of in vitro cultures
(A) Time trend of MBR in single channels (mean ± SEM).
(B) Probability distribution of the variation of the activity of each channel before and after drug administration at DIV44. The colored
distributions represent the variation of baseline activity (without drugs) considering different time portions of spontaneous activity. The
gray distributions represent the variation after drug administration. A non-parametric Mann-Whitney U test was performed to determine
statistically significant differences between the baseline and post-drug distributions. p values (p) < 0.01 were considered significant. PDF,
probability density function.
(C) Time trend of NBR in all cultures (mean ± SEM). In (A), (B) and (C), n R 2 independent experiments.
(D–F) Reconstructed 3D raster plots of a short time window in pure cultures, preserving the spatial position of the channels.
(G and J) Representative 2D raster plots of MiBi and MiBi/CHIR FA showing a time delay in NB propagation across the chip (red dashed
lines).

(legend continued on next page)
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activity (Charlesworth et al., 2015; Dias et al., 2021). How-

ever, differences in activity patterns related to the identity

of cultured neurons have not been fully investigated. Using

a high-density microelectrode array (HD-MEA) with 4,096

channels, we were able to longitudinally compare a num-

ber of activity parameters of pure cultures and FAs (Videos

S1 and S2). In particular, we evaluated the mean firing rate

(MFR) in single channels, the mean burst duration (MBD),

and the mean burst frequency (MBR) of neuronal spikes, as

well as the network burst rate (NBR), the center of activity

trajectories (CATs) of network bursts (NBs), and the func-

tional connectivity.

Sorting of the distinct spike waveforms recorded from

each active channel showed that all cultures had a similar

distribution of clusters per channel and that 95%–99% of

the channels were associated with 1–4 units (Figure S6A),

making analysis of a single channel representative of very

small local circuits. MFR, MBR, and MBD increased from

the earliest time point (DIV26) to the final time point of

analysis (DIV44) in all cultures, demonstrating progressive

functional maturation of the networks (Figures 5A, S6B,

and S6C; Video S1). To determine the contribution of excit-

atory and inhibitory inputs to the observed activity pat-

terns,we examined the effect of selective antagonists of ion-

otropic glutamate andGABA receptors in cultures atDIV44.

While theMFR ofWiBi and CHIR cells responded to CNQX

(AMPA and kainate antagonist) and AP5 (NMDA antago-

nist) with a higher proportion of channels inhibited by

AP5, the MFR of MiBi cells was only significantly affected

by AP5 (Figure 5B). In contrast, the MBR was significantly

reduced by either AP5 (Figures S6D and S6E) or CNQX

(Figures S6F and S6G) in both WiBi (Figures S6D and S6F)

and MiBi (Figures S6E and S6G) cultures. Notably, AP5

decreased the MBR of MiBi cells and completely abolished

that of WiBi cells (Figures S6D and S6E), indicating a key

role of NMDA receptors in the generation of burst activity.

Furthermore, AP5 exerted a stronger inhibition on WiBi

and MiBi cells than on CHIR cells (Figure 5B). Finally,

only WiBi and MiBi cultures showed a significant increase

in activity after exposure to bicuculline (GABAA antagonist;

Figure 5B). Taken together, these data indicate that after

20 days ofmaturation (DIV44), the activity of the three cul-

tures was driven by glutamatergic neurons that manifested

NMDA-dependent plasticity and that only WiBi and MiBi

cultures were sensitive to GABAergic inhibition.

Starting from DIV40, NBs spread throughout the

network in WiBi cultures (see Methods; Figures 5C and
(H and K) CAT plots representative of MiBi and MiBi/CHIR FA. Each blue
NB starts, while the colored line represents its own trajectory. When t
center of the chip. The colored scale represents time (ms).
(I and L) Heatmap of network activity in full recording, where each p
number of spikes it recorded.
5D), whereas they were rarely observed in CHIR cultures

(Figures 5C and 5E). Interestingly, MiBi cultures started to

generate NBs earlier, at DIV32 and at a higher frequency

than WiBi cultures (Figures 5C, 5F, S6I, and S6K). To test

whether different levels of neuronal maturation were

involved in the timing of the onset of NB activity between

MiBi and WiBi cultures, we monitored the expression of

Egr1 and Fos, two genes involved in neuronal plasticity

and considered good markers of functionally mature neu-

rons (Minatohara et al., 2016), during the maturation of

long-term cultures (DIV25–50). Egr1 was never differen-

tially expressed between MiBi and WiBi cultures, whereas

Fos expression fluctuated significantly between DIV25

and DIV35 and then became almost comparable in the

two cell types at DIV50 (Figure S6H). This observation sug-

gests that neuronalmaturationmay not be a primary factor

in the onset of NB activity in WiBi and MiBi cells and im-

plies that differences in the onset and pattern of network

activity between cultures are mainly determined by their

neuronal identity.

The ability of spheroids and adherent cultures to form

synaptically connected FAs (Figures 4K and 4L) allowed

us to examine the influence of one type of neuronal culture

on the activity of another. With the goal of modeling

in vitro some of the features of the connectivity between

the EnC and Hpc, we focused on the connectivity between

CHIR and MiBi neurons in FAs. Consistent with the in vivo

observation that afferent fibers from the EnC influence and

guide the establishment of synchronous hippocampal ac-

tivity (Donato et al., 2017; Shipkov et al., 2024; Valeeva

et al., 2019), we observed that the innate tendency of

MiBi neurons to generate high-frequency NBs was

transferred to CHIR adherent cultures in MiBi/CHIR FAs

(Figures 5C–5G, 5J, S6, S6J, S6K, and S6L). Conversely,

CHIR spheroids did not affect the rate of NBs of MiBi

neurons in CHIR/MiBi FAs at the end of maturation

(DIV44, Figure 5C), although their NB patterning was

different from that of adherent CHIR and MiBi cultures

(Figures S6J, S6K, and S6M; Videos S1 and S2).

To evaluate the dynamics of signal propagation, we per-

formed a CAT analysis for each NB to determine the onset

of the synchronization event (see Methods). The onset of

each NB occurred in distinct regions of the MiBi and

WiBi culture networks, with CATs moving toward the

center of the network in less than 150 ms (Figures 5H, 5I,

and S6N). Indeed, burst onset times along adjacent chan-

nels appeared to be separated by temporal increments
dot represents the physical center of mass of the activity where the
he whole network is activated, its center of mass is at the physical

ixel represents an MEA channel, colored according to the log of the
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Figure 6. Characterization of network
connectivity
(A) Spectrogram analysis of representative
firing rate activity (MFR, considering a time
bin of 5 ms) for the recording of a MiBi/
CHIR FA culture, showing strong theta po-
wer during NB activity. Theta power was
suppressed by infusion of the NMDA recep-
tor antagonist AP5 (white arrow). Dashed
white lines include the frequency range of
theta oscillation.
(B) Violin plots of significant correlations
(see Methods) for each culture.
(C) Distribution of the time delay between
two spikes of different first and second-or-
der channels, obtained from the connec-
tivity analysis. Each histogram corresponds
to the percentage of channels showing a
specific time-delay value.
(D) Mean number of nodes of the obtained
connectivity graph for each replicate of the
different culture.
(E) Average number of links for each culture
replicate.
(F) Mean value of network density for each
culture replicate. The colored bars are the
mean values of the different replicates of
the same culture. In (B)–(F), n R 2 inde-
pendent experiments.
(G–K) Connectivity plots of representative

neuronal cultures. Each yellow point represents an active channel (only 0.5% of nodes with highest correlation are shown); colored lines
represent the correlation strength between two points. The color bar indicates the correlation index.

Please cite this article in press as: Tonelli et al., Dual inhibition of MAPK/ERK and BMP signaling induces entorhinal-like identity in mouse
ESC-derived pallial progenitors, Stem Cell Reports (2024), https://doi.org/10.1016/j.stemcr.2024.12.002
consistent with synaptic connectivity orders (tens of ms

across the chip; see dashed red lines in raster plots, Fig-

ure 5G). This observation also characterized both CHIR/

MiBi andMiBi/CHIR FAs, although in the latter case, the ac-

tivity of CHIR neurons was driven by MiBi spheroid affer-

ents (Figures 5J and S6O). Accordingly, in MiBi/CHIR FAs,

the activity centers were concentrated close to the contact

between MiBi spheroids and CHIR culture (Figure 5K), but

the NBs also covered channels in the periphery of the HD-

MEA (Figures 5J and 5L). We thus conclude that CHIR neu-

rons present beneath the spheroid are responsible for most

of the NB activity recorded in MiBi/CHIR FAs. Notably,

MiBi/CHIR FAs showed the very same NB activity of MiBi

cells, while NB activity of CHIR cells was almost not detect-

able (Figures 5C–5E, 5F, and S6J–S6L). In addition, MiBi/

CHIR FAs alternated between waves of activity in which

NBs were more abundant than MiBi NBs and waves of NB

inactivity, whereas NBs are quite continuous in MiBi cul-

tures (Figures S6K and S6M), indicating two different types

of network activity. Notably, MiBi spheroid-induced activ-

ity in CHIR neurons showed periods of NBswith a theta fre-

quency peaking at 5.1 and 5.2 Hz in 2 of the 3 FAs analyzed

(Figures 6A and S6P). Periods of theta activity ranged from a
10 Stem Cell Reports j Vol. 20 j 102387 j February 11, 2025
few seconds to tens of seconds during NB activity and were

sensitive to AP5, which completely abolished NBs (Fig-

ure 6A). In contrast to MiBi/CHIR FAs, CHIR cells alone

did not show theta frequency oscillations in their firing ac-

tivity (Figure S6Q). Interestingly, theta activity is induced

in hippocampal CA1 both in vivo and in cultured brain sli-

ces by the main entorhinal excitatory inputs through the

perforant/temporoammonic (PP/TA) pathway and is in-

hibited by AP5 perfusion of EnC, highlighting the impor-

tance of entorhinal NMDA receptors in inducing theta gen-

eration in hippocampal neurons (Gu and Yakel, 2017; Gu

et al., 2017). Furthermore, AP5 is not effective when

perfused in HpC and, in our study, affects CHIR neurons

to a lesser extent than MiBi neurons (Figure 5B). Based on

these observations, we speculate that the activity ofMiBi fi-

bers may play a role similar to that of the entorhinal PP/TA

pathway in inducing theta activity and thatMiBi/CHIR FAs

may model some of the functional aspects of EnC-HpC

connectivity in vitro.

Finally,we assessednetwork connectivity byanalyzing the

correlation of channel spike instants at DIV44 and consid-

ering a time window of 2–5 ms around the event, which is

an estimationof the synaptic delay of first- and second-order
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connectivity (Figure 6B; Sabatini and Regehr, 1999). Using a

correlation threshold based on the distribution of correla-

tions of shuffled spike trains (seeMethods), the connectivity

of network activity was assessed for the channels of the

different cultures. The resulting time delay distribution

confirmed first- and second-order connectivity (Figure 6C).

We found different average numbers of nodes, links, and

graph densities (Figures 6D–6F), indicating distinct patterns

of network complexity (Figures 6G–6K). Specifically, MiBi

and CHIR networks (Figures 6G and 6I) showed the highest

and lowest values ofnodenumber, links, anddensity, respec-

tively (Figures 6D–6F), while WiBi networks (Figure 6K)

showed intermediate values. MiBi/CHIR and CHIR/MiBi

FAs (Figures 6H and6J)were very similar to their correspond-

ing single culture (CHIR and MiBi, respectively) in terms of

number of nodes, links, and graph density. MiBi/CHIR FAs

showed a slightlyhigher network density andnumber of no-

des thanCHIR cultures (Figures 6D–6F, 6H, and6I), but these

values were much smaller compared to those of MiBi cul-

tures. Collectively, we conclude that local network connec-

tivity in neurons is intrinsically driven by a developmental

program initiated by their commitment to different posi-

tional fates through Wnt, BMP, and MEK signaling. Further

interactions between different networks may ultimately

refine their innate patterns of activity.
DISCUSSION

Dual inhibition of MAPK/ERK and BMP signaling in a nar-

row timewindow (MiBi) induced a stable change in the dif-

ferentiation trajectory ofmESC-derivedNPCs.MiBi cells ex-

pressed markers of the dorsal anterior telencephalon

consistent with cell types distinct from hippocampal and

isocortical cells. Three observations support the hypothesis

thatMiBi cells have an entorhinal-like identity: (1) the pref-

erential expression of MiBi upregulated genes in the EnC,

(2) the ability of MiBi cells to activate the Tenm3 promoter,

which is particularly active in entorhinal SCs (Nair et al.,

2020), and (3) the similarity of the global gene expression

profile of MiBi cells to that of early postnatal EnC cells.

The processes of MiBi neurons could contact both iso-

cortical (WiBi) and hippocampal (CHIR) cultures, in

contrast to isocortical neurons that explicitly preferred to

connect to homotypic cultures over hippocampal cultures.

This is reminiscent of the connectivity of the EnC in vivo,

which serves as a proxy station for processes and signals

flowing from the IsC to the Hpc and vice versa (Nilssen

et al., 2019; Witter et al., 2017).

Unexpectedly, WiBi, CHIR, and MiBi adherent cultures

developed different patterns of electrical activity. In partic-

ular, the spontaneous activity of MiBi neurons is remark-

ably pronounced, with a much higher NBR compared to
WiBi, suggesting a role for them in de novo formation and

shaping of neuronal networks. Neurons in the superficial

layers of the developing medial EnC are involved in the

neuronal and network maturation of the entorhinal-hip-

pocampal circuit, both through the action of specific

neuronal types and through intrinsic prolonged bursting

activity (Donato et al., 2017; Griguoli and Cherubini,

2017; Sheroziya et al., 2009).

Interestingly, the interaction between MiBi and CHIR

neurons on HD-MEA influenced the activity of the CHIR

network, indicating the ability of MiBi/CHIR FAs to form

functional connections in vitro. Notably, the changes in

CHIR network activity induced byMiBi spheroids are remi-

niscent of the synchronization of entorhinal and hippo-

campal activity in the early postnatal period (Shipkov

et al., 2024; Valeeva et al., 2019), suggesting that an endog-

enous activity pattern dictated by EnC neurons may con-

trol such synchronization (Gu et al., 2017; Leprince et al.,

2023). However, these differences are unlikely to be driven

by changes in the cell density of the CHIR network, which

is little affected byMiBi spheroids in FAs compared toMiBi.

Therefore, we hypothesize that functional interactions be-

tween different types of neuronal networks can alter their

respective spontaneous activity patterns without affecting

the connectivity of local networks.

Collectively, our results suggest that timely changes in

Wnt, BMP, and MAPK/ERK signaling in early NPCs are suf-

ficient to specify distinct types of pallial identities that are

maintained in the absence of subsequent morphogenetic

interactions and generate distinct patterns of connectivity

and electrical activity.
EXPERIMENTAL PROCEDURES

Mouse ESCs were differentiated into cortical fates using a four-step

protocol. Cells were cultured in chemically defined minimal me-

dium with Wnt/BMP inhibitors (WiBi) and reseeded onto poly-

ornithine/laminin-coated surfaces. Specific cortical subtypes were

induced with combinations of Wnt agonist (53AH) and BMP and

MEK inhibitors (LDN193189 hydrochloride and PD0325901).

From DIV20, neurons were conditioned with Neurobasal-A me-

dium containing BDNF.

For connectivity assays, neuronswere transducedwith fluorescent

reporters, seeded in precoated silicone wells, and cultured for

10 days. Neuronal spheroids were formed in low-attachment wells,

transferred to adherent cultures to form FAs, and further cultured.

Electrophysiological recordings were performed using high-den-

sity CMOS-based 4096 microelectrode arrays (Accura, 3Brain) to

analyze spiking, bursting, and network synchronization. Drug

response and functional connectivity were assessed using custom

Python codes. Spike sorting and network analysis were based on

PCA and cross-correlation methods.

Detailed descriptions of all experimental procedures are pro-

vided in the Methods section of the supplemental information.
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Lead contact

Further information and requests for resources and reagents

should be directed to and will be fulfilled by the lead contact, Fed-

erico Cremisi (federico.cremisi@sns.it).

Materials availability

This study did not generate new unique reagents. However, any

questions about reagents or animals used can be directed to the

lead contact.

Data and code availability

The RNA sequencing data reported in this paper are archived in

SRA: PRJNA1192432.
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