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striking conservation of the cellular features and circuit properties of Ht neurons, despite 
their abnormal location and misorientation. Supporting this observation, these neurons 
were able to functionally substitute for overlying neocortical neurons in a behaviorally 

relevant task when the latter were optogenetically silenced. Hence, specific neuronal 
identities and associated function can be reproduced in altered anatomical settings, 
revealing a remarkable level of self-organization and adaptability of neocortical circuits. 

 

Main text:  

To address whether neurons and the circuits they form need to settle in their appropriate 

locations to functionally engage, we studied telencephalon-specific Eml1 knockout mice 

(Emx1:Cre; Eml1lox/lox or cKO). In these mice, neocortical apical progenitors detach from the 

ventricular wall during embryogenesis, leading to secondary ectopic neuronal generation with 

the formation of a large subcortical heterotopia (Ht) (7–10) (Fig. 1A and fig. S1). We 

sequentially examined the molecular and spatial identity of Ht neurons, their output 

connectivity, electrophysiological features, input connectivity, and functional relevance. 

Molecular and spatial identity. To assess which cell types are present in the Ht, we performed 

single-nucleus RNA sequencing of the Ht, the overlying neocortex (“cortex”, Cx), and of 

control cortex from wild-type littermates (Eml1lox/lox; Ctl). To unbiasedly predict cortical cell 

identity, we used a feedforward neural network trained on a primary somatosensory (SSp) 

cortex single-cell RNA sequencing dataset (see Methods). We found that cellular diversity in 

the Ht was comparable to that of the cortex, as indicated by overlapping distributions of cells 

following UMAP dimensionality reduction (Fig. 1B, fig. S2A-D). The proportion of deep-layer 

neurons was slightly decreased in the Ht (fig. S2E), possibly because, when cKO apical 

progenitors first detach from the ventricular wall, subsets of deep-layer neurons have already 

been generated (7). The proportion of GABAergic interneurons was also decreased, suggesting 

non-cell autonomous impaired migration into the Ht from the subpallium, where GABAergic 

neurons are generated (Fig. 1B, fig. S2E, S3B) (11). Despite these differences in abundance, 

across cell types, the molecular identity of Ht cells could not be distinguished from that of 

correctly positioned cortical cells, as demonstrated by measuring the molecular distances 

between corresponding cell types in Ht, Cx, and Ctl (Fig. 1C, fig. S2F- G). Together, these 
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signal the detection of whisker deflection by licking a water spout. Under baseline conditions, 

cKO mice had the same detection threshold as control mice, indicating similar detection skills 

(Fig. 5C). Deflection amplitude influenced responses: strong whisker deflections were more 

likely to be detected (i.e. resulted in a higher probability of licking) than weak ones (fig. 5D 

left). Varying deflection amplitudes allowed us to generate a psychometric curve that mapped 

the mice’s perceptual capacity. By interleaving trials of cortical inhibition using blue light with 

control sessions trials where light was projected outside of the cranial window, we first 

demonstrated the role of the cortex in whisker deflection perception: inhibition of cortical 

neurons impaired the ability to detect whisker stimulations in Ctl mice (Fig. 5D left, fig. S9A-

B). In Ht mice, however, inhibition of cortical neurons had no effect on performance, (Fig. 5D 

right, fig. S9C). This result demonstrates that Ht neurons can functionally substitute for cortical 

neurons when silenced. 

 

Our results reveal that the cellular diversity and molecular identity, input-output connectivity, 

electrophysiology and function of the neocortex can be reproduced in a modified spatial 

context. Hence, there are multiple anatomical solutions to a specific behavioral task.  

Structure duplication followed by divergence is a driving force in brain evolution (5, 

6), and is thought to have underlaid the emergence of basal ganglia and cerebellar circuits (29, 

30), bird and human vocal pathways (6, 31), and higher-order cortical areas from primary 

sensory and motor ones (32, 33). The specific design of a given species’ brain reflects an 

evolutionary-tailored, fleetingly optimal solution to anatomical developmental and functional 

constraints. Our findings provide an example of how loss of a single gene can lead to the 

duplication of a functional brain structure, with a distinct cytoarchitecture (i.e. concentric vs. 

laminar), but surprisingly conserved topography and connectivity. Although Ht circuits appear 

largely duplicated and redundant with original cortical circuits, with which they function in 

parallel, structural divergence with emergence of a new function could, in principle, develop 

along generations through select evolutionary pressure (34).  

Subcortical Ht in humans, when clinically manifest, cause seizures and intellectual 

deficit, likely reflecting abnormal connectivity within the Ht and with adjacent structures (35–

37). Ht can, however, present some level of functional activity in humans, as instances of co-

activation of Ht with the overlying cortex upon motor or visual stimulation have been reported, 

suggesting that some level of self-organization also occurs in human Ht (38–43).  
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Ht neurons have preserved neuronal polarity despite grossly abnormal orientation, 

which is also occasionally observed in the cortex (44). Despite their abnormal location and 

orientation, however, the circuit connectivity of Ht neurons essentially duplicates that of 

cortical neurons. Our findings do not distinguish whether such duplication reflects cell-

autonomous or non-cell-autonomous processes, since inputs to both structures are remarkably 

similar. However, they suggest that when attempting to reverse engineer neuronal circuits in 

vitro, as in organoids, priority can be put on understanding and emulating the molecular 

characteristics of the neurons comprising the circuits, rather than on recreating the exact spatial 

positioning of the neurons within these circuits. Altogether, these findings highlight a 

remarkable level of self-organization of neuronal systems as they emerge within host circuits: 

their ability to adapt to changing conditions while maintaining robust functional integrity.  
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